
Frontiers in Ecology and Evolution

OPEN ACCESS

EDITED BY

Dennis Murray,
Trent University, Canada

REVIEWED BY

Brianna R. Beechler,
Oregon State University, United States
Aniruddha V. Belsare,
Auburn University, United States

*CORRESPONDENCE

Joanne Lello

lelloj@cardiff.ac.uk

Emmanuel Serrano

emmanuel.serrano@uab.cat

†These authors have contributed equally to
this work

RECEIVED 14 March 2023

ACCEPTED 25 September 2023
PUBLISHED 23 October 2023

CITATION
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Fernández-Llario and Serrano. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

TYPE Original Research

PUBLISHED 23 October 2023

DOI 10.3389/fevo.2023.1186295
Annual short-burst mass
anthelmintic administration
reduces tuberculosis severity
but not prevalence in a
wildlife reservoir
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Introduction: Tuberculosis (TB), caused by the Mycobacterium tuberculosis

complex (MTC), is an important disease in both human and animal systems.

Helminths are commonly found in coinfection with MTC and TB is often

exacerbated in such coinfections. Long-term anthelmintic administration, to

control helminths, can improve a host’s ability to control MTC infection. Mass

drug administration programmes, in which anthelmintics are given only once or

twice a year, leaving periods where helminth reinfection can occur, are common

in both human and domestic animal populations. To date, the effect of such

intermittent control programmes on MTC infection and severity has not been

explored.

Methods: Here we investigate the consequences of a ten-day, annual, mass

ivermectin administration on TB prevalence and severity in free-ranging juvenile

and yearling (<2 years) wild boar (Sus scrofa).

Results: This single annual anthelmintic treatment administered over six years

reduced TB severity. Further, the proportion of wild boar with severe TB

continued to decrease with successive treatments. TB prevalence, however, did

not decrease significantly over the course of the study.

Discussion: While ivermectin has direct anti-mycobacterial effects in vitro, the

short duration of treatmentmeans that the reduction in TB severity we observe in

wild boar is unlikely to be accounted for by such a direct mechanism. Disruption
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of the helminth community and subsequent modification or enhancement of the

host immune response is a potential mechanism. Future work should examine

the consequences of annual anthelmintic drug administration on helminth

community composition and structure and on the host immunological

responses through time.
KEYWORDS

bovine tuberculosis, ivermectin, helminths, coinfection, Mycobacterium bovis,
Sus scrofa
1 Introduction

Tuberculosis (TB), caused by bacteria of the Mycobacterium

tuberculosis complex (MTC), is classed, in humans, as the second

(after Covid-19) leading cause of death from a single infectious

agent (World Health Organisation, 2021) and is also a significant

health and economic threat to domestic animals (Pesciaroli et al.,

2014; WOAH, 2022). Wildlife can act as reservoir hosts for MTC

(e.g., European badger, Meles meles, in United Kingdom, brush-

tailed possum, Trichosurus vulpecula, in New Zealand, African

buffalo, Syncerus caffer, in South Africa or wild boar, Sus scrofa,

in Spain; Fitzgerald and Kaneene, 2013). In humans, MTC

frequently occurs in coinfection with helminths, particularly in

low and middle-income countries (Salgame et al., 2013) and will

regularly occur in coinfection in wildlife, given the ubiquity of

helminths in these systems (Sepulveda and Kinsella, 2013).

Controversy on the consequences of MTC and helminth

coinfections exists, and while the species of coinfecting helminths

and the outcome measure may affect the conclusions of these

studies, most suggest that coinfection is detrimental to the host

and that control of MTC is reduced (Potian et al., 2011; Li and

Zhou, 2013; Babu and Nutman, 2016).

Immune control of MTC infections is complex but is largely

mediated by a type 1 T-cell response (Th1) response (Babu and

Nutman, 2016). Poorer control of MTC infection is observed in

hosts with immune responses skewed towards a regulatory T-cell

(Treg) response and production of alternatively activated

macrophages (Babu and Nutman, 2016). Most helminth

infections are characterised by a type 2 T-cell response. As a Th2

response is co-downregulatory with the Th1 response, this may

reduce the effectiveness of MTC control by the host. Helminth

infections tend to be chronic and as they progress, they also

stimulate both Treg responses and the production of alternatively

activated macrophages. Helminth coinfection, therefore, would be

expected to decrease control of MTC, and infection with helminths

has been associated with a shift from latent MTC infection (LTBI)

to an active disease state (George et al., 2014; George et al., 2015;

Kiflie et al., 2021). Helminth coinfection is also reported to reduce

the efficacy of BCG vaccination programmes and the efficacy of TB

testing (Elias et al., 2006; Badawy et al., 2013). The Th1 response is,

however, pro-inflammatory and this inflammation can cause

significant damage to host tissues. The downregulation of the Th1
02
response, due to the effects of Th2 and T-reg responses may

therefore limit damage to the host caused by MTC infection

(Garrido-Amaro et al., 2021).

Anthelmintic drug administration programmes to control

helminths could help to control coinfecting microparasites (Elias

et al., 2001; Hotez et al., 2006). Where anthelmintic was given to

MTC-infected individuals, under conditions where reinfection was

unlikely, treatment was shown to reduce Treg cells (Toulza et al.,

2016) with the likely consequence of improved MTC control by the

host. In an experimental study in wild African buffalo, long-term

clearance of helminths was achieved via a slow-release bolus of

fenbendazole with the consequence of reduced TB severity (Ezenwa

and Jolles, 2015). Concurrently, TB increased in prevalence through

increased transmission duration due to the MTC-infected buffalo

living longer following treatment. In wild boar, the administration

of ivermectin as an antiparasitic treatment enhanced host

immunocompetence (López-Olvera et al., 2006), although

whether this was due to the parasiticidal action of the drug (Uhlıŕ ̌
and Volf, 1992; Njoo et al., 1994; Savanur et al., 1996; Cooper et al.,

2002) or to the activation of the immune response of the host

(Wildenburg et al., 1998; Ali et al., 2002; Ali et al., 2003) remains

unclear. Collectively, these studies suggest that the outcome of

helminth reduction may be positive at the individual level but

may have more complex outcomes at population scale.

Mass anthelmintic drug administration programmes are

common in human populations (Humphries et al., 2012;

Vercruysse et al., 2012) and in veterinary practice (Coles, 1997;

Charlier et al., 2012). Such control programmes, however, usually

administer the drugs at six or twelve-month intervals and helminth

reinfection occurs over the intervening period. In-feed ivermectin

administration is gaining importance for endo- and ectoparasite

control in wildlife populations, including both intensively managed

enclosures and free-ranging populations (Fernandez-De-Mera

et al., 2004; López-Olvera et al., 2006; Moroni et al., 2022). While

long-term control of helminths affects TB, the effects of punctuated

anthelmintic administrations is not well understood. Here we

evaluated the effects of a ten day per year mass administration of

oral ivermectin on the dynamics of Mycobacterium bovis, the

causative agent of tuberculosis, in a naturally infected wild boar

population from central Spain. Wild boar are the main wildlife

reservoir for MTC in the Mediterranean basin (Naranjo

et al., 2008).
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Wild boar are exploited for commercial hunting purposes and

hence, wild boar populations receiving supplementary food in

fenced estates are common in the Centre and South of the Iberian

Peninsula (Gortazar et al., 2006). These enclosures enable

assessment of the effect of short-term annual anthelmintic

treatment on TB in wild boar. We hypothesise that even a short-

term annual drug administration of anthelmintic will be sufficient

to reduce TB severity and prevalence, due to the perturbation of the

helminth community resulting in a likely immunological shift away

from the Th2 and Treg responses associated with the majority of

helminth infections.
2 Materials and methods

2.1 Study site, wild boar population and
helminth community

Sampling was carried out in a private hunting estate of 2000 ha

in Toledo, central Spain (39° 55′ 15.55″ N, 5°10′ 32.33″ E). The

natural vegetation in the area is typically Mediterranean, dominated

by scattered holm oaks (Quercus ilex) and shrubs of Cistus

ladanifer, Erica spp. and Genista anglica. The study area was

fenced and divided into two different and isolated enclosures used

as the treatment area and control area. At the start of the study, wild

boar density was 45 individuals/km2 and 25 individuals/km2 in the

treatment and control areas respectively. The helminth community

of these boar was assessed in 66 juvenile (> 6 ≤ 12 months) and

yearling (≥ 12 to 24 months) boars following Gassó et al. (2015),

lung nematodes were classified using Gassó et al. (2014) and

Frontera et al. (2009) for gastrointestinal helminths. The helminth

community included Metastrongylus spp., Ascarops strongylina,

Physiocephalus sexalatus, Hyostrongylus rubidus, Globocephalus

urosubulatus, and Oesophagostomum dentatum and there is one

known acanthocephalan, Macracanthorhynchus hirudinaceus (see

Supplementary Table 1 for further details). In both treatment and

control areas supplementary food (1 kg of barley per individual) was

provided daily from April to October, when there is natural food

shortage. The supplementation was provided in five feeders

specially designed to avoid access by non-target ungulates such as

red deer, Cervus elaphus (Figure 1).
2.2 Experimental design

In the treatment enclosure, feed was coated in ivermectin at a

concentration of 6.19 mg/g of feed (Ivomec Premix®, Merial) and

administered for ten consecutive days (Campbell, 1989; Borgsteede

et al., 2007). Since natural food is scarce during the summer, most

wild boar feed on the supplement and hence receive an ivermectin

dose sufficient to deworm them, at least partially and in most cases

totally. In swine, oral ivermectin is effective at a single dose of

0.3 mg/kg (Vanhaecke et al., 2014) and thus a medium size boar of

50 kg would need 15 mg of drug (2.4 g of medicated feed) to be

efficiently treated. Since our dosage is estimated to be thousands of

times higher than the minimum required to deworm all boar should
Frontiers in Ecology and Evolution 03
be dewormed. The high dose is assumed to be safe as ivermectin

toxicity has only been observed in neonatal pigs and not in adults

(Sanford et al., 1988).
2.3 Sampling procedure and processing

From winter 2012–13 to winter 2016–17, MTC infection status

was systematically evaluated in 302 wild boar hunter-harvested in

winter. As boar were not sacrificed for research purposes but legally

hunter-harvested, within the framework of the regular annual

hunting plan approved by the regional authority in charge of

livestock and wildlife management, hence no ethics committee

approvals were needed.

After the wild boar were culled, gender was assigned visually by

inspecting genitalia (192 female and 102 male, 8 unrecorded), and

age was estimated (83 adult, 89 juvenile, 123 yearling, with 7

unrecorded) by dental biometry (Gonçalves et al., 2015). A post-

mortem examination of each boar was performed to assess the

presence of TB-like macroscopic lesions affecting submandibular,

retropharyngeal, mediastinal and/or mesenteric lymph nodes, as

well as thoracic and/or abdominal organs (Martıń-Hernando et al.,

2007). Respiratory (trachea and lungs) and digestive (stomach,

small and large intestine) tracts were removed and stored in

individual plastic bags. Submandibular and/or retropharyngeal

lymph nodes were dissected and stored in sterile containers for

microbiological analyses.
2.4 Bovine tuberculosis status

The combination of microbiological culture and histopathology

increases the sensitivity and specificity of TB surveys in wild boar

(Santos et al., 2010). Diagnosis of TB was, therefore, based on the

isolation of M. bovis in microbiological cultures from

submandibular or retropharyngeal lymph nodes and from a piece

of caudal lung lobe, as well as on the presence of microscopic

granulomatous TB lesions. For bacterial culture, two grams of clean

tissue were homogenized in 10 ml of sterile water with 0.2%

albumin (Albumin from bovine serum Sigma, St Louis, MO,

USA) for four minutes in a mechanical homogenizer (Smasher;

AES Laboratories, Montreal, QC, Canada). The homogenized

material was then decontaminated by the hexadecyl pyridinium

chloride method (Corner and Trajstman, 1988). Finally, two

Lowenstein–Jensen slants, with pyruvate and without glycerol,

were inoculated in parallel and incubated for 6–8 weeks.

Suspicious colonies obtained in microbiological cultures were

identified as M. tuberculosis complex by PCR and Spoligotyped

following standard methods (Kamerbeek et al., 1997), allowing their

identification as M. bovis.

Animals were classified into three groups: (i) TB-free boars

(negative culture and no signs of TB lesions), (ii) positive culture

and/or localized gross lesions in submandibular or retropharyngeal

lymph nodes (mild TB), and (iii) positive culture and disseminated

gross lesions in lymph nodes and any other organ, e.g. lung, liver,

mesenteric lymph nodes and/or spleen (severe TB).
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2.5 Statistical analyses

We assessed the effect of the annual ten day anthelmintic

ivermectin treatment on TB prevalence and subsequently TB

severity in juvenile (<1 year) and wild yearling (between 1 and 2

years) boar using two generalised linear models with binomial error

structures and logit link functions (GLM) within the R statistical

package (R Core Team, 2023). We used GLM, as initial data

assessment, using the ASReml-R v4 mixed modeling package

(VSN International Ltd, Hemel Hempstead, United Kingdom),

did not support the need to include either boar age or sampling

year as non-linear terms (assessed by the change in Log Likelihood).

To assess the effect of the anthelmintic treatment on TB prevalence,

TB presence/absence data was included as the dependent variable

(n = 209). To assess the effect of the treatment on TB severity we

used only the infected subset of juvenile and yearling wild boar, as

adult boar could have significant pathology from prior TB infection

and this could obscure any effect of treatment on severity. Severity

was included as the dependent variable with mild TB graded as 0

and severe TB graded as 1 (n = 83). In both models the initial terms

were the main effects of sampling year, boar age, enclosure (treated

or untreated), and second order interactions between treatment and

each of the other main effects. The models were subsequently

reduced in a stepwise manner using the Chi-squared statistics and

associated p values, with p = 0.05 considered as the cut-off for

significance. Differences between levels of factors and between

timepoints were assessed using the ‘contrast’ package (Kuhn

et al., 2022).
3 Results

Of the 209 juvenile and yearling wild boar considered in this

study 83 (39.7%) were infected with MTC, of these, 37 (44.6%)

suffered mild TB and the remainder (55.4%) were graded as severe

infections. The initial model assessment showed that both binomial

models were slightly overdispersed (1.35 and 1.18 respectively for

the TB infection and TB severity models). Replacing the binomial

with a quasibinomial error structure did not improve the

dispersion, and, as the level of overdispersion was relatively small,
Frontiers in Ecology and Evolution 04
the logit model was retained. TB prevalence did not differ

significantly between treated and control enclosures nor with boar

age, sex, or year of sampling (Tables 1, 2a). TB severity, however,

was significantly associated with enclosure in interaction with time

(X2 = 13.84, residual d.f. = 1, p<0.001, Table 2b), such that severe TB

prevalence reduced with time in the treatment enclosure and rose

substantially with time in the control enclosure (Figure 2; Table 3).

Contrasts revealed that significant differences between enclosures

were observed from the third year of treatment (i.e., from winter of

2014–15 on, Table 2).
4 Discussion

As hypothesised the ten day annual anthelmintic treatment was

associated with a reduced proportion of severe TB but no change in

TB prevalence in yearling or juvenile wild boar. Our findings on

severity agree with the response observed in a long-term

anthelmintic treatment in African buffalo (Ezenwa and Jolles,

2015), where TB severity decreased in anthelmintic treated

animals. Conversely, prevalence in these wild buffalo increased,

because the dewormed buffalo lived longer and hence transmitted

MTC for a longer period. In the boar, anthelmintic dose was limited

to ten days per year and as even ultra-low doses of MTC (1–3

bacteria) have been shown to result in infection (Plumlee et al.,

2021) contact among boar at feeders is likely sufficient to maintain

infection rates, even if overall MTC excretion is reduced after

treatment (Navarro-Gonzalez et al., 2013). TB severity in our two

enclosures only diverges significantly from the third year of

treatment. Our work therefore highlights that any effect of

punctuated mass drug administration programmes may not

appear in short term studies and that there is a need for more

long-term monitoring in both human and animal populations.

The reduction of the Th2 and Treg responses, that are likely to

follow deworming, and the subsequent increase in the protective Th1

response, may have enabled the boar to better control MTC. An

immune enhancement effect of ivermectin has previously been

observed in dewormed wild boar (López-Olvera et al., 2006). Such

effects of ivermectin treatment have also been observed in studies on

other hosts (Wildenburg et al., 1998; Ali et al., 2002; Ali et al., 2003;
FIGURE 1

Wild boar herd feeding on ivermectin medicated feed (A) aimed at controlling helminth infections in experimental game states in Central Spain (B).
Animals were fed at night to avoid the heat of summer. (Photo by Ingulados S.L.).
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López-Olvera et al., 2006). It may seem counterintuitive then, that TB

prevalence is not lower in the treatment enclosure. Our experimental

protocol, however, does not give us a measure of the number of MTC

bacteria within the host. It may be that while transmission was

sufficient to maintain prevalence, MTC bacterial numbers were

reduced in treated hosts, explaining the reduced TB severity.

Further, our severity analysis only includes yearling and juvenile

boar, hence, the fact that significant divergence in severity between

the enclosures only occurs after two years, and is cumulative over time,

is not a simple consequence of pathology increasing in infected
Frontiers in Ecology and Evolution 05
individuals over time. We propose that the observed difference may

result from differences in infectious dose at the population level. If

MTC bacterial numbers were reduced in treated hosts, then the dose

passed from boar to boar in the treatment enclosure would be lower,

compared to those in the control enclosure. Work in other species

suggests that TB pathology is related to the received infectious dose

(Kong et al., 2009; Saini et al., 2012; Tsenova et al., 2020). Onward

transmission of increasingly lower doses in the treatment enclosure

and increasingly high infectious doses in the control enclosure, is one

mechanism that could explain our observations.

Deworming could also have direct beneficial effects allowing

boar to better resist and/or repair damage from MTC infection.

Fattening pigs showed mass gain and increased body condition,

after removal of Ascaris suum (Boes et al., 2010). Improved ability to

repair damage may also explain why we see no evidence that

removing helminths increases inflammatory damage from MTC.

A further possibility for the response to helminth removal is a direct

effect of the anthelmintic on the mycobacterium. Ivermectin and

other avermectins have in vitro activity againstMycobacterium spp.

(Lim et al., 2013). Given the transient nature of our treatment, the

high transmission rate of TB and the fact that no change in TB

prevalence was observed in our populations, such a direct effect

appears unlikely. Overall, the alteration of the boar immune

response resulting from helminth removal is the more likely

mechanism by which this helminth-MTC relationship is

mediated, potentially bolstered by the improved health of the host.

There is considerable variation in the immune response induced

by helminths depending on the species and the stage of infection

(Anthony et al., 2007; Allen and Maizels, 2011) (e.g., schistosome

cercaria and adults worms bias toward a Th1 response whilst their eggs

stimulate the Th2 pathway; Caldas et al., 2008). In our study, helminths

are only likely to be removed for around a single month each year, with

recolonization occurring after this period. This perturbation may,

however, be sufficient to keep helminth numbers low for a more

prolonged period or might cause successional changes in the helminth

community, in turn impacting the precise strength and form of the

immune response in the boar. While we know the species of helminths
TABLE 2 Statistics and p-values from the GLM analyses of TB
a) prevalence and b) severity in wild boar.

a) TB Prevalence Analysis GLM Output

X2 p-value

sampling year: enclosure 0.006 0.937

enclosure: boar sex 1.055 0.304

enclosure: boar age 2.398 0.122

sampling year 3.65 0.056

enclosure 0.049 0.825

boar sex 1.755 0.185

boar age 0.597 0.470

b) TB Severity Analysis GLM Output

X2 p-value

sampling year: enclosure 13.836 <0.001

enclosure: boar sex 2.353 0.125

enclosure: boar age 0.988 0.320

boar sex 0.237 0.626

boar age 0.005 0.814
All X2 values and p-values are presented as the final values prior to term deletion, during the
stepwise deletion process or final values for terms retained. D.F. for each term was 1.
Significant terms are presented in bold text.
TABLE 1 Tuberculosis prevalence in all boar and proportion of young and juvenile boar with severe tuberculosis, through time within the control and
anthelmintic treatment enclosures.

Sample year

Enclosure 2012–13 2013–14 2014–15 2015–16 2016–17

Control

Sample size
(Infected only)

5
(5)

28
(14)

20
(3)

23
(6)

36
(18)

TB prevalence 1 0.5 0.15 0.26 0.5

Proportion of infected with
Severe TB

0.6 0.29 0.67 0.50 0.94

Anthelmintic
treatment

Sample size
(Infected only)

18
(8)

21
(9)

14
(6)

22
(7)

22
(7)

TB prevalence 0.44 0.43 0.43 0.32 0.32

Proportion of infected with
Severe TB

0.75 0.22 0.33 0.29 0.14
GLM analyses (see Section 3) revealed no significant effect of sample year or anthelmintic treatment on TB infection. Severe TB cases significantly increase in the control enclosure through time
but decline in the anthelmintic treatment enclosure.
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found in the boar, there is a lack of knowledge about the immune

response stimulated by each species and stage. In interpreting this

study, we must therefore be cautious, as similar perturbations with a

different group of helminths could produce different outcomes.

The majority of emerging and re-emerging infectious diseases

of humans and domestic animals originate in wildlife reservoirs

(Jones et al., 2008; Morse et al., 2012), where coinfection with

helminths is ubiquitous. To date, anthelmintic administration in

wildlife populations has largely been undertaken for experimental

purposes (e.g., Ferrari et al., 2009; Knowles et al., 2013; Pedersen

and Antonovics, 2013; Pedersen and Fenton, 2015; Moroni et al.,

2022). Antiparasitic drug administration (including ivermectin) is,

however, being considered for disease management in captive,

intensively managed, and free-ranging wildlife populations

(López-Olvera et al., 2006; Sánchez-Isarria, 2008b; Sánchez-Isarria

et al., 2008a; Espinosa et al., 2017; Old et al., 2021; Wilkinson et al.,

2021; Bains et al., 2022; Wilkinson et al., 2023). Only a few studies

have attempted to assess the consequences of the removal of non-

target pathogens (e.g., deworming) on the dynamics of concurrent

infectious diseases, and these have yielded contrasting results

(Pedersen and Antonovics, 2013; Ezenwa and Jolles, 2015; Sweeny

et al., 2020). Overall, these studies suggest that parasite

communities are robust to the perturbations caused by

punctuated deworming, since the effect of anthelmintic treatment

on nematodes is usually short-lived (Knowles et al., 2013). Subtle
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effects on community assemblage and recolonization order might,

however, have longer term consequences for the relationship

between the helminths and the coinfecting microparasite

communities, not least, by altering the host immune response,

which may drive the interactions between them.

While our study adds weight to the argument that intermittent

mass anthelmintic drug administration can be beneficial to wild

hosts, there needs to be careful consideration before oral

administration of such drugs to free-ranging wildlife populations.

Utility, efficacy, and potential risks to target and non-target host

species, and even to human health should be carefully considered

(Rowe et al., 2019; Moroni et al., 2020; Valldeperes et al., 2022). In

our study the amount of medicated feed required for deworming

was 2.4 g, and individual over-dosing is therefore likely to have

occurred. Such over-dosing has been reported for topical

applications of macrocyclic lactones in wombats (Old et al., 2021;

Mounsey et al., 2022). Overdosing of some drugs may be harmful to

the host and/or result in release of the drug into the environment

while underdosing may result in incomplete removal. In both forms

of inappropriate dosing the probability of the development of drug

resistance increases (Currie et al., 2004; Bliss et al., 2008; Terada

et al., 2010; Vermunt et al., 2011). Detrimental environment

consequences are also possible, in particular, for coprophagous

insects and other non-target invertebrates (Sommer et al., 1992;

Herd et al., 1996; Verdú et al., 2015; Verdú et al., 2018). The benefits
TABLE 3 Contrast in TB severity prevalence between control and treatment enclosures by time.

Year Mean
difference

LCI UCI t statistic p-value

2012–13 −1.37 −3.01 0.26 −1.67 0.100

2013–14 −0.11 −1.26 1.05 −0.187 0.857

2014–15 1.161 0.13 2.19 2.24 0.0287

2015–16 2.43 1.06 3.80 3.53 <0.001

2016–17 3.69 1.75 5.6 3.79 <0.001
LCI and UCI are abbreviations for the lower and upper 95% confidence intervals respectively.
FIGURE 2

Relationship between sample year and enclosure treatment group and the proportion of infected animals that were graded as having severe tuberculosis
(TB). Lines represent the GLM predicted proportion of infected juvenile and yearling boar with severe TB. Shading and outer dotted lines represent the 95%
confidence intervals of the prediction. Light red shading represents the control enclosure and the anthelmintic treated enclosure (solid line and grey shading
for 95% confidence intervals of the prediction). Vertical arrows represent the yearly two-week treatments during summer.
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for individual hosts must therefore be carefully weighed against the

risk to other hosts and to the environment.

TB eradication programmes in Spain are based on skin-testing and

slaughter of livestock (Napp et al., 2019) and/or hunting to control wild

reservoir hosts (Boadella et al., 2012; Garcıá-Jiménez et al., 2013;

Mentaberre et al., 2014). Pharmacological interventions using

vaccines with heat-inactivated Mycobacterium bovis have also been

demonstrated to be efficient for TB control in wild boar farms (Dıéz-

Delgado et al., 2017), and free-ranging populations (Dıéz-Delgado

et al., 2018). To our knowledge, our study is the first attempt to control

TB in wild boar with a helminth targeted intervention.

Overall, our study provides robust evidence for the utility of

helminth removal from wild hosts where they are managed and

where they pose a potential threat for spillover of MTC infection to

domestic animal or human populations. Nevertheless, there were

limitations to our study. The treatment enclosure had a larger

number of boar than the control enclosure at the start of the

experiment. As higher densities generally lead to higher transmission,

for directly transmitted pathogens, it is possible that any subtle

reduction in TB transmission resulting from helminth removal,

could have been masked by higher transmission resulting from

higher host density. We are also limited by having no immunological

information from our boar, hence we can only hypothesise regarding

the mechanism by which helminth removal affected MTC/TB.

Nevertheless, our work clearly demonstrates that TB is affected by

coinfection with helminths and that their removal improves the

outcome for individual hosts. More work will be required to explore

the complex consequences at the population level. Our study also lends

support to the growing body of research demonstrating that helminths

cannot be ignored if we are to understand and successfully control

important microparasitic diseases.
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(2013). Anthelmintic avermectins kill Mycobacterium tuberculosis, including
multidrug-resistant clinical strains. Antimicrob. Agents Chemother. 57, 1040–1046.
doi: 10.1128/AAC.01696-12/ASSET/B2796A73-CD3E-473D-AD20-E7EDA6C72B64/
ASSETS/GRAPHIC/ZAC9991015560003.JPEG
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M., and Sanchıś, G. (2008b). “La ivermectina como tratamiento de la sarna sarcóptica
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