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Abstract

Increasing evidence suggests that nutritional manipulation of the commensal gut microbiota (GM) may play a key
role in maintaining animal health and production in an era of reduced antimicrobial usage. Gastrointestinal
helminth infections impose a considerable burden on animal performance, and recent studies suggest that
infection may substantially alter the composition and function of the GM. Here, we discuss the potential
interactions between different bioactive dietary components (prebiotics, probiotics and phytonutrients) and
helminth infection on the GM in livestock. A number of recent studies suggest that host diet can strongly influence
the nature of the helminth-GM interaction. Nutritional manipulation of the GM may thus impact helminth infection,
and conversely infection may also influence how the GM responds to dietary interventions. Moreover, a dynamic
interaction exists between helminths, the GM, intestinal immune responses, and inflammation. Deciphering the
mechanisms underlying the diet-GM-helminth axis will likely inform future helminth control strategies, as well as
having implications for how health-promoting feed additives, such as probiotics, can play a role in sustainable
animal production.
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Background
The world’s population is increasing at a rapid rate, and
food security is crucial to meet the nutritional demands
of this growing number of people. Efficient livestock
production is a vital contributor to ensuring this demand
is met [1]. However, the animal production sector faces
intense challenges related to carbon emissions and high
resource usage [2]. Efficiency is thus very important,
both for environmental sustainability and for the profit-
ability of individual farming enterprises. In this respect,
ensuring healthy animals that are not encumbered by
chronic pathogen infection is a key aim for promoting

robust and efficient livestock systems. However, con-
sumer concern with widespread antimicrobial drug
usage and the rapid development of pathogen resistance
to antibiotics and parasiticides means that existing tools
to combat infection are not sustainable [3].
Dietary interventions have been proposed as a sustain-

able tool to ensure efficient production by suppressing
pathogens, boosting immune function, and sustaining a
resilient and diverse gut microbiome [4]. The compos-
ition of the prokaryotic gut microbiota (GM) has been
suggested to play a key role in animal health and prod-
uctivity [5]. The role of gut microorganisms in extracting
nutrients from feed for host utilization has long been
recognized for both ruminant and monogastric animals,
but additional roles in the regulation of immunity, in-
flammation and general homeostasis are increasingly
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appreciated [6]. To this end, manipulation of the
GM through prebiotic dietary supplements, or the
provision of probiotic cocktails of ‘beneficial’ bacteria,
has received much attention as a health-promoting strat-
egy that may supplement or eventually replace prophy-
lactic use of antimicrobial drugs [7].
Gastrointestinal helminths are ubiquitous in livestock,

particularly those in pasture-based systems but also in
indoor-based swine and poultry production [8–10]. Hel-
minth infections are typically sub-clinical, but can sup-
press animal productivity and welfare through reduced
weight gain and efficiency of feed utilization [11]. More
recently, the effect of helminth infection on the compos-
ition of the GM has become increasingly clear. Studies
in a variety of livestock species have shown that hel-
minth infection can markedly change both the compos-
ition and predicted metabolic potential of the GM [12],
suggesting that disruption of basal GM function may be
a contributing factor to the decreased productivity in in-
fected animals. Here, we briefly review key studies on
helminth-GM interactions in livestock, and then discuss
the emerging implications that the diet-microbiota-
helminth axis may have on animal health and productiv-
ity. We consider the potential of GM-targeting dietary
additives such as prebiotics as a novel anthelmintic ther-
apy, and also whether concurrent helminth infection
may modulate the beneficial effects of some putative
health-promoting dietary components. Finally, we sug-
gest some pertinent areas for future research to better
understand the relationships between helminth infection
and gut health in livestock.

Gastrointestinal helminths in livestock
Helminth infection is the most serious health concern of
grazing animals, particularly small ruminants [3]. Infec-
tion with the abomasal nematodes Haemonchus contor-
tus or Teladorsagia circumcincta may cause anaemia or
malnutrition, respectively, and clinical haemonchosis can
be fatal for young or immuno-compromised animals
[13]. Intestinal nematodes such as Trichostrongylus or
Cooperia spp. can cause severe diarrhoea, or, more com-
monly, reduce growth rate and meat and wool produc-
tion. Similarly, in cattle, the abomasal parasite Ostertagia
ostertagi can cause chronic infection that reduce animal
growth and milk production [14]. Apart from H. contor-
tus, for which a vaccine is only available in few coun-
tries, control is exclusively based on treatment with a
small number of chemical drug classes [3]. Resistance to
all drug classes has been reported. In the older benz-
imidazole and macrocyclic lactone (ML) drug families
resistance is extremely common, and has already been
reported in the most recent class to be released (the
amino-acetonitrile derivatives) [15]. Similar to the situ-
ation in ruminants, infection in grazing horses is

widespread, primarily due to cyathostomins, Parascaris
equorum and, in localised regions, Strongylus vulgaris.
Multiple-drug resistance has been reported in cyathosto-
mins and P. equorum [16].
In pigs, infections with Ascaris suum, Oesophagosto-

mum dentatum, and Trichuris suis are common. This is
particularly the case in outdoor production systems,
which are the norm in developing countries and also
comprise a small but growing proportion of pork pro-
duction in developed countries [17]. A. suum and O.
dentatum are also found in high numbers in indoor
herds despite improved hygiene in these systems [18,
19]. T. suis, whilst less common in indoor herds, has the
potential to cause mucohemorrhagic diarrhoea and
death when intensive outbreaks occur [20]. Compared to
ruminants and horses, drug resistance appears to be less
common in swine helminths. However, resistance to
benzimidazoles, levamisole, and the ML ivermectin has
been reported in O. dentatum, and, given the high usage
of anthelmintic drugs in conventional pig farms, resist-
ance is likely to be either under-estimated or will likely
increase in coming years [21, 22].
In addition to the direct effects of helminths on animal

growth and feed efficiency, it is increasingly appreciated
that infection can have indirect effects on animal health
by modulation of host immunity and increased suscepti-
bility to secondary infections. Helminths induce strongly
polarized T-helper (Th)-2 type immune responses, and
this polarization may suppress Th1-driven immunity
which is important for combating bacterial and viral in-
fection. For example, a concurrent bacterial infection in
pigs exposed to T. suis may cause necrotic colitis
through worm-induced suppression of immune re-
sponses to bacteria [23]. Importantly, the efficacy of vac-
cination against other pathogens may be compromised
during helminth infection due to their strong immune-
suppressive properties. This has been repeatedly demon-
strated in both rodent models and also clinical studies in
humans in helminth-endemic regions [24, 25], and vac-
cination against Mycoplasma in pigs is impaired by con-
current A. suum infection [26]. Thus, the detrimental
effects of intestinal helminth infection may not be lim-
ited to the more intuitive pathological consequences on
digestive function, but also more subtle influences on
whole-body physiology driven by the profound manipu-
lative properties of these parasites.

Interactions between helminths and the gut microbiota
The effect of helminth infection on the GM in both
humans and rodents has been the subject of a plethora
of studies in recent years However, generalisations about
the interaction between helminths and the prokaryotic
GM are problematic, as different outcomes have been
described depending on the host and parasite and study
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design used [27]. In comparative studies of humans from
helminth-endemic regions, worm-infected individuals
have different abundances of several bacterial taxa com-
pared to worm-free control subjects, such as increased
levels of Prevotella spp. as well as increased microbial
alpha-diversity (the number of species present within the
microbiota; increased diversity has been suggested to
correlate with gut health) [28]. However, consistent ef-
fects of infection on a core set of bacterial taxa have not
yet been demonstrated [29]. Studies utilizing murine
models have shown that chronic infection with the
whipworm Trichuris muris can reduce the alpha-
diversity of the GM, and suppress growth and the effi-
ciency of nutrient metabolism [30]. However, infection
with T. muris or the roundworm Heligomosomoides
polygyrus can also promote the growth of bacterial gen-
era such as Lactobacillus that are normally associated
with induction of tolerogenic immune responses, control
of inflammation, and improved gut health [31, 32]. Con-
sistent with this, transfer of GM from H. polygyrus
infected-mice can protect recipient mice against allergic
asthma [33]. Moreover, the hookworm Necator ameri-
canus has been shown to increase GM alpha-diversity
during controlled experimental infection in humans
[34]. Indeed, a role for the GM has been proposed for
the putative beneficial effects of controlled N. ameri-
canus infection in celiac patients, where hookworm
treated patients have reduced symptoms and a higher
number of T-regulatory cells and anti-inflammatory cy-
tokines [35]. However, transfer of GM from H. poly-
gyrus-infected mice to antibiotic-treated recipients has
also been shown to worsen symptoms of infection (col-
itis) with the bacterium Citrobacter rodentium, due to a
high level of GM-induced T-regulatory cells leading to
reduced bacterial clearance [36]. Thus, depending on
context, helminth-mediated changes in GM composition
may either have potentially positive consequences result-
ing from regulation of inflammatory responses, or nega-
tive consequences due to impaired nutrient metabolism
and metabolic function as well as impairment of appro-
priate immune responses to concurrent infection with
other pathogens.
Whilst studies of the effect of helminths on GM com-

position and function in livestock are in their infancy, a
number of experiments with different helminth species
have given some insight into how the GM may respond
to infection. During T. suis infection, pigs have been
shown to have a reduced abundance of a number of bac-
terial genera in the colon including Ruminococcus and
Fibrobacter, which are involved in carbohydrate metab-
olism [37]. This may contribute to the reduced growth
rates seen in T. suis infected-swine [38]. In addition,
chronic T. suis infection can lead to an increased abun-
dance of Campylobacter in the colon, which is

speculated to be due to a strong Th2 polarization of im-
mune function impairing effective cell-mediated clear-
ance of opportunistic Campylobacter infections [39].
Piglets under field conditions have also been shown to
excrete more Campylobacter when infected with both T.
suis and A. suum [40]. In experimental infection, pigs in-
fected with A. suum have a profound change in the
colon microbiome including reductions in Ruminococcus
and a suppression of metabolic pathways involved in
carbohydrate and amino acid metabolism [41], consist-
ent with reports of reduced branched chain fatty acid
production in pigs with an acute A. suum infection [42].
Notably, these studies also confirm that effects of hel-
minths on the GM are not limited to the predilection
site of the infection (the small intestine for A. suum),
but also can impact the composition of the GM in distal
organs such as the colon and caecum.
In herbivorous livestock, somewhat conflicting results

have been obtained depending on the samples analysed
(faeces vs. intestine), the infection regime, and immune
status of the host. A less appreciated factor is also the
basal diet of the host, which will likely have a strong in-
fluence on the baseline composition of the GM and thus
how it responds to infection. In ruminants, a single in-
fection of H. contortus in goats was shown to increase
total bacterial abundance in the abomasum, thought
mainly to derive from a significant raise in abomasal pH
[43]. Changes in specific taxa included a significant rise
in Prevotella spp., a genus also associated with helminth
infection in humans and pigs [41], and several predicted
metabolic pathways related to lipid metabolism and
xenobiotic processing were affected. In sheep infected
with both H. contortus and T. circumcincta, faecal
microbiota profiles showed only minor differences over
time but did indicate a progressive decrease in alpha-
diversity in infected animals [44]. Cortés et al. [45] have
shown that in young sheep mono-infected with T. cir-
cumcincta, no change in faecal alpha-diversity was re-
ported but significant increases in abundance of
Prevotella spp. as well as the putatively pathogenic Sut-
terella spp. genera were detected, indicating a potentially
detrimental effect of infection on the metabolic potential
and inflammatory state of the gastrointestinal tract. In
horses, it has also been reported that faecal GM richness
and the abundance of bacterial genera related to carbo-
hydrate metabolism such as Ruminicoccus and Lachnos-
piraceae are supressed during cyathostomin infection,
accompanied by reduced weight gain in infected animals
[46, 47]. In contrast to these studies, cattle that were
rendered immune to O. ostertagi through serial immun-
isation by drug-abbreviated infections showed no
changes in abomasal microbiota composition following a
challenge infection [48]. This may indicate that rapid ex-
pulsion of larvae from immune animals is insufficient to
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drive changes in microbiota, consistent with reports that
vaccine-induced Th2-polarized immune changes also do
not appear to cause significant alteration of the GM in
sheep [45]. However, studies in primary O. ostertagi in-
fections with an established adult worm population have
not been reported, and further work is needed to delin-
eate the differential effects of acute and chronic infection
in parasite-naïve or immune animals.
Collectively, these studies, whilst encompassing signifi-

cant variation, suggest that helminth infection, particu-
larly in young or susceptible animals, has a substantial
effect on the GM. Several core taxa appear to be consist-
ently affected, such as reductions in Ruminococcus sp.
and increases in Prevotella spp.. This may relate to dif-
ferences in nutrient metabolism reflective of parasite in-
vasion in digestive tissue, as well as alterations in local
inflammatory responses due to destruction of mucosal
epithelia and modulation of the innate and adaptive im-
mune responses. The nature of these alterations may
open up the potential for novel anti-parasitic treatment
options based on manipulation of the GM, as well as
having implications for host responses to dietary inter-
ventions that aim to manipulate GM composition during
concurrent helminth infection.

The influence of dietary components on helminth-gut
microbiota interactions
The importance of the GM for human health and
homeostasis is now well-established in biomedical sci-
ence, where microbiota composition and function have
shown to impact a range of diseases from diabetes to de-
pression [49–51]. Similarly, in livestock, GM composition
has been shown to correlate with a range of health out-
comes and performance indicators such as feed conver-
sion efficiency [52]. Thus, targeted manipulation of GM
function (e.g. with dietary prebiotics), has been shown to
improve livestock health and production [53].

Interactions between diet and helminths impact the gut
microbiota
The influence of different dietary components on hel-
minth infection has been studied for some time, in part
due to the rapid rises in anthelmintic resistant popula-
tions and the need for novel control options. The influ-
ence of the diet and the digestive environment on
helminth burdens was highlighted through studies show-
ing that sheep fed diets containing a high level of plant
secondary metabolites such as condensed tannins had
lower numbers of parasites, thought to be a result of dir-
ect pharmacological binding of the tannin molecules to
the cuticle of the worm and subsequent mortality [54].
Subsequently, studies in pigs showed that a high level of
fermentable carbohydrates in the diet had an antagonis-
tic effect on worms residing in the colon such as O.

dentatum [55]. In contrast to the pharmaceutical-like ef-
fect of tannins, this anti-parasitic effect was thought to
derive from the metabolism of the carbohydrates, alter-
ing the pH and promoting the production of lactic acid
and short chain fatty acid (SCFA)-producing bacteria.
This was subsequently confirmed by studies showing
that direct infusion of SCFA into the colon of pigs in-
fected with O. dentatum has a substantial anti-parasitic
effect [56]. This suggested that manipulation of the GM
by dietary intervention may be a novel way to control
parasites without the use of anthelmintic drugs.
In addition to anthelmintic effects, the notion that

dietary components may be used to maintain gut
health and mitigate the negative effects of helminth
infection is beginning to be explored. In sheep in-
fected with T. colubriformis and H. contortus, substan-
tial reductions in volatile fatty acid-producing bacteria
such as Ruminococcus and Butyrivibrio were observed
in the rumen after infection. However, dietary supple-
mentation with tannin-rich Acacia meal reversed
many of the differences in ruminal microbiota com-
position in infected animals, and restored biological
pathways within the microbiota predicted to be in-
volved in energy metabolism, despite only a non-
significant reduction in worm burdens [57]. This sug-
gests that tannin-rich plants can alleviate some of the
negative effects of helminths in small ruminants even
in the absence of direct anthelmintic activity. Further-
more, Liu et al. [58] have demonstrated that feeding
krill oil (rich in polyunsaturated fatty acids) to T. suis
infected pigs reduced mucosal damage and attenuated
the parasite-induced changes in the GM, suggesting
that targeted dietary supplements have the potential
to restore homeostasis in the face of pathological in-
sult caused by tissue-invasive helminths, and may
offer a novel solution to maintain animal productivity
in an era of reduced anthelmintic usage.
However, the complexity of the diet-helminth-GM

axis is emphasised by recent studies that suggest that
some putative health-promoting dietary additives
may intensify the parasite-induced changes in the
GM, rather than alleviate them. Inulin is a fructooli-
gosaccharide fibre that is easily fermented in the
large intestine of monogastric animals and is well-
studied in human health and nutrition for its
Bifidobacteria-stimulating effects, role in SCFA pro-
duction, and anti-inflammatory properties [59]. It has
also been investigated for its ability to promote gut
health and combat diseases such as Brachyspira and
Salmonella infection in pigs and poultry, through a
GM-mediated mechanism [60, 61]. However, in pigs
given a short-term T. suis infection, both inulin and
infection appeared to have comparable effects on
GM composition, resulting in an additive effect of
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inulin and infection including a decrease in the
abundance of putatively harmful bacteria from the
Proteobacteria phylum [62]. Dietary inulin also en-
hanced parasite-induced Th2 immune function and
synergistically suppressed pro-inflammatory re-
sponses in the colon, suggesting that the natural Th2
polarization was amplified by the changes in GM
brought about by the dietary intervention [63]. Not-
ably, dietary inulin, whilst not affecting larval estab-
lishment, has been shown to cause accelerated
expulsion of adult T. suis worms, which may possibly
derive from this increased Th2 responsiveness [64].
Similar results have been obtained in pigs fed a pre-
biotic, grape polyphenol-enriched dietary supplement
during the acute phase of A. suum infection. In this
case, both infection and diet also had broadly similar
effects on the GM, including an increase in Prevo-
tella and a reduction in Ruminococcus, which was
accompanied by a significant enhancement of A.
suum-induced mucosal eosinophilia in pigs fed grape
polyphenols [42]. Consistent with the notion that A.
suum infection may in fact induce some aspects of a
‘healthy’ gut, SCFA levels are elevated in pigs with a
long-term A. suum infection, and transcriptional
pathways associated with inflammation are supressed
[33, 65]. These results are seemingly in agreement
with some rodent and human models which suggest
that helminths can bring about changes in the GM
associated with reduced inflammation and increased
immunological tolerance. Interestingly, evidence of
this has been provided in other experimental systems
where anthelmintic treatment of either goats [66] or
horses [67] resulted in the subsequent expansion of
potentially harmful bacteria from the Proteobacteria
phylum within the GM. Consequently, in some situa-
tions and species, prebiotic additives that are com-
monly used in the livestock industry to promote gut
health may in fact augment helminth-induced
changes in the GM.
The implications of this require further investiga-

tion. A combinatorial anti-inflammatory effect of pre-
biotics and helminths may have some relevance for
treatment of inflammatory disorders in human health.
Moreover, dietary treatments that may enhance
helminth-induced Th2 responses may also aid in the
development of protective immunity and worm expul-
sion. However, in many cases, the profound immuno-
modulatory properties of helminths may predispose
livestock to secondary bacterial or viral infections,
and dietary additives that further reinforce this immu-
noregulatory state may have negative consequences
for animal health and productivity. Thus, careful con-
sideration is required to assess the multitude of inter-
actions that may exist between helminths and dietary

additives and how these may impact GM and animal
health in different contexts.

Probiotics and helminth infection
The provision of beneficial bacteria, e.g. Lactobacillus
(as well as the recently re-named Lacticaseibacillus), or
Bifidobacteria in the form of probiotic dietary supple-
ments is one of the fastest growing sectors of the animal
health industry [68]. The question of whether probiotics
may be used as a novel tool to control helminths, or
conversely, whether concurrent helminth infection may
impact on the beneficial effects of probiotics, requires
investigation. Some conflicting results have been ob-
tained in pre-clinical rodent models. Administration of
Lacticaseibacillus rhamnosus (JB-1) to mice was shown
to enhance expulsion of T. muris in an interleukin-10
dependent manner [69], whereas administration of Lac-
ticaseibacillus casei significantly enhanced burdens of
the same parasite [70]. In light of the above-mentioned
studies showing that helminth infection can favour the
growth of Lactobacillus, it is perhaps intuitive that ad-
ministration of probiotic lactobacilli may favour hel-
minth establishment in a reciprocal manner. This was
elegantly shown by Reynolds et al. [71] who demon-
strated that not only did H. polygyrus increase the abun-
dance of endogenous Lactobacillus taiwainensis in the
GM, but also that administration of exogenous L. tai-
wainensis was sufficient to increase worm burdens when
administered together with a primary infection to naïve
mice.
Studies on how probiotics may influence the course of

helminth infection in livestock are currently limited, al-
though the few studies that have been conducted do not
support a role for probiotics as an anthelmintic therapy.
Jang et al. [72] showed that administration of Lacticasei-
bacillus rhamnosus LGG (together with a prebiotic
cocoa supplement) suppressed the development of Th2
responses during A. suum infection, and resulted in de-
layed expulsion of larvae from the intestine. Similarly,
administration of Bifidobacterium animalis subspecies
lactis (Bb12) resulted in a higher (albeit non-significantly
so) number of worms in the intestine of A. suum-in-
fected pigs, accompanied by modulation of the parasite-
induced mast cell and eosinophil responses in the intes-
tine [73]. This attenuation of Th2 responses is perhaps
consistent with the well-known role of probiotics in sup-
pressing symptoms of allergy [74]. Notably, the anti-
allergenic properties of probiotics have also been shown
to modulate characteristic hallmarks of helminth-
induced immune function such as gut hypercontractility
in mouse models of trichinosis [75].
Under some conditions, the resolution of Th2 inflamma-

tion in the gut of livestock infected with helminths could be
considered to have some positive connotations, such as
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reduced energy expenditure and more nutrient partitioning
to growth. Indeed, impaired glucose absorption, a hallmark
of the intestinal response to acute A. suum infection, was
restored in infected pigs fed Bb12 [73]. Similarly, it has been
shown that in pigs infected with O. dentatum, a mixture of
Enterococcus faecium and Bacillus spp. did not alter worm
burdens, but did significantly suppress mucosal inflamma-
tory and Th2 responses in the gut [76]. However, it was
also shown that whilst these probiotic strains induced an
increase in alpha-diversity and abundance of Bifidobacter-
ium spp. in faeces, these beneficial effects were muted dur-
ing concurrent O. dentatum infection, suggesting that
helminths also have the capacity to alter the host response
to probiotic supplementation. The mechanistic nature of
this interaction requires further investigation. Probiotics are
known to favour the development of regulatory T-cell re-
sponses which may impact on the development of anti-
helminth immune mechanisms. How helminths may them-
selves interact with probiotic bacteria is not clear, but
worms such as A. suum can secrete anti-microbial sub-
stances to influence their surrounding micro-environment
[77], and anti-microbial peptide homologues have been
identified in other worms such as Fasciola hepatica [78].
Intriguingly, worms also harbour their own intestinal
microbiota, although how this interacts with the host GM
is not yet well understood [79]. Unravelling this complex
interrelationship between the host microbiota and ‘macro-
biota’ may offer further opportunities to understand how
helminths manipulate their host to ensure their survival,
and provide future therapeutic avenues.

Future directions
Numerous studies have now begun to elucidate the
complex interrelationships between helminths and the
GM in livestock. The challenge now for the parasitology
research community is to understand the functional im-
plications of helminth-induced changes in the GM. To
this end, increasingly rigorous methodological ap-
proaches will need to be applied, including combinations
of metagenomic and metabolomic analyses of different
gut segments to better understand the localized and sys-
temic effects of helminths and how they impact upon
not only the prokaryotic GM but also on the host vir-
ome and fungal and protozoan communities.
Standardization of the various methodologies used for
GM analysis, ranging from DNA extraction to sequen-
cing approach and subsequent bioinformatics analysis,
will allow increased comparison of different studies. Ul-
timately, determining how changes in the abundances of
different bacterial taxa relate to changes in host metab-
olism will be key to future efforts to manipulate the
interaction between helminths and the GM, and thereby
improve animal health and productivity. Moreover, dur-
ing natural conditions co-infections between different

parasites (e.g. helminths and coccidia or Giardia) are
often present, and understanding the potential combina-
torial effects on the GM is another priority.
Clearly, the impact of helminth infection of the GM is

context-dependent, and this context will go some way to
defining how changes in diet and other extrinsic factors
will modulate the helminth-GM relationship. In some
cases, the provision of GM-targeting components such
as prebiotics appears to restore homeostasis and attenu-
ate effects of infection, whilst in other cases additive,
unidirectional effects of prebiotics and helminth infec-
tion on GM composition and immune function have
been observed. These findings highlight the intricate in-
terrelationships that exist between the parasite and the
host GM and immune system, and that modulation of
this system by dietary additives is likely to be a complex
and multifaceted process.

Conclusion
The role of the GM in animal health will continue to be
highlighted in the coming years due to increasing pres-
sure on the livestock industry to ensure sustainable and
efficient production in an era of lower drug usage and
lower carbon footprints. Novel dietary additives to pro-
mote animal health are continuously being developed,
and several important questions will have to be ad-
dressed. Is there any potential for ‘next-generation’ pre-
biotics or probiotics to be used as a practical tool to
control helminth infection in either ruminants or mono-
gastric animals? How important is concurrent helminth
infection in influencing the response of animals to nutri-
tional intervention such as probiotics – will these be less
effective in helminth-infected animals? Perhaps most im-
portantly, a more detailed understanding of how para-
sitic helminths interact with the commensal GM within
the intestinal environment may shed more light on the
complex regulation of the gastrointestinal ecosystem,
and allow rational development of tools to progress ani-
mal health in the 21st century.

Abbreviations
Bb12: Bifidobacterium animalis subspecies lactis; GM: Gut microbiota;;
ML: Macrocyclic lactone; SCFA: Short chain fatty acid; Th: T-helper.

Acknowledgements
We acknowledge all of our group members and collaborators for fruitful
discussions.

Authors’ contributions
ARW drafted the article, with discussion and input from LJM, SS, PN, HM,
DSN and SMT. All authors have read and approved the manuscript.

Funding
The authors acknowledge continued support from the Danish Council for
Independent Research for our work in this area (Projects ‘PARAGUT’ - 4184-
00377; ‘Novel dietary additives for control of intestinal parasites’- 7026-
00094B). The funding bodies had no role in the preparation of this manu-
script or decision to publish.

Williams et al. BMC Veterinary Research           (2021) 17:62 Page 6 of 9



Availability of data and materials
All data is included in the published article

Ethics approval and consent to participate
Not applicable

Consent for publication
Not applicable

Competing Interests
The authors declare that they have no competing interests

Author details
1Department of Veterinary and Animal Sciences, University of Copenhagen,
Copenhagen, Denmark. 2Department of Clinical Medicine, Aarhus University,
Aarhus, Denmark. 3Department of Food Science, University of Copenhagen,
Copenhagen, Denmark.

Received: 23 July 2020 Accepted: 8 January 2021

References
1. Thornton PK. Livestock production: recent trends, future prospects.

Philosophical Trans Royal Soc London B. 2010;365(1554):2853–67.
2. Kumari S, Fagodiya RK, Hiloidhari M, Dahiya RP, Kumar A. Methane

production and estimation from livestock husbandry: A mechanistic
understanding and emerging mitigation options. Sci Total Environ. 2020;
709:136135.

3. Morgan ER, Aziz N-AA, Blanchard A, Charlier J, Charvet C, Claerebout E,
Geldhof P, Greer AW, Hertzberg H, Hodgkinson J, et al. 100 Questions in
Livestock Helminthology Research. Trends Parasitol. 2019;35(1):52–71.

4. Broom LJ, Kogut MH. Gut immunity: its development and reasons and
opportunities for modulation in monogastric production animals. Animal
Health Res Rev. 2018;19(1):46–52.

5. Xiong X, Tan B, Song M, Ji P, Kim K, Yin Y, Liu Y. Nutritional Intervention for
the Intestinal Development and Health of Weaned Pigs. Front Vet Sci. 2019;
6:46.

6. Blander JM, Longman RS, Iliev ID, Sonnenberg GF, Artis D. Regulation of
inflammation by microbiota interactions with the host. Nat Immunol. 2017;
18(8):851–60.

7. Ma T, Suzuki Y, Guan LL. Dissect the mode of action of probiotics in
affecting host-microbial interactions and immunity in food producing
animals. Vet Immunol Immunopathol. 2018;205:35–48.

8. Sharma N, Hunt PW, Hine BC, Ruhnke I. The impacts of Ascaridia galli on
performance, health, and immune responses of laying hens: new insights
into an old problem. Poultry Science. 2019;98(12):6517–26.

9. Charlier J, Rinaldi L, Musella V, Ploeger HW, Chartier C, Vineer HR, Hinney B,
von Samson-Himmelstjerna G, Băcescu B, Mickiewicz M, et al. Initial
assessment of the economic burden of major parasitic helminth infections
to the ruminant livestock industry in Europe. Prev Vet Med. 2020;182:
105103.

10. Vlaminck J, Levecke B, Vercruysse J, Geldhof P. Advances in the diagnosis of
Ascaris suum infections in pigs and their possible applications in humans.
Parasitology. 2014;141(14):1904–11.

11. Charlier J, van der Voort M, Kenyon F, Skuce P, Vercruysse J. Chasing
helminths and their economic impact on farmed ruminants. Trends
Parasitol. 2014;30(7):361–7.

12. Peachey LE, Jenkins TP. Cantacessi C: This Gut Ain’t Big Enough for Both of
Us. Or Is It? Helminth–Microbiota Interactions in Veterinary Species. Trends
Parasitol. 2017;33(8):619–32.

13. Charlier J, Thamsborg SM, Bartley DJ, Skuce PJ, Kenyon F, Geurden T, Hoste
H, Williams AR, Sotiraki S, Höglund J, et al. Mind the gaps in research on the
control of gastrointestinal nematodes of farmed ruminants and pigs.
Transboundary Emerg Dis. 2018;65(S1):217–34.

14. Charlier J, Höglund J, Morgan ER, Geldhof P, Vercruysse J, Claerebout E.
Biology and Epidemiology of Gastrointestinal Nematodes in Cattle. Vet
Clinics North America. 2020;36(1):1–15.

15. Sangster NC, Cowling A, Woodgate RG. Ten Events That Defined
Anthelmintic Resistance Research. Trends Parasitol. 2018;34(7):553–63.

16. Raza A, Qamar AG, Hayat K, Ashraf S, Williams AR. Anthelmintic resistance
and novel control options in equine gastrointestinal nematodes.
Parasitology. 2018;146(4):425–37.

17. Roepstorff A, Mejer H, Nejsum P, Thamsborg SM. Helminth parasites in pigs:
New challenges in pig production and current research highlights.
Veterinary Parasitology. 2011;180(1–2):72–81.

18. Vlaminck J, Düsseldorf S, Heres L, Geldhof P. Serological examination of
fattening pigs reveals associations between Ascaris suum, lung pathogens and
technical performance parameters. Veterinary Parasitology. 2015;210(3):151–8.

19. Haugegaard J. Prevalence of nematodes in Danish industrialized sow farms
with loose housed sows in dynamic groups. Veterinary Parasitology. 2010;
168(1–2):156–9.

20. Thienpont D, Vanparijs O, Hermans L, De Roose P. Treatment of Trichuris suis
infections in pigs with flubendazole. Veterinary Record. 1982;110(22):517.

21. Gerwert S, Failing K, Bauer C. Prevalence of levamisole and benzimidazole
resistance in Oesophagostomum populations of pig-breeding farms in North
Rhine-Westphalia, Germany. Parasitol Res. 2002;88(1):63–8.

22. Macrelli M, Williamson S, Mitchell S, Pearson R, Andrews L, Morrison AA,
Nevel M, Smith R, Bartley DJ. First detection of ivermectin resistance in
oesophagostomum dentatum in pigs. Veterinary Parasitology. 2019;270:1–6.

23. Mansfield LS, Urban JF Jr. The pathogenesis of necrotic proliferative colitis in
swine is linked to whipworm induced suppression of mucosal immunity to
resident bacteria. Veterinary Immunol Immunopathol. 1996;50(1–2):1–17.

24. Cooper PJ, Chico M, Sandoval C, Espinel I, Guevara A, Levine MM, Griffin GE,
Nutman TB. Human infection with Ascaris lumbricoides is associated with
suppression of the interleukin-2 response to recombinant cholera toxin B
subunit following vaccination with the live oral cholera vaccine CVD 103-
HgR. Infect Immun. 2001;69(3):1574–80.

25. Urban JF Jr, Steenhard NR, Solano-Aguilar GI, Dawson HD, Iweala OI, Nagler
CR, Noland GS, Kumar N, Anthony RM, Shea-Donohue T, et al. Infection with
parasitic nematodes confounds vaccination efficacy. Vet Parasitol. 2007;
148(1):14–20.

26. Steenhard NR, Jungersen G, Kokotovic B, Beshah E, Dawson HD, Urban JF Jr,
Roepstorff A, Thamsborg SM. Ascaris suum infection negatively affects the
response to a Mycoplasma hyopneumoniae vaccination and subsequent
challenge infection in pigs. Vaccine. 2009;27(37):5161–9.

27. Cortés A, Peachey L, Scotti R, Jenkins TP, Cantacessi C. Helminth-microbiota
cross-talk – A journey through the vertebrate digestive system. Mole
Biochem Parasitol. 2019;233:111222.

28. Lee SC, Tang MS, Lim YAL, Choy SH, Kurtz ZD, Cox LM, Gundra UM, Cho I,
Bonneau R, Blaser MJ, et al. Helminth Colonization Is Associated with
Increased Diversity of the Gut Microbiota. PLOS Neglected Tropical Diseases.
2014;8(5):e2880.

29. Cortés A, Peachey LE, Jenkins TP, Scotti R, Cantacessi C. Helminths and
microbes within the vertebrate gut – not all studies are created equal.
Parasitology. 2019;146(11):1371–8.

30. Houlden A, Hayes KS, Bancroft AJ, Worthington JJ, Wang P, Grencis RK,
Roberts IS. Chronic Trichuris muris Infection in C57BL/6 Mice Causes
Significant Changes in Host Microbiota and Metabolome: Effects Reversed
by Pathogen Clearance. PLoS ONE. 2015;10(5):e0125945.

31. Holm JB, Sorobetea D, Kiilerich P, Ramayo-Caldas Y, Estellé J, Ma T, Madsen
L, Kristiansen K, Svensson-Frej M. Chronic Trichuris muris Infection Decreases
Diversity of the Intestinal Microbiota and Concomitantly Increases the
Abundance of Lactobacilli. PLOS ONE. 2015;10(5):e0125495.

32. Walk ST, Blum AM, Ewing SA-S, Weinstock JV, Young VB. Alteration of the
murine gut microbiota during infection with the parasitic helminth
Heligmosomoides polygyrus. Inflammatory Bowel Diseases. 2010;16(11):1841–9.

33. Zaiss Mario M, Rapin A, Lebon L, Dubey Lalit K, Mosconi I, Sarter K, Piersigilli
A, Menin L, Walker Alan W, Rougemont J, et al. The Intestinal Microbiota
Contributes to the Ability of Helminths to Modulate Allergic Inflammation.
Immunity. 2015;43(5):998–1010.

34. Giacomin P, Zakrzewski M, Croese J, Su X, Sotillo J, McCann L, Navarro S,
Mitreva M, Krause L, Loukas A, et al. Experimental hookworm infection and
escalating gluten challenges are associated with increased microbial
richness in celiac subjects. Scientific Reports. 2015;5:13797.

35. Giacomin P, Croese J, Krause L, Loukas A, Cantacessi C. Suppression of
inflammation by helminths: a role for the gut microbiota? Philosophical
Transactions Royal Society B. 2015;370(1675):20140296.

36. Su C, Su L, Li Y, Long SR, Chang J, Zhang W, Walker WA, Xavier RJ, Cherayil
BJ, Shi HN. Helminth-induced alterations of the gut microbiota exacerbate
bacterial colitis. Mucosal Immunology. 2018;11(1):144–57.

Williams et al. BMC Veterinary Research           (2021) 17:62 Page 7 of 9



37. Li RW, Wu S, Li W, Navarro K, Couch RD, Hill D, Urban JF. Alterations in the
Porcine Colon Microbiota Induced by the Gastrointestinal Nematode
Trichuris suis. Infection and Immunity. 2012;80(6):2150–7.

38. Hale OM, Stewart TB. Influence of an experimental infection if Trichuris suis
on performance of pigs. J Animal Science. 1979;49:1000–5.

39. Wu S, Li RW, Li W, Beshah E, Dawson HD, Urban JF Jr. Worm Burden-
Dependent Disruption of the Porcine Colon Microbiota by Trichuris suis
Infection. PLOS ONE. 2012;7(4):e35470.

40. Jensen AN, Mejer H, Mølbak L, Langkjær M, Jensen TK, Angen Ø,
Martinussen T, Klitgaard K, Baggesen DL, Thamsborg SM, et al. The effect of
a diet with fructan-rich chicory roots on intestinal helminths and microbiota
with special focus on Bifidobacteria and Campylobacter in piglets around
weaning. animal. 2011;5(06):851–60.

41. Wang Y, Liu F, Urban JF, Paerewijck O, Geldhof P, Li RW. Ascaris suum
infection was associated with a worm-independent reduction in microbial
diversity and altered metabolic potential in the porcine gut microbiome. Int
J Parasitol. 2019;49(3):247–56.

42. Williams AR, Krych L, Fauzan Ahmad H, Nejsum P, Skovgaard K, Nielsen DS,
Thamsborg SM. A polyphenol-enriched diet and Ascaris suum infection
modulate mucosal immune responses and gut microbiota composition in
pigs. PLOS ONE. 2017;12(10):e0186546.

43. Li RW, Li W, Sun J, Yu P, Baldwin RL, Urban JF. The effect of helminth
infection on the microbial composition and structure of the caprine
abomasal microbiome. Scientific Reports. 2016;6:20606.

44. Hogan G, Walker S, Turnbull F, Curiao T, Morrison AA, Flores Y, Andrews L,
Claesson MJ, Tangney M, Bartley DJ. Microbiome analysis as a platform R&D
tool for parasitic nematode disease management. ISME Journal. 2019;13(11):
2664–80.

45. Cortés A, Wills J, Su X, Hewitt RE, Robertson J, Scotti R, Price DRG, Bartley Y,
McNeilly TN, Krause L, et al. Infection with the sheep gastrointestinal
nematode Teladorsagia circumcincta increases luminal pathobionts.
Microbiome. 2020;8(1):60.

46. Clark A, Sallé G, Ballan V, Reigner F, Meynadier A, Cortet J, Koch C, Riou M,
Blanchard A, Mach N. Strongyle Infection and Gut Microbiota: Profiling of
Resistant and Susceptible Horses Over a Grazing Season. Front Physiology.
2018;9(272).

47. Peachey LE, Castro C, Molena RA, Jenkins TP, Griffin JL, Cantacessi C.
Dysbiosis associated with acute helminth infections in herbivorous
youngstock – observations and implications. Scientific Reports. 2019;9(1):
11121.

48. Li RW, Wu S, Li W, Huang Y, Gasbarre LC. Metagenome Plasticity of the
Bovine Abomasal Microbiota in Immune Animals in Response to Ostertagia
Ostertagi Infection. PLOS ONE. 2011;6(9):e24417.

49. Anhê FF, Varin TV, Le Barz M, Desjardins Y, Levy E, Roy D, Marette A. Gut
Microbiota Dysbiosis in Obesity-Linked Metabolic Diseases and Prebiotic
Potential of Polyphenol-Rich Extracts. Current Obesity Reports. 2015;4(4):
389–400.

50. Cani PD. Human gut microbiome: hopes, threats and promises. Gut. 2018;
67(9):1716.

51. Zmora N, Suez J, Elinav E. You are what you eat: diet, health and the gut
microbiota. Nat Rev Gastroenterol Hepatol. 2019;16(1):35–56.

52. McCormack UM, Curião T, Metzler-Zebeli BU, Magowan E, Berry DP, Reyer H,
Prieto ML, Buzoianu SG, Harrison M, Rebeiz N, et al. Porcine Feed Efficiency-
Associated Intestinal Microbiota and Physiological Traits: Finding Consistent
Cross-Locational Biomarkers for Residual Feed Intake. mSystems. 2019;4(4):
e00324–18.

53. Pluske JR, Turpin DL, Kim J-C. Gastrointestinal tract (gut) health in the young
pig. Animal Nutrition. 2018;4(2):187–96.

54. Mueller-Harvey I, Bee G, Dohme-Meier F, Hoste H, Karonen M, Kölliker R,
Lüscher A, Niderkorn V, Pellikaan WF, Salminen J-P, et al. Benefits of
Condensed Tannins in Forage Legumes Fed to Ruminants: Importance of
Structure, Concentration, and Diet Composition. Crop Science. 2019;59(3):
861–85.

55. Petkevicius S, Bach Knudsen KE, Nansen P, Roepstorff A, Skjøth F, Jensen K.
The impact of diets varying in carbohydrates resistant to endogenous
enzymes and lignin on populations of Ascaris suum and Oesophagostomum
dentatum in pigs. Parasitology. 1997;114(6):555–68.

56. Petkevičius S, Murrell KD, Bach Knudsen KE, Jørgensen H, Roepstorff A, Laue
A, Wachmann H. Effects of short-chain fatty acids and lactic acids on
survival of Oesophagostomum dentatum in pigs. Veterinary Parasitology.
2004;122(4):293–301.

57. Corrêa PS, Mendes LW, Lemos LN, Crouzoulon P, Niderkorn V, Hoste H,
Costa-Júnior LM, Tsai SM, Faciola AP, Abdalla AL, et al. Tannin
supplementation modulates the composition and function of ruminal
microbiome in lambs infected with gastrointestinal nematodes. FEMS
Microbiology Ecology. 2020;96(3).

58. Liu F, Smith AD, Solano-Aguilar G, Wang TTY, Pham Q, Beshah E, Tang Q,
Urban JF, Xue C, Li RW. Mechanistic insights into the attenuation of
intestinal inflammation and modulation of the gut microbiome by krill oil
using in vitro and in vivo models. Microbiome. 2020;8(1):83.

59. Le Bastard Q, Chapelet G, Javaudin F, Lepelletier D, Batard E, Montassier E. The
effects of inulin on gut microbial composition: a systematic review of evidence
from human studies. Eur J Clin Microbiol Infect Dis. 2020;39(3):403–13.

60. Hansen CF, Hernández A, Mansfield J, Hidalgo Á, La T, Phillips ND, Hampson
DJ, Pluske JR. A high dietary concentration of inulin is necessary to reduce
the incidence of swine dysentery in pigs experimentally challenged with
Brachyspira hyodysenteriae. Bri J Nutr. 2011;106(10):1506–13.

61. Song J, Li Q, Everaert N, Liu R, Zheng M, Zhao G, Wen J. Effects of inulin
supplementation on intestinal barrier function and immunity in specific
pathogen-free chickens with Salmonella infection. J Anim Sci. 2020;98(1).

62. Stolzenbach S, Myhill LJ, Andersen LOB, Krych L, Mejer H, Williams AR,
Nejsum P, Stensvold CR, Nielsen DS, Thamsborg SM. Dietary Inulin and
Trichuris suis Infection Promote Beneficial Bacteria Throughout the Porcine
Gut. Front Microbiol. 2020;11(312).

63. Myhill LJ, Stolzenbach S, Hansen TVA, Skovgaard K, Stensvold CR, Andersen
LOB, Nejsum P, Mejer H, Thamsborg SM, Williams AR. Mucosal Barrier and
Th2 Immune Responses Are Enhanced by Dietary Inulin in Pigs Infected
With Trichuris suis. Front Immunology. 2018;9(2557).

64. Thomsen LE, PetkeviČIus S, Bach Knudsen KE, Roepstorff A. The influence of
dietary carbohydrates on experimental infection with Trichuris suis in pigs.
Parasitology. 2005;132(6):857–65.

65. Midttun HLE, Acevedo N, Skallerup P, Almeida S, Skovgaard K, Andresen L,
Skov S, Caraballo L, van Die I, Jørgensen CB, et al. Ascaris Suum Infection
Downregulates Inflammatory Pathways in the Pig Intestine In Vivo and in
Human Dendritic Cells In Vitro. J Infect Dis. 2018;217(2):310–9.

66. Liu F, Xie Y, Zajac AM, Hu Y, Aroian RV, Urban JF, Li RW. Gut microbial
signatures associated with moxidectin treatment efficacy of Haemonchus
contortus in infected goats. Veterinary Microbiology. 2020;242:108607.

67. Walshe N, Duggan V, Cabrera-Rubio R, Crispie F, Cotter P, Feehan O,
Mulcahy G. Removal of adult cyathostomins alters faecal microbiota and
promotes an inflammatory phenotype in horses. Int J Parasitol. 2019;49(6):
489–500.

68. Ballou MA, Davis EM, Kasl BA. Nutraceuticals: An Alternative Strategy for the
Use of Antimicrobials. Veterinary Clinics North America. 2019;35(3):507–34.

69. McClemens J, Kim JJ, Wang H, Mao Y-K, Collins M, Kunze W, Bienenstock J,
Forsythe P, Khan WI. Lactobacillus rhamnosus Ingestion Promotes Innate
Host Defense in an Enteric Parasitic Infection. Clinical Vaccine Immunol.
2013;20(6):818.

70. Dea-Ayuela MA, Rama-Iñiguez S, Bolás-Fernandez F. Enhanced susceptibility
to Trichuris muris infection of B10Br mice treated with the probiotic
Lactobacillus casei. Int Immunopharmacol. 2008;8(1):28–35.

71. Reynolds LA, Smith KA, Filbey KJ, Harcus Y, Hewitson JP, Redpath SA, Valdez
Y, Yebra MJ, Finlay BB, Maizels RM. Commensal-pathogen interactions in the
intestinal tract. Gut Microbes. 2014;5(4):522–32.

72. Jang S, Lakshman S, Beshah E, Xie Y, Molokin A, Vinyard BT, Urban JF, Davis
CD. Solano-Aguilar GI: Flavanol-Rich Cocoa Powder Interacts with
Lactobacillus rhamnossus LGG to Alter the Antibody Response to Infection
with the Parasitic Nematode Ascaris suum. Nutrients. 2017;9:10.

73. Solano-Aguilar G, Shea-Donohue T, Madden KB, Quinoñes A, Beshah E,
Lakshman S, Xie Y, Dawson H, Urban JF. Bifidobacterium animalis
subspecies lactis modulates the local immune response and glucose uptake
in the small intestine of juvenile pigs infected with the parasitic nematode
Ascaris suum. Gut Microbes. 2018;9(5):422–36.

74. Bunyavanich S, Berin MC. Food allergy and the microbiome: Current
understandings and future directions. J Allergy Clin Immunol. 2019;144(6):
1468–77.

75. Verdú EF, Bercík P, Bergonzelli GE, Huang X-X, Blennerhasset P, Rochat F,
Fiaux M, Mansourian R, Corthésy-Theulaz I, Collins SM. Lactobacillus
paracasei normalizes muscle hypercontractility in a murine model of
postinfective gut dysfunction. Gastroenterology. 2004;127(3):826–37.

76. Myhill LJ, Stolzenbach S, Mejer H, Hansen TVA, Nejsum P, Skovgaard K,
Thamsborg SM, Williams AR. Dietary pre- and probiotics influence immune

Williams et al. BMC Veterinary Research           (2021) 17:62 Page 8 of 9



responses in helminth-infected pigs. In: 14th International Congress of
Parasitology. Daegu, South Korea; 2018, 2018.

77. Midha A, Janek K, Niewienda A, Henklein P, Guenther S, Serra DO, Schlosser
J, Hengge R, Hartmann S. The Intestinal Roundworm Ascaris suum Releases
Antimicrobial Factors Which Interfere With Bacterial Growth and Biofilm
Formation. Front Cell Infect Microbiol. 2018;8(271).

78. Thivierge K, Cotton S, Schaefer DA, Riggs MW, To J, Lund ME, Robinson MW,
Dalton JP, Donnelly SM. Cathelicidin-like Helminth Defence Molecules
(HDMs): Absence of Cytotoxic, Anti-microbial and Anti-protozoan Activities
Imply a Specific Adaptation to Immune Modulation. PLOS Neglected
Tropical Diseases. 2013;7(7):e2307.

79. White EC, Houlden A, Bancroft AJ, Hayes KS, Goldrick M, Grencis RK,
Roberts IS. Manipulation of host and parasite microbiotas: Survival
strategies during chronic nematode infection. Science Advances. 2018;
4(3):eaap7399.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Williams et al. BMC Veterinary Research           (2021) 17:62 Page 9 of 9


	Abstract
	Background
	Gastrointestinal helminths in livestock
	Interactions between helminths and the gut microbiota
	The influence of dietary components on helminth-gut microbiota interactions
	Interactions between diet and helminths impact the gut microbiota
	Probiotics and helminth infection

	Future directions

	Conclusion
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing Interests
	Author details
	References
	Publisher’s Note

