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Abstract

Co-infections with parasites or viruses drive tuberculosis dynamics in humans, but little is known about their effects in other
non-human hosts. This work aims to investigate the relationship between Mycobacterium bovis infection and other
pathogens in wild boar (Sus scrofa), a recognized reservoir of bovine tuberculosis (bTB) in Mediterranean ecosystems. For
this purpose, it has been assessed whether contacts with common concomitant pathogens are associated with the
development of severe bTB lesions in 165 wild boar from mid-western Spain. The presence of bTB lesions affecting only one
anatomic location (cervical lymph nodes), or more severe patterns affecting more than one location (mainly cervical lymph
nodes and lungs), was assessed in infected animals. In addition, the existence of contacts with other pathogens such as
porcine circovirus type 2 (PCV2), Aujeszky’s disease virus (ADV), swine influenza virus, porcine reproductive and respiratory
syndrome virus, Mycoplasma hyopneumoniae, Actinobacillus pleuropneumoniae, Haemophilus parasuis and Metastrongylus
spp, was evaluated by means of serological, microbiological and parasitological techniques. The existence of contacts with a
structured community of pathogens in wild boar infected by M. bovis was statistically investigated by null models.
Association between this community of pathogens and bTB severity was examined using a Partial Least Squares regression
approach. Results showed that adult wild boar infected by M. bovis had contacted with some specific, non-random
pathogen combinations. Contact with PCV2, ADV and infection by Metastrongylus spp, was positively correlated to
tuberculosis severity. Therefore, measures against these concomitant pathogens such as vaccination or deworming, might
be useful in tuberculosis control programmes in the wild boar. However, given the unexpected consequences of altering
any community of organisms, further research should evaluate the impact of such measures under controlled conditions.
Furthermore, more research including other important pathogens, such as gastro-intestinal nematodes, will be necessary to
complete this picture.
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arthropods infecting nasal cavities drive gastrointestinal nematode
fitness [5]), and, thus, predicting the outcome of co-infection is a
complex task.

Introduction

Co-infections (i.e., the simultaneous infection of a host by two or

more pathogens) are ubiquitous in nature but most research on Among all possible interactions, bacteria-helminth co-infections

relevant diseases largely relies on a ‘“‘one-disease-one-pathogen”
perspective. From the point of view of community ecology, a host
can be considered a complex ecosystem composed of parasites that
directly or indirectly interact among themselves and with their
own environment, the host [1]. This holistic perspective considers
co-infections as specific cases of competition [2] that regulate
parasite populations within the host, either protecting (see Reich
et al. 2013 for a case of cross-immunity [3]) or driving infection
risk [4]. Interestingly, such interactions are possible between
microparasites (virus, bacteria, fungi or protozoa) and macropar-
asites (helminths and arthropods) inhabiting different organs (i.e.,
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are one of the most studied models for exploring how co-infection
drives disease dynamics and severity. Helminths mostly induce
cytokines associated with a T-helper cell type 2 (Th2) immune
response, which simultaneously tends to down-regulate T-helper
cell type 1 (Thl) cytokines involved in intracellular microparasite
control [6]. The consequences of this antagonism in immune
mechanisms, in terms of changes in dynamics of bacteria or
helminth populations, are difficult to predict [7]. A well-known
example of this complexity is the bacteria-helminth co-infection in
wild rabbits (Oryctolagus cuniculus). In this host-parasite model,
respiratory infection by Bordetella bronchiseptica facilitates
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secondary helminth (Graphidium strigosum) infections that, at the
same time, collaborate in maintaining the bacterial persistence in
the upper respiratory tract [8]. B. bronchiseptica infection does not
only facilitate Heligmosomoides polygyrus reproduction, another
gastrointestinal nematode [9], but also accelerates the expulsion of
a third worm species (Trichostrongylus retortaeformis) from the
small intestine [10].

Shifts in disease severity are also common in a broad range of
co-infected hosts. Concomitant infections often exacerbate the
effects of single infections, independently of the diversity in
parasite groups involved in the infection process. For example, in
human tuberculosis (caused by Mbycobacterium tuberculosis),
susceptibility and severity are shaped by co-infection with
different types of pathogens. Since the first report describing
severe pulmonary Mycobacterium spp-helminth co-infected pa-
tients in the mid 1940’s [11], the number of works describing
changes in tuberculosis pathology due to micro- or macroparasite
co-infection has grown year after year [12]. Viruses also seem to
shape tuberculosis dynamics, and HIV-Mycobacterium spp co-
infection in humans is one of the best-known examples. In fact,
the HIV infection is considered one of the main risk factors
predisposing patients to tuberculosis as well as the progression to
active disease, increasing the risk of latent tuberculosis reactiva-
tion 20-fold [13].

Wildlife is an excellent model for exploring whether co-
infection drives infectiousness of major diseases since they are
almost always co-infected by several pathogens [14]. Bovine
tuberculosis (bTB) due to Mycobacterium bovis is one of them and
it is present in a broad range of wild hosts across different
geographic regions [15]. Cervids in North America, badgers
(Meles meles) in Great Britain, brush tailed possums (Trichosurus
vulpecula) in New Zealand, buffalo (Syncerus cafer) in South
Africa and wild boar (Sus scrofa) in the Iberian Peninsula are
common reservoirs of this infectious disease [16]. The effects of
co-infection have been described in some of these wild models.
Thus, in the African buffalo, nematode infection not only is likely
to increase bTB susceptibility [17], but also to accelerate
mortality due to body condition impairment in co-infected
individuals [18]. A positive relationship between porcine
circovirus type 2 (PCV2) and bTB prevalences has also recently
been observed in wild boar populations from mid-western Spain
[19]; however little is known about the role of other common
pathogens in wild boar in bTB dynamics.

The aim of this work was to assess whether bTB severity in wild
boar from mid-western Spain is associated with the contact with a
selected group of common pathogens. Evidence of infection by
means of serology and/or pathogen detection was carried out for
viruses (PCV2, Aujeszky’s disease virus [ADV], porcine repro-
ductive and respiratory syndrome virus [PRRSV] and swine
influenza virus [SIV]), bacteria (Mycoplasma hyopneumoniae,
Haemophilus parasuis and Actinobacillus plewropneumoniae) and
a nematode (Metastrongylus spp) in 165 wild boar. Two
hypotheses were tested. The first investigated whether contact
with a selected group of pathogens in Mycobacterium spp infected
wild boar occurred by chance or, on the contrary, was due to a
structured community of pathogens (hypothesis 7). The second was
supported by links between tuberculosis severity and concomitant
viral and nematode infections observed in both human [12,13,20]
and animal hosts [18] and explored whether disease severity in
wild boar 1s associated to particular pathogen assemblages
(hypothesis ).
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Materials and Methods

Ethics Statement

Animals included in this study belonged to private estates and
were studied and sampled with the permission of their respective
game managers after being hunted in commercial or sportive
game activities. Since this study was carried out in private lands,
no specific permissions or government approval, were required.
Wild boar were hunted during game activities called “‘monterias”
that took place according to legal guidelines. Thus, the animals
were not killed specifically for this study. The development of this
study did not involve any endangered or protected species in the
studied area (mid-western Spain). This study did not need to be
approved by any animal ethics committee since animals were not
killed for scientific purposes.

Study site

This study was carried out on 20 wild boar game estates in mid-
western Spain (Figure 1). In this area the average annual
precipitation reaches 623 mm and is concentrated from Novem-
ber to April. The mean annual temperature averages 17.7°C,
January being the coldest and July the warmest month of the year.
The vegetation is typical of Mediterranean forest, characterized by
abundant Quercus ilex and Q. suber trees with understoreys
dominated by Q. coccifera, Cistus ladanifer and Erica arborea.
Wild boar density in the studied area ranged between 6.5 and 30
wild boar/hectare [21]. In all game estates included in this work,
wild boar shared habitat with red deer (Cervus elaphus) and, in
some cases, with fallow deer (Dama dama), roe deer (Capreolus
capreolus) or extensive herds of cattle.

Sampling procedures

A total of 165 hunter harvested wild boar were collected
between October 2011 and February 2013. The sex and age of
these animals were determined on the basis of the observation of
their sexual organs and the eruption of dentition pattern,
respectively [22]. Necropsy examination of all animals was
performed in the field with detailed macroscopic inspection, in
order to assess the presence of bTB-like visible lesions affecting
lymph nodes (submandibular, retropharyngeal, mediastinal and
mesenteric lymph nodes), and thoracic and abdominal organs.
Submandibular and/or retropharyngeal lymph nodes, lungs and
blood samples collected from the heart or thoracic cavity, were
recovered and stored at 4°C until they were processed within the
following 24 hours. Blood samples were centrifuged at 3000 rpm
for 10 minutes and extracted serum was stored at —20°C until
analysis. Iield necropsies were carried out by the same person
(DR), following the same protocol and criteria to evaluate the
presence of bTB-like visible lesions.

bTB diagnosis

Diagnosis of bTB in wild boar was carried out based on the
isolation of M. bovis as well as on the presence of microscopic
granulomatous bTB lesions. Since the combination of microbio-
logical culture and histopathology increases the sensitivity and
specificity of bTB wild boar surveys [23], animals that were
positive for both, or at least according to one of these diagnostic
techniques, were considered to be positive for bTB.

To detect the presence of M. bovis, microbiological cultures
from intact (not handled or cut) submandibular or retropharyngeal
lymph nodes and from a piece of caudal lung lobes (both with
gross bTB-like lesions when possible) of each animal were carried
out. For bacterial culture, tissue samples were sectioned and
dissected, trimming the fat and connective tissue, using sterile
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Figure 1. The study area is located in mid-western Spain where wild boar is the most important reservoir of bovine tuberculosis.

doi:10.1371/journal.pone.0110123.g001

scissors and forceps for each individual sample. Two grams of
tissue were homogenized in 10 ml of sterile water with 0.2%
albumin (Albumin from bovine serum Sigma, St Louis, MO, USA)
for 4 minutes in a mechanic homogenizer (Smasher; AES
Laboratories, Montreal, QC, Canada). The homogenized material
was then decontaminated by the hexadecyl pyridinium chloride
method [24]. 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 [25,26], allowing
their identification as M. bouis.

In addition, to assess the presence of tuberculosis granulomas, a
piece of submandibular or retropharyngeal lymph node and lung
of each animal sampled were fixed by immersion in neutral,
buffered-formalin (4% formaldehyde) and sections of 4 pm were
cut and stained with hematoxylin and eosin for histopathological
examination. The tissue pieces used for the histopathological
analysis were chosen based on the presence of macroscopic bTB-
like lesions when present. For wild boar in which bTB-like lesions
were not found, a piece of submandibular lymph node and caudal
lung lobe were identically processed for histopathology.

bTB severity assessment

To consider the extent of bTB, wild boar were classified into
two groups: animals with a localized lesion pattern and animals
with a generalized lesion pattern. Based on the distribution of
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lesions, generalized bTB implies more severe disease and a greater
bacterial load than localized bTB [27].

Animals showing a localized pattern were those with bTB
lesions in one location, mainly submandibular or retropharyngeal
lymph nodes (Figure 2a). On the other hand, those wild boar with
lesions in these lymph nodes and any other organ, e.g. lung, liver,
mesenteric lymph nodes and/or spleen, were considered to have a
generalized pattern (Figure 2b). Since lung is the most common
organ in which secondary bTB lesions can be found in wild boar
[28], lung tissue was chosen to carry out a systematic detection
(through microbiological culture and microscopic examination) of
generalized bTB.

A complete lesion assessment could not be carried out in 25 of
165 animals included in this study, since these animals were

Figure 2. Wild boar showing localized (bTB like lesion in
submandibular lymph node) (a) or generalized bTB lesion
patterns (bTB like lesions in lungs) (b).
doi:10.1371/journal.pone.0110123.g002
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partially eviscerated upon arrival at the inspection area. This
meant we could not ensure the lack of bTB-like lesions in
abdominal organs and, therefore, their lesion pattern could not be
completely determined.

Bacterial pathogen/antibody detection

The presence of concomitant bacterial respiratory pathogens,
such as Haemophilus parasuis and Actinobacillus plewropneumo-
niae, was determined in lungs of the sampled animals. DNA from
a piece of cranial lobe from one of the lungs was extracted using a
commercial QIAamp DNA Mini kit (Qiagen Ltd., Crawley, West
Sussex, RH10 9NQ), United Kingdom) following the manufactur-
er’s recommendations. Later, specific PCRs were carried out in
order to detect the presence of H. paraswis [29] and A.
pleuropneumoniae [30] using previously extracted DNA. Antibod-
ies against M. hyopneumoniae were detected using a commercial
blocking-ELISA assay for swine (INGEZIM M. HYO COMPAC,
Ingenasa, Madrid, Spain) that was carried out using duplicate
serum samples from each animal, following the protocol and cut-
off values proposed by the manufacturers to differentiate
seropositive and seronegative animals (positive threshold =
sample optical density (OD) <0.40 X negative control OD).

Viral pathogen antibody detection

Concerning viruses, a serologic survey for contacts with viral
pathogens was carried out using commercial ELISA kits for swine
and also following the manufacturer’s recommendations to
differentiate seropositive and seronegative animals. The presence
of antibodies against PCV2 (INGEZIM CIRCO IgG; positive
threshold = samples OD > negative control OD +0.25), ADV
(INGEZIM ADV TOTAL; positive threshold = sample OD/
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Table 1. Brief description of main clinical signs and lesions produced by the respiratory pathogens assessed. The type of assay
carried out to diagnose them is also shown.
Pathogen Type of assay Clinical signs and lesions Source
Bacteria
Mycoplasma hyopneumoniae blocking-ELISA Associated with Enzootic Pneumonia, M. hyopneumoniae plays a primary [60]
role in the porcine respiratory complex causing important economic losses.
Actinobacillus pleuropneumoniae PCR It causes pleuropneumonia that results in death, chronic or subclinical [61]
disease causing losses by mortality, reduced production, and increased
costs of medication or vaccination.
Haemophilus parasuis PCR It is the etiological agent of the porcine arthritis poliserositis (Glasser’s [62]
Disease) that may produce important losses mainly in intensive farm.
Pneumonia in pigs as a primary or secondary agent.
Viruses
Porcine Circovirus type2 indirect-ELISA PCV2 infection has been associated with postweaning multisystemic [63]
wasting syndrome (PMWS), porcine dermatitis and nephropathy
syndrome (PDNS), porcine respiratory disease complex, and
reproductive disorders.
Aujeszky’s Disease Virus indirect-ELISA May produce high mortality in piglets with neurological disorders. [64]
Weaners may show pneumonic symptoms whereas in non-immune
sows may produce reproductive disorders.
Swine Influenza virus indirect-ELISA Cause of bronchointerstitial pneumonia and respiratory disease [65]
in pigs throughout large parts of the world.
Porcine Reproductive and Respiratory indirect-ELISA PRRSV infections produce severe reproductive losses, interstitial [66]
Syndrome virus pneumonia in pigs, reduction of growth performance, and increased
mortality.
Helminths
Metastrongylus spp Direct retrieval at It produces chronic granulomatous pneumonic lesions mainly in [67]
necropsy caudal lobes of the lungs. Cough with minimal other signs.
doi:10.1371/journal.pone.0110123.t001

positive control OD (S/P) >0.35), SIV (INGEZIM INFLUENZA
PORCINA; positive threshold = SP >0.2) and PRRSV
(INGEZIM PRRS EUROPA; positive threshold= sample OD
> positive control OD x0.15) was evaluated using duplicate
samples of sera obtained from blood samples.

Metastrongylus spp detection

Pulmonary nematodes were collected by lung dissection. During
examination, the trachea and main bronchi were opened
longitudinally with scissors, carefully examined and then placed
under running water to collect adult worms on a sieve. In addition,
the pulmonary parenchyma — and in particular the affected areas

were dissected carefully under a dissecting microscope to extract
adult nematodes. Permanent preparations of adult specimens were
made with lactophenol cotton blue solution and genus identifica-
tion was based on previous descriptions [31]. The total number of
adult worms collected from an individual [32] was used as a proxy
for parasitic load.

A brief summary of the techniques used for antibodies and
pathogen detection and the clinical picture produced by bacteria,
viruses and parasites assessed in this work are shown in Table 1.

Statistical Procedures

For the analyses described below, all estates showed the
presence of the most prevalent pathogens, e.g., M. bovis, PCV2,
ADV, SIV and Metastrongylus spp. Neither differences in
pathogen prevalences, pathogen community structure nor in the
effect of co-infection on bTB severity were determined at the game
estate scale, in part because the sample size never exceeded 30
individuals per estate.
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Pathogen community. Whether or not contact with other
pathogens in wild boar infected by Mycobacterium spp occurred by
chance was studied using the null model analysis. Data were
organised as presence/absence matrices in which each row
represented a pathogen species and each column represented an
individual wild boar. In a presence/absence matrix, “1” indicates
that a species is present at a particular site or host, and “0”
indicates that a species is absent [33]. A total of three matrices
were created separately for each age class: juveniles (6-12 months),
yearlings (13-24 months) and adults (over 24 months).

The C-score was used as a co-occurrence index for exploring
co-occurrence patterns [34] and the FE algorithm (fixed row-
equiprobable column) chosen to analyze the results obtained. The
C-score measures the average number of checkerboard units
between all possible pairs of species. The C-score measures the
average number of checkerboard units between all possible pairs of
species. In a competitively structured community, the observed C-
score should be significantly larger than expected by chance (O >
E). Otherwise, a C-score smaller than expected by chance (O<E)
indicates a randomly assembled community [35], i.e. a greater
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Table 2. Percentage of animals positive against the selected respiratory pathogens included in this study in 24 juveniles (6-12
months), 45 yearlings (13-24 months) and 96 adult (over 24 months) wild boar hunter harvested in mid-western Spain.
Pathogens Percentage of positive animals Age-specific percentage of positive animals
Virus
Porcine circovirus type 2 70.9% Juveniles: 58.33%
Yearlings: 71.11%
Adults: 73.96%
Aujeszky’s disease virus 69.70% Juveniles: 45.83%
Yearlings: 55.56%
Adults: 82.80%
Swine influenza virus 24.24% Juveniles: 16.67%
Yearlings: 13.33%
Adults: 31.25%
PRRS virus 0% Juveniles: 0%
Yearlings: 0%
Adults: 0%
Bacteria
Mycobacterium bovis 53.93% Juveniles: 54.16%
Yearlings: 57.78%
Adults: 52.08%
Haemophilus parasuis 0% Juveniles: 0%
Yearlings: 0%
Adults: 0%
Actinobacillus pleuropneumoniae 4.84% Juveniles: 0%
Yearlings: 4.44%
Adults: 6.25%
Mycoplasma hyopneumoniae 13.94% Juveniles: 16.67%
Yearlings: 17.78%
Adults: 11.46%
Helminths
Metastrongylus spp 51.51% Juveniles: 66.67%
Yearlings: 57.78%
Adults: 44.79%
doi:10.1371/journal.pone.0110123.t002

likelihood that the distribution of one species has been directly
affected by the presence of other species. The C-score has been
used in diverse null models as a powerful tool to measure not only
parasite assemblages [36], but also viral co-infections in pigs [37].
The observed C-score was calculated for each presence/absence
matrix and compared with the expected C-score calculated for
5000 randomly assembled null matrices by Monte Carlo
procedures. The analysis was carried out using the software
EcoSim 7.72 [38].

In addition, to compare the degree of co-occurrence across
data, a standardised effect size (SES) for each matrix was
calculated. The SES measures the number of standard deviations
that the observed index (C-score) is above or below the mean
index of the simulated communities.

The role of co-infection in bTB severity. The association
between viruses, bacteria and nematode species (by means of
direct detection or serological evidence of infection) and bTB
severity (0 for wild boar showing bTB-like lesions only in
submandibular/retropharyngeal lymph nodes, and 1 for those
showing bTB-like lesions in both lymph nodes and lungs) was
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Table 4. Observed (O) and expected by chance (E) values of the C-score for positive/negative matrices of virus, bacteria and
helminth communities on 24 juveniles, 45 yearlings and 96 adult wild boar from mid-western Spain.

Age class C-score

(o] E P SES
Juveniles 4.46 4.19 0.15 1.14
Yearlings 19.31 18.70 0.78 0.68
Adults 39.93 36.11 0.01 2.71

doi:10.1371/journal.pone.0110123.t004

assessed by a Partial Least Squares regression approach (PLSr).
This statistical tool is an extension of multiple regression analysis,
where associations between groups of variables are established
with factors, i.e., combinations of dependent variables extracted
from predictor variables that maximise the explained variance in
the dependent variables. PLSr is probably the least restrictive of
the multivariate techniques [39]. This flexibility allows its use
when there are fewer observations than predictor variables or in
the case of multicollinearity [40]. Moreover, PLSr allows the study
of covariance in both explanatory and predictor variable groups
[41].

In the present study, bTB severity was considered as a single
explanatory variable, while concomitant pathogens represented
the x predictor factor. For PLSr modelling, the age of animals was
considered in months. The “plspm” library version 0.3.7 [42] of
the R software version 3. 0. 3 [43] was used for these analyses.

Results

Percentage of animals positive against selected
pathogens

The M. bovis isolates were obtained from 85 animals (51.51%).
Within infected animals, 28 showed M. bovis infection in both
submandibular/retropharyngeal lymph nodes and lungs (general-
ized pattern), whereas 57 only showed M. bovis infection in
submandibular/retropharyngeal lymph nodes (localized pattern).
On the other hand, bTB-like microscopic lesions were observed in
80 submandibular/retropharyngeal lymph nodes (48.48%,
n =165 lymph nodes) and 28 lungs (16.96%, n = 165 lungs). Nine
out of 85 animals infected by M. bovis (10.58%) did not show

evidence of microscopic b1B-like lesions, while this microorgan-
ism could not be isolated from four animals that showed typical
bTB granulomatous lesions in their lymph nodes (5%). Thus, since
the combination of microbiological culture and histopathology
increases the sensitivity of bTB diagnosis in wild boar [23], these
89 animals were considered positive to bTB (53.94%). All the
isolates obtained were identified as M. bovis and showed 12
different spoligotype patterns (SBO119 (15.29%), SBO121
(25.88%), SB0134 (4.71%), SB0296 (3.53%), SB0339 (23.53%),
SB1091 (8.23%), SB1142 (8.23%), SB0120 (1.18%), SB0152
(3.53%), SB0848 (3.53%), SB1142 (8.23%), SB1174 (2.35%)).

A detailed lesion severity assessment was carried out in 71 out of
89 animals positive to bTB. Generalized lesion patterns were
detected in 28 bTB affected animals (40%), whereas localized
lesions were observed in 43 affected animals (60%). Some of the
animals with generalized patterns also displayed gross bTB-like
lesions in organs such as liver, spleen or mesenteric lymph nodes;
however, no bTB-like lesions were found in these organs in
animals that did not show bTB-like lesions in the lungs (see (Table
S1)).

The percentage of animals positive for selected respiratory
pathogens is shown in Table 2. High rates of seropositive animals
were found against PCV2 (70.9%) and ADV (69.7%), while lower
percentages were found against other pathogens such as SIV
(24.24%) and M. hyopneumoniae (13.94%). A. pleuropneumoniae
and Metastrongylus spp were detected in 4.84% and 50.51% of
the animals, respectively, whereas evidence of infections with
PRRSV or H. parasuis was not detected.

Table 5. Predictor weights of the Partial Least Squares regression (PLSr) model explaining the effects of presence of antibodies
elicited by porcine circovirus type 2 (PCV2), Aujeszky's disease virus (ADV), swine influenza virus (SIV), Mycoplasma hyopneumoniae
and co-infection by Metastrongylus lung nematodes on bTB severity.

Pathogens Predictor weights % Variance explained
PCV2 0.676 53.80

Metastrongylus spp 0.469 21.15

Age —0.405 18.83

ADV 0.318 8.2

SIV —0.228 6.31

Sex —0.078 0.77

Mycoplasma hyopneumoniae 0.011 0.05

response variable are shown in bold type. The exposure to porcine reproductive

doi:10.1371/journal.pone.0110123.t005
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Predictor weights represent the contribution of each pathogen infection to the PLSr’s x axis. Predictor weights explaining more than 10% of the total variance in each

and respiratory syndrome virus (PRRSV), Haemophilus parasuis, and Actinobacillus

pleuropneumoniae were excluded from this analysis since their prevalence in studied wild boar population was lower than 5% (see table 2).
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Figure 3. Relationships between exposure to viral infections
(PCV2, arrow in pink, and ADV, in blue), nematode infection
(arrow in black) and age on PLSr component describing
disease severity (arrow in yellow) in Mycobacterium bovis
infected wild boar. This plot represents the PLSr model shown in
Table 5. Arrow way indicates either an increase or decrease in the
component value. Arrow thickness directly indicates the contribution of
each variable to PLSr X’s component. Since swine influenza virus and
Mycoplasma hyopneumoniae explained less than 10% of the PLSr X's
component, they were not represented in this plot. The wild boar
silhouettes summarize those pathogen combinations linked to severe
bovine tuberculosis (represented by several circles in yellow). The more
yellow circles a wild boar has, the more severe is the disease. The rest of
coloured circles represent co-infections by different pathogens. Each
colour matches with species represented by the arrows (i.e., pink for
PCV2 or blue for ADV). Nematodes, however, are represented by the
black short lines within the silhouettes.

doi:10.1371/journal.pone.0110123.g003

Pathogen community structure

The most common helminth, bacteria and viruses assemblages
observed in M. bovis infected juvenile, yearling and adult wild
boar are shown in Table 3. Wild boar with negative results for all
the pathogens tested were rare (5.5% of cases) as were wild boar
infected with bTB and all the other pathogens studied (just one
individual, Table 3). The 29.6% of adults, 14.5% of yearlings and
25.1% of juveniles that were M. bovis infected showed antibodies
against PCV2 and ADV.

The null model analysis showed that the observed C-scores were
greater than expected by chance (O >E) indicating the existence
of a competitively structured community; that is, bTB-infected
wild boar have contacted with some specific, non-random
pathogen combinations (Table 3). This fact was especially evident
for adult animals, which showed the only statistically significant
result (Table 4).

Effects of co-infection on bTB severity

In the PLSr analysis, presence of PCV2, SIV and ADV
antibodies, Metastrongylus spp, sex and age provided a first PLSr
X’s component explaining 20.90% of the observed variability
(Table 5). More than 90% of the total variance explained by the
PLSr x axis was due not only to virus exposure (PCV2 and ADV)
but also to age of animals and infection by lung nematodes. The
weights of variables performing the explanatory X’s component
describing the severity of bTB infection had different signs. A
positive correlation of bTB infection severity was found with
evidence of PCV2 and ADV contact and presence of Metastron-

PLOS ONE | www.plosone.org
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gylus spp, whereas a negative association was related to age
(Figure 3). Finally, the sex of animals and the presence of
antibodies against SIV and Mycoplasma hyopneumoniae, appeared
to have a lower influence on tuberculosis severity.

Discussion

Results obtained in this work suggest that evidences of infection
with common wild boar pathogens such as PCV2, Metastrongylus
spp and ADV are associated with a higher likelihood of detecting
generalized bTB lesions. This has already been observed in animal
models co-infected by two pathogens [17,44]. However, to date no
work has evaluated the relationship between a more complex
pathogen community and bTB severity. Current results emphasize
the importance of considering a broad representation of the
pathogen community to assess the existence of possible associa-
tions between them [43].

Our PLSr modelling including “age” and “contact with PCV2,
ADV or Metastrongylus spp” as risk factors explained more than
20% of the likelihood of showing generalized bTB lesion patterns
in wild boar. Although the percentage of explained variance of the
observed variability in bTB disease severity can be considered
adequate (note that r between 0.14 to 0.25 are the most common
effect sizes in observational ecological works [46]), other factors
not included in this study might also be associated with the
presence of bTB severe patterns in wild boar. Pathogens evaluated
in the present work, including viruses, bacteria and helminths,
represent a broad range of mainly respiratory wild boar
pathogens. However, other pathogens like gastro-intestinal nem-
atodes, which influence the development of bTB in other wildlife
species [17] may also play a role. In addition, other factors such as
infective dose of M. bovis or host genetics may also influence the
development of bTB in wild boar [47] and, hence, future studies
taking into account these variables might complete the results
obtained in the present work.

Regarding the order and timing of infections, the current study
does not allow the determination of whether contact with these
other pathogens was previous, simultaneous or subsequent to the
precise time of infection by M. bovis in the studied animals.
However, co-infection with other pathogens may affect the severity
of tuberculosis in all of these temporal situations, by reactivating
the infection in animals previously infected with Mycobacterium
spp. (leading to more severe tuberculosis) [48] or by allowing a
more rapid expansion of the lesions (increasing the severity) in
animals that were infected with Mycobacterium spp. later [49].

Diagnosis of some of the pathogens assessed in this work was
based on serological techniques. Detection of antibodies against
one pathogen does not necessarily mean a current infection since
high titers of antibodies may remain for a long time after the
clearance of the agent. However, this limitation might not
influence the results obtained in this study since bTB is a chronic
disease and lesions may persist in an affected wild boar for a long
time [50]. Thus, serological analyses allow the exploration of the
possible association between past or current co-infections and the
severity of bTB, defined by the detection of a generalized pattern
of lesions at the moment of sampling.

Differentiation between seropositive and seronegative animals
was carried out using the cut off values recommended by the
ELISA’s manufacturers, as has been previously done in similar
surveys carried out in wild boar [51-53]. To date, sensitivity and
specificity values of these tests in wild boar have not been provided
by the manufacturers or by any study, and hence, we could not
estimate the influence of these parameters in the seroprevalences
obtained.
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According to our results, certain pathogen combinations are
correlated to more severe bTB lesions in wild boar. Since the
presence of animals displaying severe bTB lesion patterns has been
recently related to higher bTB prevalence in wild boar populations
[19], programs aimed at bTB management and control in wild
boar populations should take into account the effects of
concomitant pathogens on the disease severity. The relationship
between PCV2, Metastrongylus spp and ADV on bTB severity
suggests that sanitary measures focused on the control of these
agents (i.e., deworming or vaccination against viruses), may help to
reduce the bTB prevalence in the affected areas.

Importantly, the interaction between the above-mentioned
pathogens and M. bovis may influence the success of measures
applied to reduce bTB prevalence in wild boar populations, such
as bTB vaccination [54]. It has been shown that the protective
efficacy of bTB vaccination in animals previously infected by
helminths is deficient [44]. The biased Th2 immune response and
hyporesponsiveness associated with chronic helminthiases might
impair their ability to mount an effective immune response after
vaccination [55]. Thus, the presence of Metastrongylus spp in wild
boar vaccinated against bTB may reduce the effectiveness of this
vaccine whereas measures such as previous deworming may be
useful in the estates where vaccination will be carried out. In fact, a
significant improvement in mycobacterial-specific immune re-
sponses occurs following anthelmintic therapy in vaccinated
humans [56]. However, experiences of deworming for disease
control in both humans and wild animals have provided very
contradictory results [57]. Consequently, these types of alternative
management measures might have different consequences for
disease control and should be carefully evaluated under different
situations before any generalisation.

On the other hand, it is noteworthy that the greatest effects of
co-infections in other wild hosts have been observed in seasons of
food shortage [58]. In this sense, measures focused on maintaining
a good nutritional status in wild boar would be essential for
reducing the negative effects of concomitant pathogens in the
development of bTB in this species, hence helping to reduce the
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