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Summary

The European badger (Meles meles) is a member of the Mustelid Family and Ireland’s
largest terrestrial carnivore. Since the identification of badgers as wildlife reservoirs of
bovine tuberculosis (bTB), extensive research has been conducted in the field of
badger ecology in the ROl and badgers have become the focus of a reactive culling
strategy. As badgers are a protected species in the ROI, culling has only been used as
an interim control in the absence of a viable, effective vaccine. Research has now
shown, in both controlled and field studies, that a low dose of liquid encapsulated
Bacillus Calmette-Guérin (BCG) vaccine is effective at promoting a powerful immune
response by triggering the T-helper 1 (Th1) arm of the adaptive immune system. A
strong immune response is thereby essential for both the host’s ability to control

pathogenesis of bTB and the efficacy of the BCG.

One factor that has been identified as disrupting the immune response to tuberculosis
infection is an underlying helminth infection. Helminths are a diverse group of large,
multicellular parasitic worms. Some species have been found to live for many years -
even decades - within a living host. To enable them to survive, many use highly
effective mechanisms of immune subversion. This not only allows helminths to evade
expulsion by the immune system but has also been shown to result in ‘spill over

suppression’ of routine vaccinations and reduced control of mycobacterial infections.

To date, only 5 studies across the badgers’ Eurasian range have described the helminth
community of badgers, none of which occur in the ROI. To fill this knowledge gap, a
total of 289 badgers were collected from western and eastern counties and examined
for the presence of helminth parasites. Infection was diagnosed using a combination
of gross organ dissection and faecal egg/larval counts. Access to data from both
methods of detection is rare and this offered the unique opportunity to evaluate the
efficacy of coprological analysis in comparison to adult worm burden. My results show
that for hookworm (Uncinaria criniformis), an individual was more likely to be
diagnosed incorrectly than correctly for a helminth infection. In contrast, for

lungworm (Aelurostrongylus falciformis), neither adult worm burden nor faecal larval



counts were sensitive for diagnosing infection. However, when infection was present,
coprological analysis was an effective indicator of intensity of infection.

The helminth community consisted of 8 nematodes and included 4 identified to
species, 1 identified to genus and 3 unknown - Aelurostrongylus falciformis;
Crenosoma melesi.; Eucoleus aerophilus; Uncinaria criniformis; ‘Species A’;
Strongyloides spp. and two unidentifiable but morphologically distinct nematodes
(nematode 1 and 2). U. criniformis infection was found to be endemic throughout the
badger population and A. falciformis and Strongyloides spp. were common.
Interestingly, all helminths described here belong to the Nematoda group and the

majority of the known species exhibit direct life cycles.

It is hoped the results from this study will serve as a baseline of badger health
surveillance, as well as illuminating the helminth community, in the Irish badger, as an
important comparator for other countries across the badgers’ range. Additionally, as
the ROl is now moving towards a vaccination-led strategy for the control of bTB, it is
imperative that work is continued to investigate the effect of underlying helminth
infection on both bTB pathology and vaccination efficacy, in light of the helminth
endemicity reported here and the well documented immunological effects of helminth

infection.
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Chapter 1

Introduction

1.1. Irish badgers: Behaviour, ecology and bovine tuberculosis
The European badger (Meles meles), as shown in figure 1.1, is a member of the
Mustelid Family and Ireland’s largest terrestrial carnivore (Smal, 1995). Badgers are
common in the Republic of Ireland (ROI), present in all 26 counties (Smal, 1995) with a
reported medium population density (Gaughran et al., 2018). Extensive research has
been conducted in the field of badger ecology in the ROI, the Western limit of their
Eurasian distribution (Byrne et al., 2012). Badgers live in underground burrow systems
called setts. Each sett typically houses 3-6 adults (O’corry-Crowe et al., 1996; Sleeman
et al., 2009) commonly known as a clan, cete or social group. Badgers are fossorial
feeders, scavenging for food in and on top of soil (Cleary et al., 2009). They exhibit
both crepuscular and nocturnal life cycles (Neal, E., Cheeseman, 1996) and as such are
rarely seen by humans (Roper, 2010), even in the United Kingdom (UK) where they
have a high population density. Since 1974, badgers have been identified as wildlife
reservoirs of bovine tuberculosis (bTB). Reservoirs of the disease are individuals who
can transmit Mycobacterium bovis, the pathogen responsible for bTB infection,
without succumbing to the disease and who often remain asymptomatic. This allows
such individuals to go undetected in a population and potentially aids in disease

spread (Delahay et al., 2001). As a result, badgers have become a focus of bTB control

programmes.

Figure 1.1: The European
badger (Meles meles).

Photo taken by RB in County
Wicklow, Republic of

Ireland.




Bovine TB is a disease of significant economic and agricultural importance due to its
ability to spread rapidly through cattle herds (Zinsstag et al., 2006). Identification of
badgers as potential sources of bTB outbreak in the ROI led to focused reactive badger
culling within a 1km radius of a bTB outbreak in cattle, wherever the cause could not
be attributed to cattle to cattle transmission (Bielby et al., 2016). Inevitably, culling has
led to a reduction of badger population size in ROI (Byrne, 2013). However, as badgers
are a protected species in the ROl under the 1974 Wildlife Act, culling has only been
used as an interim control in the absence of a viable, effective vaccine. Controlled
studies on both laboratory-infected and wild badgers have shown that a low dose of
liquid encapsulated Bacillus Calmette-Guérin (BCG) vaccine is effective at producing a
powerful immune response, by triggering the T-helper 1 (Th1) adaptive immune
response (Aznar et al., 2011; Gormley et al., 2017; More and Collins, 2016). A strong
immune response is essential for both the host’s bTB control and the efficacy of the

BCG vaccine (Moliva et al., 2015).

1.2. TB and the immune system

Once the bacterium responsible for tuberculosis, Mycobacterium spp., enters the host
it migrates to the alveolus of the lung (Bloom, 1994). This triggers the host to elicit a
Th1 response (Havlir et al., 1991; Horsnell, 2014). Macrophages, large phagocytic cells,
engulf the bacterium (Gonzalez-Juarrero et al., 2001) which is contained, not
destroyed, within granulomas consisting of numerous layers of Th1 immune cells. In
normal bacterial infections, after the bacterium is engulfed, the complex would bind
with lysosymes to release reactive oxygen and nitrogen and inevitably to destroy the
pathogen (Forrellad et al., 2013). Mycobacterium spp. can avoid this due to their
ability to produce numerous virulence factors (Schluger et al., 2012). These virulence
factors inhibit the fusing of the phagocyte-lysosome complex and allow the
Mycobacterium spp. to exist within macrophages in a dormant state. In most cases,
the host immune system can contain the Mycobacterium spp. inside granulomas and
suppress TB replication. Notably, in a small number of individuals, immediately or
even years later, the bacterium is able to re-activate from the dormant state, replicate

and spread to the lungs and other organs (Smith, 2003). The mechanism by which



bacteria can do this is still unknown. However the occurrence has been significantly

linked to a loss of immune function (Flynn and Chan, 2001).

1.3. Co-infection of helminths and TB

One factor that has been identified as disrupting the immune response to
Mycobacterium spp. infection is an underlying helminth infection (Salgame et al.,
2013). Helminths are a diverse group of large, multicellular parasitic worms and some
species can live for many years — even decades — within a living host (Mueller, 1965).
Often these infections are dismissed as benign, as clinically they do not exhibit
symptoms. Recently, however, immunologists have demonstrated that helminths use
highly effective mechanisms of immune subversion (Maizels and Yazdanbakhsh, 2003)
by immunodulation of the host’s immune system. Such mechanisms not only allow
helminths to evade expulsion by the immune system but also result in ‘spill over
suppression’ of routine vaccinations and reduced control of mycobacterial infections
(Maizels and Yazdanbakhsh, 2003; Sabin et al., 1996). This is because hosts react
differently to helminth infection than to mycobacteria (Salgame et al., 2013). In
contrast to the Th1 response induced by TB and other bacterial infections, helminths
elicit a strong Th2 response by activation of mechanisms that aid in parasite resistance
and host tolerance of helminth infection (Naranjo Lucena et al., 2017). Thl and Th2
subsets of the immune system are described as reciprocally cross-inhibitory (Maizels
et al., 1993) and thereby one type will typically gain at the expense of the other. This
cross-inhibition within the immune system has the ability to reduce resistance to both

helminth and bacterial infection.

The phenomenon of co-infection between TB and helminths is a topic of considerable
interest and importance ( Li and Zhou, 2013; Abate et al., 2015). This is not only
because of the potential risk to human health, biodiversity and agricultural production
(Bengis et al., 2002) but also because of the influence helminth co-infection has upon
the pathology of microparasitic infection (Elias et al., 2006) by dampening the host’s
ability to illicit a strong Th1 response (Maizels and Yazdanbakhsh, 2003). Furthermore,
helminth infection’s ability to interfere with control therapies, including vaccination

strategies, is of particular public health significance (Bobat and Cunningham, 2014).



1.4. Parasite communities of badgers

The helminth parasites of the European badger has been documented across its
Eurasian distribution. Hancox (1980) was the first and only study to systematically
review all published parasite records of the badger, M. meles. The review concluded
that the available data were diffuse and restricted to certain regions across the
badger’s distribution. Despite being published over three decades ago this still
pertains, with numerous data from across Continental Europe and two reports from
Great Britain but no comprehensive reports from the ROI, as shown in Table 1.1. This
is highlighted by Sleeman and Kelly (1997) in their report of parasites and diseases of
Irish badgers, which stated that no attempt had yet been made to document the
helminth parasite community of this important wildlife species. Subsequently one
study assessed the parasites of wild red foxes, pine martens and badgers in ROI
through the inspection of faeces (Stuart et al., 2013). Researchers found eggs from
two nematode species; Uncinaria criniformis (40%) and Eucoleous aerophilus (6%),
with only prevalence being reported in only a small number of hosts (n=50). It is
important that there be an independent review of the helminth parasite community of
Irish badgers and results are not extrapolated from the UK or continental Europe, as
both groups exhibit different population densities and foraging behaviour to that of
the Irish badger. In continental Europe and the UK, badgers are found in low (Roper,
2010) and high density populations (Judge et al., 2015) respectively. As demonstrated
by Arneberg et al., (1998) in higher host density populations the prevalence,
abundance and intensity of infection are higher than those in lower densities.
Additionally, Irish badgers have been shown to exhibit seasonal variation in their diet
compared to that of UK badger populations (Cleary et al., 2009). As many species of
helminths are transmitted through the ingestion of contaminated soil (Bethony et al.,

2006), diet is central to helminth infection.

Since 1980, 38 helminths have been reported in the badger host including 27
nematodes, 6 cestodes and 5 trematodes. Of these Uncinaria spp. and
Aelurostrongylus spp. are the most common. The most prevalent helminth appears to

be Strongyloides spp. (Rosalino et al.,2006). However, comparison of prevalence is



difficult with sample sizes below 100 in 14 of the 16 published studies (Table 1.1).
Additionally, reporting of intensity is rare (n=4), despite agreement within the
parasitological community that intensity of infection is a critical parameter for

understanding macroparasite infection (Poulin, 2018).

Diagnosis of helminth infection was mostly consistent, with adult worm burden being
used for many of the published studies. Adult worm burden is deemed the gold
standard for diagnosing helminth infection and remains one of the key elements to
develop our understanding of the population dynamics and impact of macroparasite
infections (Seivwright et al., 2004; Tchuem Tchuenté, 2011). However, obtaining data
on adult worm counts is often logistically or ethically difficult and as such faecal egg or
larval counts are often used as an indirect measure of intensity of infection. Despite
the widespread use of coprological analysis for diagnosis, the reliability of faecal
egg/larval counts as an assessment of adult worm burden is rarely evaluated,
especially in wild hosts (Gasso et al.,2015). Consequently, there is a need for an
extensive study into the relationship between faecal egg/larval counts and adult worm
burden as well as the sensitivity of coprological analysis for the diagnosis of helminth

infection.

The aim of this study was therefore threefold: (i) to describe the helminth parasite
community of Irish badgers, reporting prevalence, abundance, intensity and
aggregation; (ii) to explore the relationship between adult worm burden and
egg/larval counts; and (iii) to evaluate the sensitivity and specificity of coprological
analysis as an effective diagnostic tool for hookworm and lungworm. It is hoped the
results from this study will serve as a baseline of badger health surveillance, as well as
illuminating the helminth community in the Irish badger as an important comparator

for other countries across the badgers’ range.









Table 1.1: The helminths of European badgers (Meles meles), From 1980- 2018

Publication author ~ Country sample Parasite Parasite Species Location in Prevalence Intensity method of
size (n) Class host % diagnosis
Jones et al., 1980 United 118 Nematoda Capillaria sp. Pulmonary 5.1 N/A  Worm burden
Kingdom Uncinaria stenocephala Intestine 22.9 N/A  Worm burden
Molineus patens Intestine 27.1 N/A  Worm burden
Strongyloides spp. Intestine 0.8 N/A  Worm burden
Aelurostrongylus Pulmonary 0.8 N/A  Worm burden
falciformis
Cestoda Mesocestoides lineatus Intestine 1.6 N/A  Worm burden
Dilepis undula Intestine 0.8 N/A  Worm burden
Trematoda Ityogonimus lorum Intestine 0.8 N/A  Worm burden
80 Capillaria erincacei Intestine 25 N/A  Worm burden
Loos-Frank and Germany 84 Nematoda Uncinaria criniformis intestine 4 N/A  Worm burden
Zeyhle, 1982 Cestoda Atriotaenia incisa intestine 155 N/A  Worm burden
Taenia martis intestine 2 N/A  Worm burden
Priemer and Lux, Germany 11 Cestoda Atriotaenia incisa intestine 36.3 N/A  Worm burden
1994
Magi et al., 1999 Italy 19 Nematoda Aelurostrongylus Pulmonary N/A  Worm burden
falciformis 21.2
Capillaria sp. Pulmonary 31.6 N/A  Worm burden
Crenosoma melesi Pulmonary 21.1 N/A  Worm burden
Mesocestoides Intestine 21.1 N/A  Worm burden
Molineus patens Intestine 21.1 N/A  Worm burden
Uncinaria criniformis Intestine 84.2 N/A  Worm burden
Torres etal., 2001 Spain 85 Nematoda Aelurostrongylus Pulmonary 6.4 1.3 Worm burden
pridhami
Aelurostrongylus Pulmonary 6.4 2.7 Worm burden
vasorum
Aonchotheca putorii Gastric 29.6 36.1 Worm burden
mucus
Crenosoma melesi Pulmonary 6.4 2.3 Worm burden
Mastophorus muris Stomach 14.3 1.3 Worm burden
Molineus patens Intestine 38.3 10.06 Worm burden
Pearsonema plica Bladder 2.1 1 Worm burden
Physaloptera sibrica Stomach 23.1 1.3 Worm burden

Table 1 continued



Publication author Country  sample Parasite Parasite Species Location in Prevalence Intensity method of
size (n) Class host % diagnosis
Torres etal., 2001 Strongyloides sp. Intestine 30.9 21.2 Worm burden
continued Trichinella sp. Intestine 2.1 N/A  Worm burden
Uncinaria criniformis Intestine 51.6 52.5 Worm burden
Vigisospirura potekhina Stomach 7.3 4.7 Worm burden
Cestoda Atriotaenia incisa Intestine 12.4 107.2  Worm burden
Mesocestoides sp. Intestine 14.3 3  Worm burden
Trematoda Brachylaima sp. Intestine 66.6 1.1 Worm burden
Euparyphium melis Intestine 7.7 2 Worm burden
Euryhelmis squamula Intestine 9.5 74 Worm burden
Millian et al., 2004 Spain 26 Nematoda Aonchotheca putorii Gastric mucus 0.46 224.6  Worm burden
Physaloptera sp. Stomach 0.19 12.23 'Worm burden
Molineus patens Intestine 0.39 265 Worm burden
Uncinaria criniformis Intestine 0.35 55.4 Worm burden
Strongyloides sp. Intestine 0.61 2068 Worm burden
Angiostrongylus sp. Pulmonary 0.42 65.7 Worm burden
Crenosoma sp. Pulmonary 0.04 50 Egg/larval count
Cestoda Atriotaenia incisa Intestine 0.69 3484 Worm burden
Mesocestoides sp. Intestine 0.04 500 Worm burden
Taenia sp. Intestine 0.04 1 Worm burden
Trematoda Euryhelmis squamula Intestine 0.12 1708 Worm burden
Brachylaima sp. Intestine 0.04 1642 Worm burden
Davidson et al., 2006 Norway 9 Nematoda Aelurostrongylus Pulmonary 55.5 N/A  Worm burden &
falciformis faecal
Crenosoma melesi Pulmonary 22.2 N/A  Worm burden &
egg/larval count
Gorski et al., 2006 Poland 17 Nematoda Uncinaria sp. Intestine 59 N/A Egg/larval count
Capillaria sp. Pulmonary 11.8 N/A Egg/larval count
Trematoda Opisthorchis sp. Or Gall bladder 11.8 N/A Egg/larval count

Metorchis sp.




Table 1 continued

Publication Country sample Parasite Parasite Species Location  Prevalence intensity method of
author size Class in host % diagnosis
(n)
Rosalino et al., Portugal 163 Nematoda Mastophorus muris Stomach 11.7 N/A Egg/larval
2006 count
Molineus patens Intestine 8.6 N/A Egg/larval
count
Uncinaria criniformis Intestine 2.5 N/A Egg/larval
count
Strongyloides sp. Intestine 43.6 N/A Egg/larval
count
Cestoda Atriotaenia incisa Intestine 16.6 N/A Egg/larval
count
Magi et al., 2009 Italy 6 Nematoda Angiostrongylus Pulmonary 16.6 N/A  Worm burden
vasorum
Popiolek et al., Poland 1 Nematoda Crenosoma vulpis Pulmonary 100 3 Worm burden
2009
Gerrikagoitia et Spain 50 Nematoda Angiostrongylus Pulmonary 24 N/A  Worm burden
al., 2010 daskalovi
Ribasetal., 2011  Catalonia 44 Nematoda Troglotrema acutum Nasal 2.27 8 Worm burden
sinuses
Moskwa et al., Poland 7 Nematoda Trichinella britovi Intestine 28.5 N/A  Worm burden
2012
Stuartetal., 2013  Republic 50 Nematoda Eucoleus aerophilus Pulmonary 6 N/A Egg/larval
of count
Ireland Uncinaria criniformis Intestine 40 N/A Egg/larval
count
Demiaszkiewicz et  Poland 9 Nematoda Aelurostrongylus Pulmonary 22.2 N/A  Worm burden

al., 2017

falciformis

2N/A= Not available



Chapter 2

A comparison of helminth infections as
assessed through coprological analysis and

adult worm burdens in a wild host?

2.1 Introduction

An accurate assessment of adult worm burden in helminth infections remains one of
the key elements that develop our understanding of the population dynamics and
impact of macroparasite infections (Seivwright et al., 2004; Walker et al., 2013).
However, this remains challenging because the collection of comprehensive data,
based upon worms collected at post-mortem or expelled worm numbers after
chemotherapy, is often logistically or ethically impossible. In the absence of worm
burden data, egg or larval counts continue to be used as indirect measures of the
extent of infection in the diagnosis of helminths of human, veterinary and wildlife
significance (Gulland and Fox, 1992; Guyatt and Bundy, 1993; Irvine et al., 2001;
Seivwright et al., 2004). Despite the widespread use of coprological analysis for
helminth infection diagnosis, the reliability of faecal egg/larval counts as an
assessment of adult worm burden is rarely evaluated, especially in wild hosts, with the
majority of studies conducted in small ruminants (Gasso et al., 2015). There is,
however, a consensus, irrespective of host species, that the accuracy of faecal egg and
larval counts for diagnosing helminth infection is restricted because of several factors
that include, but are not limited to, their absence when only male worms are present,
variation in the methodologies employed in diagnostic procedure including faecal
sample collection (Seivwright et al., 2004), variation in the abundance of eggs or larvae

produced by the worms (Hudson, 1986; Shaw and Moss, 1989) and the influence of

! The majority of the contents of chapter 2 have been accepted for publication pending suitable minor
revisions in Byrne, Fogarty, Marples and Holland (2018)



density-dependent factors (Keymer and Slater, 1987; Schad and Anderson, 1985;
Tompkins and Hudson, 1999). In a recent analysis, utilizing both chemo-expelled
Ascaris adult worms collected from children and egg production assessed by the
formyl-ether concentration method (Holland et al., 1989), we were able to model the
effects of improved diagnostic sensitivity and how that might impact upon the
assessment of the success of large-scale control programmes for soil-transmitted
helminths (Medley et al., 2016). In contrast, the present study utilises similar data
from a wild host, the European badger (Meles meles), providing support for the wider
applicability of scientific findings from wildlife health surveillance as an important

component of the one health concept (Daszak et.al., 2000; Akdesir et al., 2018).

Hookworm infection by Uncinaria spp. (Jones et.al., 1980; Loos-Frank and Zeyhle,
1982; Torres et.al., 2001; Rosalino et.al., 2006; and see Hancox, 1980, for a review)
and lungworm infection by Aelurostrongylus falciformis (Stubbe, 1965; Jones et al.,
1980; Magi et al., 1999; Davidson et al., 2006) have been described in badgers from
across their Eurasian distribution (Neal and Cheeseman, 1996), including the Republic
of Ireland (ROI) (Stuart et al., 2013; Ursula Fogarty unpublished observations).
However, despite numerous published studies on hookworm infection and several on
lungworm in badgers, there is a paucity of information on population dynamics of
these helminth infections. Only one study to date has reported the intensity of
hookworm infection as measured by worm burden (Torres et al., 2001) with the
remainder only recording prevalence data (Table 1.1) . Additionally, the frequency
distribution of any helminth worm burdens across the badger population has not yet
been described. For all studies, infection was diagnosed by either faecal egg/larval
counts or post-mortem examination and consequently the relationship between

coprological analysis and adult worm burden has not been evaluated.

We were provided with the unique opportunity to access both the burden of
hookworm (Uncinaria criniformis) derived from the intestine and of lungworm
(Aelurostrongylus falciformis) derived from the lungs during post-mortem examination
of badgers, together with faecal samples collected from each animal. This allowed the
identification of both hookworm eggs and lungworm larvae as well as the evaluation

of coprological analysis as an effective diagnostic tool for helminth infection.

10



The aims of this study were therefore threefold: (i) to determine the prevalence,
abundance and intensity of hookworm and lungworm based upon both adult worm
burdens and faecal egg/larval counts, (ii) to explore the relationship between adult
worm burden and egg/larval counts, and (iii) to evaluate the sensitivity and specificity

of coprological analysis as an effective diagnostic tool for hookworm and lungworm.

2.2 Material and Methods

2.2.1 Study animals

In total, 289 badgers were examined for helminth parasites. Badgers were provided by
the Irish Department of Agriculture, Food and the Marine (DAFM) from the strategic
culling programme conducted in bovine tuberculosis endemic regions by DAFM, under
a National Parks and Wildlife Services license. No animals were killed specifically for

the purposes of this study.

Badgers were transported from their site of culling to the Irish Equine Centre (IEC)
within 1-3 days and dissected on the day of arrival. All organs were removed from the
badgers, and blood samples taken by an experienced veterinary surgeon (UF) and
labelled with unique DAFM issued badger identification codes. Samples were chosen
at random from Western counties and Eastern counties across one sample year.
Laboratory work at Trinity College Dublin was approved by the School of Natural

Sciences Research Ethics Committee (code:2016-28).

2.2.2 Collection of samples
Hearts, lungs and gastrointestinal tracts were collected and frozen without
preservative, at -20°C until examination. Faecal samples were collected from the

rectum of gastrointestinal tracts and fixed in 10% formalin.

2.2.3 Gross organ dissection for the identification of adult helminth

worms in situ

11



Organs were dissected over 3-12 months and were defrosted overnight at 5°C and
inspected within 8 hours. Hearts and lungs were processed and examined by a
modified flush and dissection technique (Mccarthy et al., 2018; Morgan et al., 2008).
The heart was removed from the pericardial tissue and a small incision was made in
the right ventricle. The aorta and pulmonary artery were clamped using forceps and
water was pumped through the incision in the right ventricle until the heart and lungs
were fully inflated and white in colour. Fluid was still able to leave the trachea with all
washings being collected in a shallow tray. Blood clots were broken up by manual
pressure. The clamps were then removed and the heart cut open. All cardiac
chambers, arteries and veins were cut lengthways and inspected visually for parasites.
The heart was then removed from the lungs by transecting the major vessels as closely
as possible to the lungs. An incision was then made lengthways down the trachea and
along both main bronchi. Using fine scissors, all visible bronchi were opened and
scrutinised for parasites. The hearts and lungs were then submerged in water,
together with the bags the organs were stored in, and the washings were collected in

a tray.

The Gl tracts were cut open lengthways, flushed using 0.9% saline and scrutinised for

helminth parasites.

For all organs, the washings were inspected visually for parasites before being passed
through sieves of apertures 150 and 64um. Sieves were then washed with water with
all runoff being caught in a tray and scrutinised for helminth parasites. Whenever they
were found, helminth parasites were removed, counted and preserved in 70%
ethanol. Species identification was confirmed by Eileen Harris, Senior Curator, Parasite

worms from the Natural History Museum, London.

2.2.4 Microscopic identification of helminth ova and larvae in the faeces
A modified formol-ether concentration technique (Allen and Ridley, 1970) was used to
detect helminth parasite eggs and larvae. Samples were processed blind with two
slides being examined for each individual badger and the egg per gram count (e.p.g)

and larvae per gram (l.p.g) calculated for each individual.
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2.2.5 Data analysis

All results were calculated from the recorded data, and were performed using the

statistical analysis software package, R Studio 1.0.153 for Mac (R Core Team 2017).

2.2.5.1 Prevalence

The prevalence for a given parasite species was defined as the number of hosts
infected with one or more individuals of a particular parasite species divided by the
number of hosts examined for that parasite species (Bush et al., 1997).

Confidence intervals (C/) around prevalence values were calculated using the formula;
cl = () ®)(@)

Where:

n= sample size

p= mean prevalence

and q = 1-p.

2.2.5.2 Abundance, intensity and aggregation

Mean abundance and intensity values were calculated for both adult worm burden
and faecal egg or larva counts. Mean abundance is defined as the total number of
individuals of a particular parasite in a sample of a particular host species, divided by
the total number of hosts examined for that species (including zero counts). Mean
intensity is the average number of a particular parasite species among only the

infected members of a particular host species (Bush et al., 1997).

As helminth parasites tend to have an aggregated distribution, with a large number of
parasites being found in only a small number of individuals of the population, the
variance to mean ratio (5%/ X) was calculated as a measure of aggregation (Holland et
al., 1989). Any ratio with a value greater than one was deemed to be aggregated.
Abundance and intensity values were transformed using the logio(x+1) to normalise

skewed data and to account for the large number of negative samples.

2.2.5.3 Sensitivity and specificity
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To evaluate egg counts as a diagnostic tool, the sensitivity and specificity were
calculated. The sensitivity is the probability that a helminth positive individual will be
diagnosed as positive, termed a true positive (TP), and the specificity is the probability
that a helminth negative individual will be diagnosed as negative, termed a true
negative (TN). False negatives (FN) occur when infection is missed by the test. If the
test indicates infection when none is present, this is termed a false positive (FP).
Sensitivity is equal to TP /(TP + FN) and specificity is equal to TN /(FP + TN)
(Altman and Bland, 1994). As faecal egg and larval counts are being evaluated as a
diagnostic test, these will be termed index tests and adult worm burden as the

diagnostic gold standard.

2.3 Results

Within the Gl tract, the prevalence of hookworm Uncinaria criniformis adults was
59.2% (Cl 95% 53.3%- 64.9%), and in comparison, the prevalence of hookworm eggs in
the faeces was 24.6% (Cl 95% 19.7%-29.9%), as shown in Table 2.1. In lung samples,
the prevalence of lungworm Aelurostrongylus falciformis was 20.8% (Cl 95% 16.2% -
25.9%) and within the faeces, the prevalence of lungworm larvae was 18.3% (CI95%
14.0%-23.3%). As shown in Tables 2.1 and 2.2, the mean abundance and intensity was
higher in hookworm, for both adult worm burden and faecal egg count.

Table 2.1: Prevalence and abundance for adult hookworm (Uncinaria criniformis) and adult lungworm

(Aelurostrongylus falciformis) worm burden and corresponding faecal egg/larval counts (e.p.g/l.p.g)(n = 289). The
parasite location within the host is stated next to the parasite name as gastrointestinal tract (Gl) and lungs (L).

Prevalence Abundance

Adult worm Eggs/larvae Adult worm Egg/larvae
Helminth species % (Cl) % (ClI) Mean(+SE)  Min-max Mean(+SE)  Min-max
U. criniformis. 59.2(53.3-64.9) 24.6 (19.7-29.9) 22.5£3.2 0-500 43.6120.1 0-330
(Gl)
A. falciformis (L) ~ 20.8 (16.2-25.9) 18.3 (14.0-23.3) 2.29+0.4 0-53 14.0+23.3 0-2120

Both hookworm and lungworm had an aggregated distribution, as shown in Table 2.2.
However, the aggregation of both species of helminths differed relative to the method
of diagnosis. For adult worm burden, hookworm had a higher value for aggregation

(127.8) than lungworm (23.6), the frequency distribution can be seen in Figure 2.1.
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However, for faecal counts, the |.p.g. of lungworm had a much higher value for

aggregation (921.8) than that of hookworm e.p.g. (23.6).

Table 2.2: Intensity and aggregation of adult hookworm (Uncinaria criniformis) and adult lungworm (A.

falciformis) worm burden and corresponding faecal egg/larval counts (n = 289).

Intensity Aggregation
Adult worm Eggs/larvae (v: x)
Helminth species  Mean(+SE) Min-Max  Mean(+SE)  Min-Max Adult worm Eggs/larvae
U. criniformis 38.15.0 1-500 177.3%80.2  10-330 127.8 20.9
(GI)
A. falciformis (L)  11.1+1.6 1-53 154.2+48.5 10-2120 23.6 921.8
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Figure 2.1. The frequency distribution of adult hookworm (Uncinaria criniformis) in Irish badgers
(n=289). Numbers on the top of each bar represent number of hosts for each category of worm burden.

Using abundance data, the relationship between adult worm burden and e.p.g./l.p.g

was explored for each helminth species (Figures 2.2 and 2.3). For both species of
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worm burden increased (hookworm. R?=0.29, t=11.12, p<0.01; lungworm=R?=0.38,

t=13.38, p<0.01). Additionally, for both helminth species, there were many instances

that individuals had a high helminth worm burden but no eggs (n=100) or larvae

(n=54) were detected in the faeces.

Figure 2.2: The relationship between adult hookworm (Uncinaria criniformis) burden and faecal egg

counts. (e.p.g) in Irish badgers (n=289).

Figure 2.3: The relationship between adult lungworm (A. falciformis) burden and number of larvae in

Irish badgers (n=289).
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Finally, the efficacy of coprological analyses as an effective diagnostic tool was
evaluated. The evaluation of hookworm e.p.g. compared to hookworm adults present
in the Gl tract resulted in a sensitivity of 41.5% (ClI95% 34.05%-49.29%) and a
specificity of 100% (CI95% 96.92% - 100%)(see Table 2.3). There were no individuals

positive for eggs but negative for worms.

Table 2.3: A comparison of faecal egg count and adult hookworm (Uncinaria criniforms) worm burden
asa

diagnostic tool. TP= True positive, TN= True negative, FP= False positive, FN= False negative.

Diagnostic gold standard- adult hookworm burden
Positive Negative
Index test Positive P71 FP O
Faecal egg count "0 —tive FN 100 TN 118
Total 171 118

v

Lungworm A. falciformis |.p.g. as a diagnostic test were also evaluated compared to A.
falciformis adults found in the lungs, this resulted in a sensitivity of 10% (Cl 95%

3.76%-20.51%) and a specificity of 79.48% (Cl 95% 73.66% - 84.51%)(Table 2.4). There
were only 6 instances were both adult worms and larvae in the faeces were detected.
In contrast to hookworm diagnosis, there were instances (n=47) of larvae identified in

the faeces but adult worms were not detected in the lungs.

Table 2.4: A comparison of larval count and adult lungworm (A. falciformis) burden as a diagnostic

Tool. TP=True positive, TN= True negative, FP= False positive, FN= False negative.

Diagnostic gold standard- adult lungworm burden
Positive Negative
Index test Positive 6 FP 47
Larval count 175 e tive FN 54 TN 182
Total 60 229




For each helminth species (Uncinaria criniformis and A. falciformis) when using
e.p.g./l.p.g for diagnosis there were a large numbers of false negatives (FN), a result of
infection being missed due to the inability of coprological analyses to detect all

infections.

2.4 Discussion

Within our sample of 289 badgers, the prevalence of both hookworm (Uncinaria
criniformis) and lungworm (Aelurostrongylus falciformis) was consistently under-
reported by faecal egg/larval counts when compared to adult worm burden. Despite
the high prevalence of adult hookworm infection reported, the prevalence was
considerably lower when using only faecal egg count data. In contrast, the prevalence
of lungworm burden (20.8%) and larval counts (18.3%) was similar although still higher
for adult worm burden, suggesting that larval count might be a suitable indicator of
lungworm infection. Our findings are similar to those of Gassé et. al., (2015) who
described low sensitivity of faecal egg counts in wild boar infected with a range of
helminths. Additionally, looking more broadly across studies in domesticated species,
our results are congruous with horse necropsy studies which reported that infection
was missed by both faecal egg and larval counts for numerous species of intestinal

helminth (Nielsen et al., 2010).

A dominant component of the host-macroparasite relationship is the aggregated
distribution of helminth parasites within mammal populations (Crofton, 1971; Galvani,
2003), a finding supported by extensive empirical evidence (Wilson et al., 2002). This
has given rise to the term ‘wormy’ individuals (Hotez et al., 2008), i.e. individuals with
heavy helminth infections. We found that in our badger sample both helminth species,
hookworm and lungworm, had a highly aggregated distribution. The aggregated
distribution of helminth infection within hosts has been linked to increased disease
transmission (Bradley and May, 1978) and as such, it has been suggested that these
wormy individuals should be the target of strategic disease control programmes
(Lloyd-Smith et al., 2005). Interestingly, we found that adult hookworm demonstrated

greater aggregation than adult lungworm. In contrast however, based upon faecal
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counts, lungworm larvae demonstrated higher aggregation than hookworm eggs.
Results such as these underline potential threats to future control programmes that
hope to identify and target ‘wormy’ individuals by the use of faecal egg or larval

counts.

Studies on the relationship between egg/larval counts and adult worm burden are rare
due to the challenges, both logistical and ethical, in obtaining samples. Where data
have been collected, these are typically analysed using worms expelled from the host
after anthelminthic treatment (Elkins et al., 1991; Kim et al., 2011). There are many
acknowledged limitations of obtaining adult worms by purgation such as the limited
efficiency of anthelminthic drugs on non-gastrointestinal helminths (Shen et al., 2007),
worms being expelled before samples could be collected and therefore being excluded
from the count (Kim et al., 2011), and worms that sequester in the caecum rather than
enter the faeces (Anderson and Schad, 1985). These limitations lead to the conclusion
that chemo-expulsion can be used to calculate the minimum burden of infection (Kim
etal, 2011), but, depending on the helminth species and notably the location within
the host, it may not accurately reflect the worm burden. Here, we present a unique
evaluation of the relationship between hookworm eggs and lungworm larvae with
their respective adult worm burden as measured by post-mortem examination. This
method is likely to be more accurate than counting worms after treatment,

considering the given limitations.

We found that within the badger community of the Republic of Ireland, there is a
significant relationship between faecal egg or larval counts and adult worm burden for
both species of helminths, such that as adult worm burden rose, so did the number of
eggs/larvae observed in the faeces. Additionally, there was a statistically significant
positive relationship between the log transformed worm burden and hookworm egg
and lungworm larval counts suggesting that both techniques offer a good assessment
of intensity of infection. Consequentially, we suggest that although faecal counts were
ineffective at discriminating between positive and negative individuals, when the host
was producing eggs/larvae, our data could be used to approximate the number of
adult worms present. Also, we suggest that density-dependant suppression of egg or

larva production, as described by Anderson & Schad (1985), is weak or non-existent, at
19



least up to the observed worm intensity of 500 worms in the badger host. A similarly
linear relationship was observed in Trichostrongylus tenuis infection, with reported
worm intensity of 8000 worms, in red grouse (Seivwright et al., 2004). Interestingly,
the relationship between worm burden and their reproductive products in badgers,
contradicts what is observed in humans where faecal counts do not exhibit a
significant relationship with adult worm burden (Anderson and Schad, 1985) and the
density-dependant relationship between the two is well documented (Anderson and

Schad, 1985; Churcher et al., 2005; Keymer and Slater, 1987).

This is, to our knowledge, the most extensive and robust evaluation of coprological
analysis as a diagnostic tool for the presence of helminth infection in a wild host to
date. We found that coprological analyses have low sensitivity for diagnosing positive
helminth infections compared to adult worm burden. For hookworm infection, a
positive host was more likely to be falsely diagnosed as negative than accurately
recognised as positive by faecal egg counts. Although this finding is not unexpected,
with previous reports in wild boar (Gassé et al., 2015), domesticated horses (Nielsen et
al., 2010) and humans infected with Opisthorchis viverrini demonstrating low
sensitivity of faecal egg counts compared to adult worm burden (Sithithaworn et al.,
1991), it is important that our results are not interpreted to suggest that coprological
analysis is not a useful diagnostic tool for helminth infection. It has long been
acknowledged that there is a lack of consensus for an agreed gold standard diagnostic
test for helminth infection (Nikolay et al., 2014). This uncertainty is supported in this
study by the large number of labelled “false positives” in lungworm diagnosis, in which
adult worms were not observed in the lungs despite an active infection being present.
This can be explained to some extent by the small size (48-150um) and inaccessible
niche of the lungworm, A. falciformis. As the helminths are found embedded within
the lung tissue, they can be difficult to detect despite the most effective dissection and
flush technique being used for the harvesting of lungworm (Houpin et al., 2016). Thus,
we suggest that a composite reference standard be used for lungworm diagnosis in
which, in lieu of a gold standard, the results of two or more tests be pooled together

to encourage accurate diagnosis (Naaktgeboren et al., 2013).
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Moreover, it is important to note that the output of eggs or larvae can vary (Anderson
and Schad, 1985) as a result of genetic (Stear et al., 2007) and environmental factors
(Stromberg, 1997) and bacterial co-infection. Little is known about the effect of
bacterial co-infection in wild hosts. However, in humans co-infected individuals have
been shown to shed more eggs than individuals with single infections (Lass et al.,
2013). As badgers are known to be hosts of bovine tuberculosis (Corner et al., 2011) it

is possible similar co-infection may be occurring.

In this study, faecal egg and larval counts were shown to have low sensitivity for
diagnosing helminth infection in a wild host. Hookworm infection was consistently
under-reported in faecal egg count analysis and was found to be endemic within the
Irish badger (Meles meles) population. Identifying lungworm within the organ proved
less accurate with neither larval count nor worm counts offering a sensitive diagnostic
test. This study is the first to investigate the frequency distribution of helminth
infection and evaluate coprological analysis against worm burden as a diagnostic tool

within the badger host.

Chapter 3

Characterisation of the helminth parasite
community of European badgers (Meles
meles) in Ireland reveal Nematode

domination.

3.1 Introduction
Little is known about the helminth parasites of the European badger (Meles meles) in

the Republic of Ireland, the Western limit of its Eurasian distribution (Roper, 2010).
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Sleeman and Kelly (1997), in a review of parasites and diseases of Irish badgers which
focused on ectoparasites and Tuberculosis, stated that no attempt had yet been made
to document the helminth parasite community of this important wildlife species.
Subsequently one study assessed the parasites of Red foxes, pine martens and badgers
in the ROI through the inspection of faeces (Stuart et al., 2013). Researchers found
eggs from two nematode species in a sample of 50 roadkill badgers collected across
Ireland and reported a prevalence of 40% for Uncinaria criniformis and 6% for

Eucoleous aerophilus.

A review of the helminth parasite community of Irish badgers is particularly important
because the population biology and ecology of the host differs markedly from that of
British and continental European badgers (Byrne et al., 2012). In Ireland, the
population of badgers exists at a medium density of approximately 1/km? (Gaughran,
2018), unlike those in the UK, where badgers are largely found at much high densities
(>10/km?) (Judge et al., 2015), or continental Europe, where badgers live at low
densities (<0.1/km?) (Roper, 2010). Arneberg et al. (1998) investigated the effect of a
host’s population density on helminth infection across 19 mammalian groups,
equating to 6670 individual hosts, and demonstrated that at higher host population
densities, the prevalence, abundance and intensity of infection tend to be higher than
those detected at lower densities.

Since 1980, 16 studies have been published on helminth infections of the European
badger. However, only five described the parasite community (Jones et al., 1980; Magi
et al., 1999; Torres et al., 2001; Millan et al., 2004; Rosalino et al., 2006;). The
remainder focused upon a single species of helminth (Davidson et al., 2006;
Gerrikagoitia et al., 2010; Moskwa et al., 2012; Popiotek et al., 2009; Priemer and Lux,
1994; Ribas et al., 2012) or the incidental detection of infection during examination of
a range of wild carnivore hosts ( Loos-Frank and Zeyhle, 1982; Gérski et al., 2006; Magi
et al., 2009), where badger helminth infection is reported tangentially and sample
sizes are small. This lack of data is surprising given the increased research focus on
badger ecology since the identification of badgers as wildlife reservoirs of bovine
tuberculosis (bTB) in 1974 (Noonan et al.,1975). Additionally, in recent years there has
been a growing interest in the ‘one health’ approach (Akdesir et al., 2018). This is the

concept that the findings from wildlife health surveillance have a wider applicability to
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emerging and established zoonotic diseases. Thereby, an investigation of the helminth
parasite community of such an ecologically important species as the badger (Byrne et
al., 2012) would not only enrich our understanding of badger ecology but also the

structure and dynamics of macroparasitic infections.

Helminth parasite communities can be divided into two hierarchal levels (Loxton et al.,
2017); the infracommunity and component community. The infracommunity is the
collection of all parasite individuals of all species within one host (Bush et al., 1997). It
is thought that it is the interaction between the different species of parasites within a
host that shapes the component community (Poulin, 2001), all parasite individuals of
all species associated with a host population. As outlined by Loxton et al. (2017), a
central goal of host-parasite community studies is the identification of the causes of
parasite aggregation, and variation in parasite abundance, within and between host
populations. Therefore, it is important that host factors such as sex, location and
temporal variability are considered when reporting the dynamics of a helminth

community.

The aims of this study were therefore three fold: (i) to describe the helminth
community of European badgers in the ROI for the first time, (ii) to report the
prevalence, abundance, intensity and aggregation of each helminth infection detected,
and (iii) to explore the relationship between infection and factors such as host sex,

region and season of sampling.

3.2 Methods

3.2.1 Study animals

In total, 289 badgers were examined for helminth parasites. Badgers were provided by
the Irish Department of Agriculture, Food and the Marine (DAFM) from the strategic
culling conducted in bovine tuberculosis endemic regions by DAFM, under a National
Parks and Wildlife Services license. No animals were killed specifically for the purposes
of this study.

Badgers were transported from their site of culling to the post-mortem laboratory

within 1-3 days and dissected on the day of arrival. All organs were removed from the
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cadavers, and blood samples taken by an experienced veterinary surgeon (UF) and
labelled with unique DAFM badger identification codes. Samples were chosen at
random from Western counties and Eastern counties across one sample year; Spring
(March, April, May), Summer (June, July, August), Autumn (September, October,
November) and Winter (December, January, February)(see Table 3.1). The influence of
badger age on the parasite community could not be explored because very few first
year badgers were caught due to the capture method used by DAFM. Laboratory work
at Trinity College Dublin was approved by the School of Natural Sciences Research

Ethics Committee (code: 2016-28).

Table 3.1: The sample size of the Badgers by sex, region and season (total n=289)

Females Males Total
East West East West
Seasons Spring 8 25 11 28 72
Summer 18 32 12 24 86
Autumn 4 26 9 11 50
Winter 11 21 9 40 81
Total 41 104 41 103 289

3.2.2 Collection of samples
Hearts, lungs, livers and gastrointestinal tracts were collected and frozen without
preservative, at -20°C until examination. Faecal samples were extruded from the

rectum of gastrointestinal tracts and fixed in 10% formalin.

3.2.3 Gross organ dissection for the identification of adult helminth

worms in situ
Organs were dissected over 3-12 months and were defrosted overnight at 5°C and
inspected within 8 hours. Hearts and lungs were processed and examined by a
modified flush and dissection technique (Morgan et al., 2008; Houpin et al., 2016;) as
described in Byrne et al. (2018). The Gl tracts were cut open lengthways, flushed using
0.9% saline and scrutinised for helminth parasites (Byrne et al, 2018). The lobes of the

liver were separated and submerged into warm water, the liver was then cut into 2cm?
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cubes and wrapped in a nylon/viscose cotton mesh fabric. The cubes were again
submerged in warm water with manual pressure being applied by opening and closing
the fist in which the samples were held. This process was repeated three times for
each sample. The fabric was then unwrapped and visually inspected for parasites as
well as were the cubes of liver. The bags the organs in which the organs had been
stored were turned inside out and submerged in water. The water was then passed
through sieves of aperture 150 and 64pum and scrutinised for parasites.

Whenever they were found, helminth parasites were removed, counted and preserved
in 70% ethanol. Species identification was confirmed by Eileen Harris, Senior Curator,

Parasitic worms from the Natural History Museum, London.

3.2.4 Microscopic identification of helminth ova and larvae in the faeces
A modified formol-ether concentration technique (Allen and Ridley, 1970) was used to
detect helminth parasite eggs and larvae. Samples were processed blind with two
slides being examined for each individual badger and the egg per gram count (e.p.g)

and larvae per gram (l.p.g) calculated for each sample.

3.2.5 Data analysis

All results were calculated from the recorded data, and were performed using the
statistical analysis software package, R Studio 1.0.153 for Mac (R Core Team 2017). All
additional tools from statistical packages are cited in the relevant text. The prevalence,
abundance, intensity and aggregation of each helminth species was calculated. Where
available these were analysed using worm burden data (Aelurostrongylus falciformis,
Crensoma spp., Uncinaria criniformis) or faecal egg/larval counts (Eucoleus aerophilus,
Strongyloides spp., Species A, Unknown 1, 2). The mean species richness was
calculated as a measure of the infracommunity (Loxton et al., 2016). Generalised
linear models (GLMs) were used to interrogate the relationship between host factors
and helminth infection, as recommended for the analysis of aggregated parasite data
(Wilson and Grenfell, 1997; O’Hara and Kotze, 2010). Abundance and intensity were
modelled with the modified negative binominal GLM (Loxton et al., 2016) from the
MASS package in R (Venables and Ripley, 2002). Full factorial models incorporated

measures of season (4 levels: spring, summer, autumn, winter); region (2 levels: East,

25



West) and sex (2 levels: female, male). The minimal sufficient model was derived by
simplifying the model using the step procedure (see Loxton et al., 2016). The residual
deviance of the simplified model was used to perform a goodness of fit test for the
overall model. Models were deemed to fit reasonably well if the goodness-of-fit 2

test was not statistically significant. Level of significance was set at P <0.05.

3.3 Results

Of the 289 badgers examined, 83.2% (CI95% 78.2 — 87.1%) were positive for one or
more helminth species. Overall 8 helminth species were recovered from Irish badgers,
as shown in Table 3.2. Five species of adult worms were recovered via gross organ
dissection, two of which were located in the lungs; 663 were Aelurostrongylus
falciformis and 236 were Crenosoma melesi. The remaining three were from the Gl
tract, or which 6516 were Uncinaria criniformis and 2 were unidentifiable nematodes
(nematode 1 and nematode 2). Species identification could not be confirmed due to
the condition of specimens. No badgers were only infected with these nematodes,
individuals infected with nematodes 1 and 2 were not incorporated in parasite
community analysis. Two helminths (one genus and one species) were identified from
the faeces: Eucoleus aerophilus (eggs) and Strongyloides spp. (larvae), as shown in
Figure 3.1a and b. In addition, a large number of unknown larvae (Species A), as shown
in Figure 3.1c, were recorded but could not be identified as no adult worms were

recovered. Seven badgers were infected by only Species A.

Table 3.2: Helminth species recovered from European badgers (Meles meles) in the Republic of Ireland by taxon,
species name, location in the host, life cycle and method by which infection was diagnosed.

Taxon Species name Location in the body Life cycle Diagnostic method
Nematoda Aelurostrongylus falciformis Lungs Indirect® WaB¢
Crenosoma melesi Lungs Indirect®c WB
Eucoleus aerophilus Lungs Direct FEC®
Nematode 1 Gastrointestinal tract  NA WB
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Nematode 2 Gastrointestinal tract  NA WB

Species A NA? NA FLCf
Strongyloides NA Direct FLC
Uncinaria criniformis Gastrointestinal tract  Direct WB

2NA = Not available ®Intermediate host: Snail; ‘Intermediate host: Slug “WB = Worm burden; ¢FEC = Faecal egg count;
fFLC = Faecal larval count

Figure 3.1: Images of helminth ova and larvae recovered from the faeces of European badgers (Meles meles) in the Republic
of Ireland. 3.1a. Strongyloides spp. larvae; 3.1b. Eucoleus aerophilus ova; 3.1c. Unknown large larvae (Species A).

The prevalence,
abundance, intensity,
range and aggregation of
helminth infection based
on

adult worm burden or

faecal egg/larval counts

was calculated (Table
3.3). The most prevalent and abundant helminth was U. criniformis with 171 badgers
(59.2% Cl 95% 53.25-64.88%) infected and an average abundance of 22.5 (+3.16). Of
the helminths found in the lungs, A. falciformis was the most common, infecting 60
individual badgers resulting in a prevalence of 20.7% (CI95% 16.2-25.9%). Despite
having the lowest prevalence of 1.03% (CI95% 0.2-3.0%) Crenosoma melesi had the
highest mean intensity (78.6 +125.8) compared to all other helminths. All species of
helminth exhibited an aggregated distribution throughout the host population. U.
criniformis was the most aggregated (S%/ x =127.8), with 62% of the 6513 U. criniformis

recovered being found in only 8% (n=28) of the sample.
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Table 3.3: The prevalence (CI95%), mean abundance (£S.E.), range (minimum-maximum), intensity

(#S.E.) and aggregation (S%/x) of helminth parasites in European badgers (Meles meles) in the Republic of

Prevalence Cl95% Mean Min-max Mean
% AbundanceS.E Intensity+S.E

Aggregation
S?/ X

Adult
worm
burden

Uncinaria criniformis 59.2 53.25-64.88 22.5+3.158 0-500 38.2+65.5

127.8

Aelurostrongylus 20.7 16.2-25.9 2.29+0.433 0-53 11.05+£12.9
falciformis

23.6

Crenosoma melesi 1.03 0.2-3.0 0.82+0.76 0-224 78.6+125.8

16.1

Unknown 1 1.03 0.2-3.0 0.02+0.19 0-2 2+1.4

NA

Unknown 2 2.07 0.7-4.4 0.04+0.36 0-1 2.1+0.98

NA

Faecal
egg/
larval
counts

Strongyloides spp. 28.02 22.9-33.58 14.05+2.72 0-450 50.1+76.7

3.29

Eucoleus aerophilus 8.3 5.9-12.10 1.94+0.55 0-90 23.3124.3

4.86

Species A 27.6 22.6-33.2 16.23+£2.78 0-460 58.6174.8

291

Ireland.

The relationship between the prevalence, abundance and intensity of each helminth
species and host sex, region and season of sampling was explored but none of these
factors were found to statistically significantly influence the prevalence, abundance or

intensity of any of the helminth species.

All the helminths found in this sample were nematodes (Table 3.2). The mean species
richness was 1.43 (+ S.E.1.03). Species richness did not differ significantly between the
sexes, the region of origin or season of culling. Overall, 110 individuals were infected
with a single species of helminth and 131 (54.1%) badgers were co-infected with 2 or
more helminth species. The highest level of co-infection was 6, as shown in Figure 3.2.
This was seen in only 1 individual, a male badger from a Western county. Similarly, the
two individuals that had 5 helminth species reported were also males from Western

counties.

Figure 3.2: The frequency distribution of the number of helminth species found in badgers for the total
sample (n = 289) (a), the western counties (n = 207) (b) and the eastern counties (n = 82) (c). Numbers
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on the top of the bars represent numbers of badgers with each number of species.
3.4 Discussion

This is the first comprehensive report of the helminth parasite community of Irish
badgers. Within our sample of 289 badgers, helminth infection was shown to be
endemic within the Irish population, with 83.2% of all individuals positive for at least
one species of helminth. This contrasts with the Manual of Wildlife Causalities issued
by the British Small Animal Veterinary Association (BSAVA) to practising veterinary
professionals, both in the UK and ROI, as a guide on how to treat wild animals that are
sick or injured. Here, it states that infection by endoparasites (i.e. helminths) of
badgers is infrequent and most are accidental infections from other species
(Mullineaux et al., 2017). In light of this study, it is our recommendation that this be
updated so that: (i) helminth infection is investigated in sick or injured badgers and (ii)
such reports are able to be recorded appropriately and the extent of helminth

infection is known.

Hancox (1980) was the first and only researcher to systematically review all published
parasite records of the European badger, M. meles. The review concluded that the
available data were diffuse and restricted to certain regions across the badger’s
distribution. Despite being published over three decades ago, this still pertains, with
the majority of data from across Continental Europe, two reports from Great Britain
but no comprehensive reports from the ROI, until now (Table 3.4). Since 1980, 38
helminths have been reported in the badger host including 27 nematodes, 6 cestodes
and 5 trematodes. Of these, Uncinaria spp. and Aelurostrongylus spp. are the most
common. The most prevalent helminth appears to be Strongyloides spp. (Rosalino et
al., 2006). However, the majority of host sample sizes fall below 100 in 14 of the 16
published studies (Table 3.4). Additionally, reporting of intensity of infection is very
rare (n=4 studies), despite agreement within the parasitological community that
intensity of infection is a critical parameter for understanding the epidemiology and

population biology of macroparasite infections (Anderson et al., 2014).

With the exception of reports from Spain (Torres et al., 2001; Millan et al., 2004)

where collectively 19 different species of helminths have been described, the helminth
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community of badgers has been consistently reported as less than 10. This is surprising
given that badgers are fossorial feeders, consuming prey items in and on soil (Cleary et
al., 2009; Roper, 2010), and a large number of helminths are transmitted through the
ingestion of eggs or larvae in soil contaminated with faeces (Jourdan et al., 2018). All
helminths described in our study are nematodes, several of which exhibit a direct life
cycle (Table 3.2). Interestingly the two most prevalent helminths described here,
Uncinaria criniformis (59.2%) and Strongyloides spp. (28.2%) are both known to be
transmitted directly (Rosalino et al., 2006). This higher prevalence is to expected as

transmission is not reliant on an intermediate host.

Within this study, U. criniformis was the most prevalent species, with a prevalence of
59.2%, the highest compared to all published data to date (see Table 3.3). This result
was unexpected because although Uncinaria spp. are the most commonly reported
helminth of the Eurasian badger (Loos-Frank and Zeyhle, 1982; Torres et al., 2001
Millan et al., 2004; Gorski et al., 2006; Rosalino et al., 2006; Stuart et al., 2013), the
prevalence is often reported as less than 10% (Davidson et al., 2006; Loos-Frank and
Zeyhle, 1982; Millan et al., 2004; Rosalino et al., 2006). However, our high infection
rate is consistent with that observed by Stuart et al., (2013) who reported a
prevalence of 40% in a sample of 50 Irish badgers. This suggests that U. criniformis
infection in Irish badgers might be consistently high compared to other continental
European populations (see Table 3.4).

Our study represents the first records of Crenosoma melesi and Strongyloides spp.
helminths in a badger host in the Republic of Ireland. We found a high prevalence of
Strongyloides spp. infection (28%) and given the numerous reports of Strongyloides
westeri helminths parasitizing horses in the ROl (O’Meara and Mulcahy, 2002), further
studies should be conducted to allow the identification of the Strongyloides spp. found
in badger hosts, to determine if these helminths overlap with those found in equine

helminth communities.

It is interesting that no significant relationship between host sex, region or season of
sampling was observed for prevalence, abundance, intensity or mean species richness.
This contrasts with a study in wild rats which reported that helminth burden was

significantly higher in males compared to females as well as describing seasonal
30



changes in helminth prevalence (Kataranovski et al., 2011). Additionally, Loxton et al.
(2016) found that in their study of native wood mice and invasive bank voles, site of

sampling was the most significant factor influencing mean species richness.
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Publication Country sample Parasite Parasite Species Location  Prevalence Intensity Method of
author size Taxon in host % diagnosis
(n)

Jones etal., 1980 United 118 Nematoda Capillaria sp. Pulmonary 5.1 N/A  Worm

burden

Kingdom Uncinaria Intestine 22.9 N/A  Worm

stenocephala burden

Molineus patens Intestine 27.1 N/A  Worm

burden

Strongyloides spp. Intestine 0.8 N/A  Worm

burden

Aelurostrongylus Pulmonary 0.8 N/A  Worm

falciformis burden

Cestoda Mesocestoides Intestine 1.6 N/A  Worm

lineatus burden

Dilepis undula Intestine 0.8 N/A  Worm

burden

Trematoda Ityogonimus lorum Intestine 0.8 N/A  Worm

burden

80 Capillaria erincacei  Intestine 25 N/A  Worm

burden

Loos-Frank and Germany 84 Nematoda Uncinaria intestine 4 N/A  Worm

Zeyhle, 1982 criniformis burden

Cestoda Atriotaenia incisa intestine 155 N/A  Worm

burden

Taenia martis intestine 2 N/A  Worm

burden

Priemer and Germany 11 Cestoda Atriotaenia incisa intestine 36.3 N/A  Worm

Lux, 1994 burden

Magi et al., 1999 Italy 19 Nematoda Aelurostrongylus Pulmonary N/A  Worm

falciformis 21.2 burden

Pulmonary N/A  Worm

Capillaria sp. 31.6 burden

Pulmonary N/A  Worm

Crenosoma melesi 21.1 burden

Intestine N/A  Worm

Mesocestoides 21.1 burden

Molineus patens Intestine 21.1 N/A  Worm



burden

Uncinaria Intestine N/A  Worm
criniformis 84.2 burden
Torresetal., Spain 85 Nematoda Aelurostrongylus Pulmonary 6.4 1.3 Worm
2001 pridhami burden
Aelurostrongylus Pulmonary 6.4 2.7 Worm
vasorum burden
Aonchotheca putorii  Gastric 29.6 36.1 Worm
mucus burden
Crenosoma melesi Pulmonary 6.4 2.3 Worm
burden
Mastophorus muris ~ Stomach 14.3 1.3 Worm
burden
Molineus patens Intestine 38.3 10.06 Worm
burden
Pearsonema plica Bladder 2.1 1 Worm
burden
Physaloptera sibrica  Stomach 23.1 1.3 Worm
burden
Table 3.4: The helminths of European badgers (Meles meles), 1980- 2018
Table 3.4 continued
Publication Country sample Parasite Parasite Species Location in Prevalence intensity method of
author size Class host % diagnosis
(n)
Torres et al., 2001 Nematoda Strongyloides sp. Intestine 30.9 21.2 Worm
burden
continued Trichinella sp. Intestine 2.1 N/A  Worm
burden
Uncinaria criniformis  Intestine 51.6 52.5 Worm
burden
Vigisospirura Stomach 7.3 4.7 Worm
potekhina burden
Cestoda Atriotaenia incisa Intestine 12.4 107.2 Worm
burden
Mesocestoides sp. Intestine 14.3 3 Worm



burden

Trematoda  Brachylaima sp. Intestine 66.6 1.1 Worm
burden
Euparyphium melis Intestine 7.7 2 Worm burden
Euryhelmis squamula  Intestine 9.5 74 Worm burden
Millian et al., Spain 26 Nematoda  Aonchotheca putorii Gastric 0.46 224.6  Worm burden
2004 mucus
Physaloptera sp. Stomach 0.19 12.23 Worm burden
Molineus patens Intestine 0.39 265 Worm burden
Uncinaria criniformis  Intestine 0.35 55.4 Worm burden
Strongyloides sp. Intestine 0.61 2068 Worm burden
Angiostrongylus sp. Pulmonary 0.42 65.7 Worm burden
Crenosoma sp. Pulmonary 0.04 50 Egg/larval
count
Cestoda Atriotaenia incisa Intestine 0.69 3484 Worm burden
Mesocestoides sp. Intestine 0.04 500 Worm burden
Taenia sp. Intestine 0.04 1 Worm burden
Trematoda Euryhelmis squamula  Intestine 0.12 1708 Worm burden
Brachylaima sp. Intestine 0.04 1642 Worm burden
Davidson et al., Norway 9 Nematoda  Aelurostrongylus Pulmonary 55.5 N/A  Worm burden
2006 falciformis & faecal
Crenosoma melesi Pulmonary 22.2 N/A  Worm burden
& egg/larval
count
Gorski et al., Poland 17 Nematoda Uncinaria sp. Intestine 59 N/A Egg/larval
2006 count
Capillaria sp. Pulmonary 11.8 N/A Egg/larval
count
Trematoda  Opisthorchis sp. Or Gall 11.8 N/A Egg/larval
Metorchis sp. bladder count
Table 3.4 continued
Publication Country sample Parasite Parasite Species Location  Prevalence intensity method of
author size Class in host % diagnosis




Rosalino et al., Portugal 163 Nematoda Mastophorus muris Stomach 11.7 N/A Egg/larval
2006 count
Molineus patens Intestine 8.6 N/A Egg/larval
count
Uncinaria criniformis Intestine 2.5 N/A?  Egg/larval
count
Strongyloides sp. Intestine 43.6 N/A Egg/larval
count
Cestoda Atriotaenia incisa Intestine 16.6 N/A Egg/larval
count
Magi et al., 2009 Italy 6 Nematoda Angiostrongylus Pulmonary 16.6 N/A  Worm burden
vasorum
Popiolek et al., Poland 1 Nematoda Crenosoma vulpis Pulmonary 100 3 Worm burden
2009
Massey et al., 2009 United 28 Egg/larval
Kingdom count
Gerrikagoitia et Spain 50 Nematoda Angiostrongylus Pulmonary 24 N/A  Worm burden
al., 2010 daskalovi
Ribasetal., 2011  Catalonia 44 Nematoda Troglotrema acutum Nasal 2.27 8 Worm burden
sinuses
Moskwa et al., Poland 7 Nematoda Trichinella britovi Intestine 28.5 N/A  Worm burden
2012
Stuartetal., 2013  Republic 50 Nematoda Eucoleus aerophilus Pulmonary 6 N/A  Egg/larval
count
of Uncinaria criniformis Intestine 40 N/A  Egg/larval
Ireland count
Demiaszkiewicz et  Poland 9 Nematoda Aelurostrongylus Pulmonary 22.2 N/A  Worm burden
al., 2017 falciformis
Byrneetal., 2018  Republic 289 Nematoda Aelurostrongylus Pulmonary 20.7 11.05 Worm burden
falciformis
(present study) of Crenosoma melesi. Pulmonary 1.03 2 Worm burden
Ireland
Eucoleus aerophilus Pulmonary 8.3 23.3 Egg/larval
count
Species A NA 27.6 58.6 Egg/larval

count



Strongyloides spp.

Uncinaria criniformis
Unknown 1
Unknown 2

Intestine

Intestine
Intestine
Intestine

28.08

59.2
1.03
2.07

50.1

38.2

2.1

Egg/larval
count
Worm burden

Worm burden
Worm burden

aN/A= Not available



One important caveat is that for 3 of the 8 species reported here, population
parameters were calculated using faecal egg and larval counts. This method of
detection is known to have low sensitivity for diagnosing helminth infection compared
to adult worm burden in wild hosts (Gasso et al., 2015; Byrne et al., 2018). However, in
a recent analysis, utilising both adult worm burden data and egg/larval counts (Byrne
et.al., 2018), we were able to demonstrate that although coprological analysis was not
a sensitive test for diagnosing helminth infection, where eggs or larvae were detected,
the abundance of these eggs or larvae in the faeces was a suitable indicator of

intensity of infection.

In this study, the helminth parasite community of European badgers (Meles meles)
from the Republic of Ireland (ROI) is reported for the first time. In total, 8 distinct
helminth types were described (1 genus, 4 species and 3 unknown), all of which were
nematodes. This is the first report of Crenosoma melesi in the ROI. Helminth infection
was found to be endemic throughout the Irish community irrespective of host sex,
region of origin or season of sampling. The present study, is to our knowledge, the
most comprehensive study of badger helminths conducted within their geographical
range. Observations from this study can serve as a baseline for badger health
surveillance as well as an important comparison with studies of helminth parasitism in

badgers from other countries across the badgers’ range.



Chapter 4

General Discussion

We have provided a detailed description of the helminth community of 289 European
badgers (Meles meles) from the Republic of Ireland. The helminth community
consisted of 8 nematodes and included 4 identified to species, 1 identified to genus
and 3 unknown. Aelurostrongylus falciformis; Crenosoma melesi.; Eucoleus aerophilus;
Uncinaria criniformis; Strongyloides spp,; ‘Species A’ and two unidentifiable but
morphologically distinct nematodes (nematode 1 and 2). A. falciformis and Crenosoma
spp. adult worms were recovered from the lungs and U. criniformis, nematode 1 and
nematode 2 adults were recovered from the gastrointestinal tract. E. aerophilus
(eggs), Strongyloides spp. (larvae) and Species A (larvae) were diagnosed by

coprological analysis.

For diagnosis of helminth infection, coprological analysis is a common tool utilised in
both animal and human health (Jourdan et al., 2018). In Chapter 2, we evaluated
coprological analysis against the reference standard of gross organ dissection for two
helminth species, hookworm (U. criniformis) derived from the gastrointestinal tract
and lungworm (A. falciformis) derived from the lungs. This is the first time such an
evaluation has taken place in a badger host, due in part to the logistical and ethical
challenges associated with post-mortem examination. We reported that individuals
positive for hookworm infection were more likely to be diagnosed incorrectly than
correctly due to the low sensitivity (41.5%) of faecal egg counts compared to adult
worm burden. Notably, for lungworm infection, similar prevalence values were
reported for both coprological analysis (18.3%) and gross organ dissection (20.8%). At

first glance it would appear that coprological analysis for diagnosing lungworm is

34



closer to the reference standard than that for hookworm. However, when
investigating the diagnostic parameters of the two tests (See Table 2.3 and 2.4), it
became apparent that neither faecal larval counts (FLC) or gross organ dissection were
sensitive for diagnosing lungworm infection and despite the similar reported
prevalence for the two methods, individuals were rarely positive for both the
reference test (adult worm burden) and the index test (FLC) (n=6). In light of this
finding, we recommended that a composite reference standard be used for lungworm
diagnosis. Therefore, if we assume that those labelled ‘false positives’ (n=47) in Table
2.4 are indeed true positives, this would result in a lungworm prevalence of 37%,

rather than 20.8% reported when using adult worm burden alone.

It is not just the ability to compare coprological analysis as a diagnostic test that is
hindered by the lack of available data on faecal egg/larval counts and adult worm
burden, but also the opportunity to investigate the relationship between egg/larval
output and adult worm burden. Additionally in Chapter 2, the relationship between
the two was evaluated for hookworm and lungworm infections and we found there
was a statistically significant positive relationship between egg/larval output and the
number of worms recovered. Because of the widespread use of faecal analysis for
helminth diagnosis, these data will be of interest not just to badger parasite ecologists
but also to the wider diagnostic parasitological community. Additionally, the positive
relationship between worm burden and egg/larval output in badger hosts differs from
reports of the density-dependent relationship between eggs and worms in human
helminth infections (Anderson and Schad, 1985). Further investigation is required to
establish the reasons behind the observed differences in the relationship between
worm burden and egg or larval production in this wildlife host and whether this is

linked to an adaptive immunological response.

In Chapter 3, we reported that the helminth parasite community of 289 badgers was
entirely dominated by nematode species. This is the only study across the badgers’
distribution to describe a helminth community dominated by only one Taxon (Table
4.1). Other studies from the UK, Spain, Italy and Portugal described badgers infected
with trematode and cestode helminths. Additionally of the known species in this

study, the majority have a direct life cycle (Table 3.2). Parasites that exhibit direct life
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cycles are reliant on only one definitive host (Olsen, 1986), whereas those with
indirect life cycles such as A. falciformis rely on intermediate or paratenic hosts such as
snails and slugs. It is interesting that the two most prevalent species in this study were
U. criniformis and Strongyloides spp. both of which are direct life cycle helminths.
Anderson (1980) whilst working on human helminth infections put forward the theory
that helminths with direct life cycles are more successfully transmitted as they are not
reliant on intermediate hosts, and thus are amongst the most prevalent in the
community, to which our results offer support. Additionally, figures reported by the
World Health Organization (WHO) state that the four most prevalent helminths
infecting humans (Ascaris lumbricoides, Trichuris trichiura, Necator americanus and
Ancylostoma duodenale) are all transmitted directly (World Health Organization,

2017).

Also in Chapter 3, a comparison was made between the present study and studies
from a range of countries (Table 3.4) which explored the helminth species recorded in
European badgers. What emerged from this comparative analysis was that few studies
provided quantitative measures of helminth parasite community structure, in
particular worm abundance, despite the recent call for parasite ecologists to improve
the standardisation of reporting of helminth parasite communities (Poulin, 2018b).
Since 1980 only 5 reports from the UK (Jones et al., 1980), Spain (Millan et al., 2004;
Torres et al., 2001), Italy (Magi et al., 1999) and Portugal (Rosalino et al., 2006) have
described the helminth community of badgers, four of which merely reported the

prevalence of helminth infection.

In addition to Table 3.4, here, we present a comparison of helminth species richness
between two Mustelid species — the European badger and the European otter (Lutra
lutra) —and the Red fox (Vulpes vulpes) (Table 4.1). Only one other helminth parasite
study recorded mean species richness among red foxes sampled from Portugal (Eira et
al., 2006), so the total number of helminth species recorded was used as the unit for
comparison (Table 4.1). The total number of helminth species reported from badgers
sampled from the ROl is 8 and that is consistent with reports from the UK (Jones et al.,
1980) (see Table 4.1). This is higher than the number of helminth species recorded for

both Italy (n=6) and Portugal (n=5). However, reports from Spain provide
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comparatively high total numbers of species (Table 3.4) in two distinct regions of the

country: Mainland Spain (Torres et al., 2001) and the Basque Country (Millan et al.,

2004). With a small number of studies, some of which only reported prevalence data,

it is difficult to hypothesise any reasons for the variability in the total number of

helminth species reported.

Table 4.1 The helminths of the European badger (Meles meles), the European Otter (Lutra lutra) and the
red fox (Vulpes vulpes) by total species number, taxon, species name and nematode proportion within

the community.

Name of
study

Location

Host

Mean
species
richness

Total
number of
species

Helminth
taxon

Names of species

Nematode
proportion

Jones et
al. 1980

UK

Badger

N/A

8

Nematoda

Cestoda

Trematoda

Capillaria sp.
Uncinaria stenocephala

Molineus patens
Strongyloides spp.
Aelurostrongylus falciformis
Mesocestoides lineatus
Dilepis undula

Ityogonimus lorum

62.5

Magi et al.
1999

Italy

Badger

N/A

Nematoda

Cestoda

Aelurostrongylus falciformis
Capillaria sp.

Crenosoma melesi
Mesocestoides

Molineus patens

Uncinaria criniformis

83

Torres et al.

2001

Spain

Badger

N/A

17

Nematoda

Cestoda

Trematoda

Aelurostrongylus pridhami
Aelurostrongylus vasorum

Aonchotheca putorii
Crenosoma melesi
Mastophorus muris
Molineus patens
Pearsonema plica
Physaloptera sibrica
Strongyloides sp.
Trichinella sp.
Uncinaria criniformis
Vigisospirura potekhina
Atriotaenia incisa
Mesocestoides sp.
Brachylaima sp.
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Euparyphium melis
Euryhelmis squamula

Millian et Spain Badger N/A 12 Nematoda Aonchotheca putorii 58.3
al. 2004 Physaloptera sp.
Molineus patens
Uncinaria criniformis
Strongyloides sp.
Angiostrongylus sp.
Crenosoma sp.
Cestoda Atriotaenia incisa
Mesocestoides sp.
Table 4.1 continued
Name of Location  Host Mean Total Helminth Names of species Nematode
study species number of  taxon proportion
richness species
Millian et Cestoda Taenia sp.
al. 2004 Trematoda Euryhelmis squamula
cont. Brachylaima sp.
Rosalino Portugal  Badger N/A 5 Nematoda Mastophorus muris 80
et al. 2006 Molineus patens
Uncinaria criniformis
Strongyloides sp.
Cestoda Atriotaenia incisa
Byrne et al. ROI Badger 1.43 8 Nematoda Aeluerostrongylus falciformis 100
2018 Crenosoma spp.
Present Eucoleus aerophilus
study Species A
Strongyloides spp.
Uncinaria criniformis
Unknown 1
Unknown 2
Torresetal. France, Otter N/A 7 Nematode Aonchotheca putorii 71.4
2004
Portugal Eucoleus schvalovoj
and Strongyloides lutrae
Spain Anisakis (L3)
Dirofilaria immitis
Trematoda Phagicola sp.
Acanthocephala  Gigantorhynchus sp.
Ross and ROI Fox N/A 6 Nematoda Toxocara canis & leonina 33
Fairley, 1969 Uncinaria stenocephala
Cestoda Taenia pisiformis

Taenia serialis

Taenia taeniaformis
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Taenia hydatigena

Wolfe etal., ROI
2001

Fox N/A

83

Nematoda

Cestoda
Trematoda

Trematoda

Ascarid spp.

Spirurida spp

Toxocara canis
Uncinaria stenocephala
Taenia spp.

Alaria alata
Brachylaima spp

Echniostome spp

71.4

Table 4.1 continued

Name of Location

study

Host Mean
species

richness

Total
number of
species

Helminth
taxon

Names of species

Nematode
proportion

Stuartetal., ROI
2013

Fox N/A

4b

Nematoda

Eucoleus aerophilus

Trichuris vulpis

Toxocara canis

Uncinaria stenocephala

100

Eira et al.
2006

Portugal

Fox 2.7

19

Nematoda

Cestoda

Trematoda

Acanthocephala

Angiostrongylus vasorum
Crenosoma vulpis
Dirofilaria immitis
Molineus patens
Pearsonema plica
Pterygodermatites affinis
Ricturlaria proni
Spirocerca lupi

Toxocara canis

Trichuris vulpis

Uncinaria stenocephala
Mesocestoides spp
Taenia pisiformis

Taenia taeniaeformis
Alaria alata

Ascoctyle longa
Pseudamphistomum
truncatum
Centrorhynchus sp.

Macracanthorhynchus
catulinus

60

adiagnosed by coprological analysis
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It is, however, interesting to relate our finding to the theory presented by Kennedy et
al. (1986), that mammals harbour a greater number of helminth species than fish or
birds. If we compare our data to that of Kennedy et al., (1986) we find that the mean
species richness (1.43) recorded for badgers in the present study is actually similar to
that of a range of studies on freshwater fish (1.5). However, Kennedy et. al.,
acknowledged the lack of data on mammals in their data set, represented by a single

species, the rice rat.

The ROI is home to a range of Mustelid species (McDonald, 2002), the Family to which
the badger belongs. Typically, when discussing the helminth community of one
member of a Family, where possible, a comparison should be drawn with other native
species present, for example, the European Otter (Lutra lutra). However, to our
knowledge there have been no published studies on the helminth communities of the
native Mustelids of the ROI. Looking more broadly across the overlapping range of
badgers and otters, the otter’s helminth community was described from the South-
West of continental Europe, spanning France, Spain and Portugal (Torres et. al., 2004)
(Table 4.5). A total of 109 cadavers were examined for helminths, with a further 89
individuals analysed using faecal samples only. Seven helminths in total were
described; 5 nematodes, 1 trematode and 1 acanthocephalan. This is similar to the
findings in the present study, with badgers exhibiting an even lower total amount of
species and a domination of nematodes. The caveat should be added that despite
belonging to the same Family, the badger and otter differ in their habitat, behaviour
and feeding preferences, and as such comparison of the characterisation of parasite
communities might be better suited to other wild carnivores native to the Republic of

Ireland.

The Red fox (Vulpes vulpes) shares a similar distribution to that of badgers in ROI, and
is common throughout rural and urban areas (Wolfe et al., 2001). It has even been
reported that foxes and badgers can share setts in high density regions (Roper, 2010).
Additionally, although foxes are often viewed as predators, they are better described
as opportunistic carnivores as they mostly scavenge for carrion, arthropods and

various fruits and berries (Padial et al., 2003) and thus often feed on or around soil,
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like the fossorial feeding badger. There are numerous reports of the helminths of Red
foxes in the ROI (McCarthy et al., 2018; Ross and Fairley, 1969; Stuart et al., 2013;
Wolfe et al., 2001). However, only Ross and Fairley (1969) attempted to characterise
the entire helminth community with the remainder either focusing on the
gastrointestinal helminth community (Wolfe et al., 2001; Stuart et al., 2013) or
reporting the incidence of important zoonotic species, such as Angiostrongylus
vasorum (McCarthy et al., 2018). Ross and Fairley (1969) found the helminth
community of foxes to be dominated by various Taenia species (Table 4.1).
Interestingly, in the two subsequent studies of the Gl helminth communities of foxes,
Taenia infection was either reported at a low prevalence (Wolfe et al., 2001) or not at
all (Stuart et al., 2013). However, all three studies describe the occurrence of Toxocara

canis and Uncinaria stenocephala infection.

Toxocara canis is the one of the most widely distributed ascarid nematode parasite
known to infect mammals and is of particular research interest because of its zoonotic
potential (Holland, 2017). It utilises paratenic hosts including earthworms and beetles
(Strube et al., 2013). Earthworms are an occasional component of nearly every
badger’s diet in Ireland (Cleary et al., 2009) but the main component for some regions
of Europe (Roper, 2010). It is therefore surprising that Toxocara spp. has not been
reported in European badgers (see Table 3.4) yet is reported to infect Japanese
badgers (Meles anakuma) (Kamiya and Suzuki, 1975). Uncinaria stenocephala is similar
to U. criniformis, a nematode specific to Mustelids, notably the badger (see Table
4.1).However, unlike U. criniformis, U. stenocephala is a hookworm of veterinary
importance due to its ability to infect both dogs and cats (Stuart et al., 2013). From the
studies in the ROl only one helminth was found to be present in both badger and fox
populations: Eucoleus aerophilus (syn. Cappilaria aerophilus). It is primarily known to
parasitize foxes, but can also be found to incidentally infect dogs and other carnivores

(Stuart et al., 2013).

Looking more broadly across the fox’s range, it is notable that the helminth parasite
community follows the same trend observed in the badger (see Table 3.4), in that
hosts in continental Europe appear to have a richer and more diverse helminth

community than that in the ROl and the UK (Table 4.5). However, the caveat should be
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added that this observation is limited only to a small number of countries across the

badger’s and fox’s range.

Knowledge of the helminth community of badgers in the ROl is vital, not only because
it contributes to a greater understanding of macroparasitic infections but also in the
context of the potential ability of helminths to interfere and interact with the host’s
immune system and its response to microparasites (Maizels and Yazdanbakhsh, 2003).
The majority of co-infection studies have been conducted in laboratory mice or
humans and much less is known about the effect of micro- and macroparasitic co-
infection in wild hosts (Risco et al., 2014). Ezenwa et al. (2010), utilised a disease
dynamic model parameterised with empirical data to show that nematode-induced
immune suppression facilitated the invasion of bovine tuberculosis (bTB) in African
buffalo (Syncerus caffer) hosts. Additionally, Risco et al. (2014) investigated the
relationship between bTB infection and numerous pathogens known to infect Wild
boar (Sus scrofa) including Metastrongylus spp. Wild boar are a recognised wildlife
reservoir of bTB in the Mediterranean ecosystem and, like badgers in ROI, are culled as
part of a bTB control strategy (Mentaberre et al., 2014). Risco et al. (2014) reported a
positive relationship between individuals infected with Metastrongylus spp. and a
sensitivity to bTB infection. Both studies recommend the need for further investigation
into the relationship between bTB infection and severity of helminth infections,

notably those that infect the gastrointestinal tract.

Helminths not only have the potential to interact with microparasitic infections but
have also been known to reduce the efficacy of vaccines (Hotez et al., 2008; Sabin et
al., 1996). Again, data from wild hosts are rare, with the vast majority of studies
focusing on vaccines and diseases of human public health importance (Cooper et al.,
1998; Sabin et al., 1996). However, for both human (Mycobacterium tuberculosis) and
bovine tuberculosis (M. bovis) infections the same vaccination is utilised: the BCG
vaccine. Human studies have focused on the effect of helminth infection on the host’s
response to the BCG vaccination (Elias et al., 2008; Wammes et al., 2010). Both these
studies reported a reduction in immunogenicity, the ability of a substance to invoke an
immune response in individuals with chronic helminth infections. As the ROl is now

moving towards a vaccination-led strategy for the control of bTB, it is imperative that
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work is continued to investigate the effect of underlying helminth infection on both
bTB pathology and vaccination efficacy, in light of the helminth endemicity reported

here and the well documented immunological effects of helminth infection.
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