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Abstract

The control of bovine tuberculosis (bTB) is at a critical point in the last stage of eradication in livestock. Wildlife species
recently have emerged infected with TB in Europe, particularly ungulates in the Iberian Peninsula. Epidemiological
information regarding TB in wild ungulates including affected species, prevalence, associated risk factors and appropriate
diagnostic methods need to be obtained in these countries. A cross-sectional study was carried out on wild artiodactyl
species, including Eurasian wild boar (Sus scrofa) red deer (Cervus elaphus), roe deer (Capraelus capraelus), fallow deer (Dama
dama), Spanish ibex (Capra pyrenaica hispanica) and mouflon (Ovis musimon), in Spain to assess the seroprevalence against
Mycobacterium bovis or cross-reacting members of the Mycobcaterium tuberculosis complex (MTBC), and to provide
information on associated risk factors. Previously, two in-house indirect enzyme linked immunosorbent assays (bPPD-ELISA
and MPBB83-ELISA) were developed using known TB status sera. Positive reference sera were selected from infected animals
confirmed by culture. The M. bovis isolates belonged to spoligotypes SB0121, SB0120, SB0295, SB0265 and SB0134. Two
hundred and two out of 1367 (7.5%; 95% Cl: 6.1-8.9) animals presented antibodies against M. bovis by both bPPD-ELISA and
MPB83-ELISA. Significantly higher TB seroprevalence was observed in wild boar compared to the other species analyzed.
Interestingly, seropositivity against M. bovis was not found in any out of 460 Spanish ibex analyzed. The logistic regression
model for wild boar indicated that the seropositivity to M. bovis was associated with age, location and year of sampling,
while the only risk factor associated with M. bovis seroprevalence in red deer and fallow deer was the age. The
seroprevalence observed indicates a widespread exposure to MTBC in several wild artiodactyl species in southern Spain,
which may have important implications not only for conservation but also for animal and public health.
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Introduction

Tuberculosis (TB) caused by Mycobacterium bovis, a member of
the Mycobacterium tuberculosis complex (MTBC), is an infectious
disease worldwide extended in a large rank of hosts including
humans, livestock and wildlife [1]. Because of its zoonotic nature
and the high economic impact in livestock production and in
animal health policies, the eradication of bovine TB (bTB) has
been a major concern of public health authorities during the last
three decades. In Spain, eradication programs are mainly based
on intradermal tuberculin (IDT) and interferon-y (IFN-v) tests and
culling of reactor animals [2]. Even though the application of these
programs reduced bTB prevalence from 11.1% in 1986 to 1.6%
by the end of 2009 with an estimated cost of €34.7 m, bTB
eradication has not yet been achieved and prevalence has reached
an asymptote in the lasts ten years [2].
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In Spain, the control of the disease in wildlife is a critical point
in the last stages of the eradication programs of bTB [3]. It is well
acknowledged that the reduction in bTB prevalence in cattle is less
effective in areas where cattle are extensively managed, sharing
habitat with wildlife [3]. In addition, the artificial management of
large game species for hunting (e.g. feeding and fencing) has
significantly increased in different regions of central and southern
Spain during the last decades [4]. Intensive management measures
in hunting areas influence not only the population dynamics but
also the behavior of the animals, promoting their aggregation,
facilitating contact between individuals and favouring, therefore,
the transmission of diseases among wildlife and livestock species
[5]. In this sense, epidemiological, pathological and microbiolog-
ical evidence strongly suggests that wild ungulates, predominantly
wild boar (Sus scrofa) and red deer (Cervus elaphus), act as true TB
wildlife reservoirs in the Mediterranean ecosystem [6-10].
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Post-mortem diagnosis of TB in hunter-harvested wild ungu-
lates is usually based on direct methods, including TB-like lesion
recording, histopathological analyses and mycobacterial culture
[11]. Ante-mortem diagnosis of MTBC infection in living wild
ungulates can be done by indirect methods such as skin-testing and
detection of specific serum antibodies [12]. Serological tests are
easy, fast and inexpensive, and thus eventually more suitable than
other post-mortem techniques. During the last decades, efforts to
improve serological diagnosis of TB have led to the development
of new serological tests. Even though M. bovis purified protein
derivative (bPPD) is the most frequently antigen used for
serological diagnosis of TB, different methods using other
antigenic proteins, such as MPB83, MPB70, ESAT-6 and
CFP10, and combinations of them, have been recently developed.
In this sense, multiantigen print immunoassay (MAPIA) and
lateral-flow-based rapid test (RT) have been shown as useful
diagnosis tools in multiple host species [13]. An indirect bPPD-
ELISA test has also been recently developed to detect antibodies
against TB in wild boar [14,15]. The results showed high
accuracy, supporting the use of the ELISA test as complementary
technique for the diagnosis of TB in wild boar. The serodominant
protein MPB83 has been recently evaluated successfully yielding
high sensitivity in serological assays performed in experimentally
infected cattle [16] and goats [17].

The aims of the present study were (1) to analyze seroprevalence
against M. bovis in wild artiodactyls from southern Spain and (2) to
provide information on the risk factors associated with this
infection. To achieve this goal, two in-house ELISAs (bPPD-
ELISA and MPB83-ELISA) were developed to detect antibodies
against M. bovis. The ELISAs were validated with sera obtained
from wild ungulate species of known microbiological status
(positive controls) and sera from wild ungulate species from TB-
free areas (negative controls).

Results

A total of 102 out of 1367 sera analyzed (7.5%; 95% CI: 6.1~
8.9) were considered positive to TB antibodies (Table 1). Ninety-
five out of the 102 positive sera were positive by both bPPD-
ELISA and MPB83-ELISA. Besides, seven sera were negative by
bPPD-ELISA but showed positive results by both MPB83 ELISA
and mycobacterial isolation, and were therefore considered
positive samples. Seventeen out of the 85 positive samples by
both ELISAs also showed positive results by mycobacterial
isolation. Fifty-one samples not analyzed by mycobacterial
1solation, showed negative results using bPPD-ELISA but positive
results using MPB83-ELISA, while 13 samples were positive by
bPPD-ELISA but negative by MPB83-ELISA. The AM. bouvis
1solates were confirmed as spoligotypes SB0121 (10 wild boar, 4
red deer and 2 fallow deer), SB0120 (2 wild boar and 1 red deer),
SB0295 (3 wild boar), SB0265 (1 wild boar) and SB0134 (1 red
deer) (Figure 1).

Seroprevalence among age classes, sexes, locations, and years of
sampling in the different analyzed species are shown in Table 2.
Prevalence of antibodies against M. bovis ranged from 52.3% in
wild boar to 0.0% in Spanish ibex. Significantly higher TB
seroprevalence was observed in wild boar compared to the other
species analyzed (P<<0.001) and in fallow deer compared to
Spanish ibex (P=0.016). The logistic regression model indicated
that seropositivity to M. bovis in wild boar was associated with age
class, location and year of sampling, while the only risk factor
associated with M. bovis seroprevalence in both red deer and fallow
deer was the age class (Table 3). Adult wild boar, red deer and
fallow deer had significantly higher seroprevalence compared to
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sub-adults and juveniles. Statistically significant differences for wild
boar were also found among the different sampling areas, being
the highest seroprevalences recorded in Sevilla and Coérdoba
provinces. Significantly higher seroprevalence was also found in
wild boar tested in 2010 compared to the other years of sampling.
No statistically significant differences were observed in TB
seroprevalence between sexes in these species.

When using the known positive (n=24) and negative (n=56)
control samples, the Se results for bPPD-ELISA and MPB83-
ELISA were 72.7% and 100%, respectively, while Sp for both
ELISAs was 100%. Using the reference (sera from animals with
bTB status previously known) and field (sera from animals with
bTB status unknown) samples, the Kappa values for agreement
between bPPD-ELISA and MPB83-ELISA were 0.788 and 0.697,

respectively.

Discussion

Good Kappa values for agreement between ELISAs were
obtained using both reference and field samples. Although both
ELISAs showed 100% Sp, the Se obtained for bPPD-ELISA was
lower (72.7%) compared to MPB83-ELISA (100%). A large
number of field sera (58) showed positive results by MPB83-ELISA
but negative by bPPD-ELISA, seven of them could be confirmed
by mycobacterial culture. The lower Se of the bPPD-ELISA or the
early detection of antibodies using the MPB83-ELISA, could
explain the differences between tests [16,17]. Similar results of
accuracy were previously reported using a bPPD-ELISA in wild
boar [14,15] and cattle [18]. However, a close comparison among
studies 1s difficult to interpret because of the different cut-off
values, antigens used, type of samples, infection status or species
analyzed. Even though additional studies, including a higher
number of reference sera, are required to evaluate the accuracy
serological tests, the results suggest that the ELISAs evaluated may
be suitable for surveillance programs in wild ungulate populations.

Our results confirm the current circulation of the same M. bovis
spoligotypes among wildlife and domestic species in southern
Spain. SB0121 was the most often spoligotype isolated (67%),
which is in accordance with the previously reported in both
wildlife and livestock in the Iberian Peninsula [6,19,20].
Statistically significant differences (P<<0.05, Chi square test) in
the frequency of spoligotypes isolated were observed between the
present study and those previously published [19,20]. The number
of samples analyzed and the species included in the different
studies are possible factors implicated in these differences. SB0120
and SB0134 have also been frequently isolated in Spain, France
and Italy [21-23]. The geographical nearness and trade
relationship could explain the similarities among countries [20].

The frequency of bTB antibodies ranged between 8.0% and
13.3% using the bPPD-ELISA and MPB83-ELISA, respectively.
Even though TB seropositivity (7.5%) was determined only from
samples positive by both ELISAs and by M. bouvis isolation and,
therefore, the seroprevalence could have been underestimated, the
results obtained confirm that TB infection is common in some wild
artiodactyl populations in southern Spain [9,24,25]. The high
seropositivity detected in wild boar indicates widespread TB
circulation in this species in the study area (Figure 1). Although
high prevalence levels have been observed in wild boar in other
European countries [26], the seroprevalence obtained in the
present study was significantly higher (£<<0.05, Chi square test) to
those reported in countries as France, Italy and Portugal [26].
However, our results are of the same magnitude as previously
obtained in Spain based on direct and indirect methods of
diagnosis [9,24,27], and statistically significant differences in the
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Figure 1. Map showing the location of Andalusia (southern Spain) and the provinces in which it is divided. Spatial distribution of wild
boar (A) and cervids (red deer and fallor deer) (B) sampled in Andalusia (southern Spain), 2006-2010. Grey areas indicate the municipalities in which
samples from wild artiodactyls were collected during the study period. Dot sizes are proportional to the seroprevalences against bTB for sampling
areas. Spatial distribution of the different spoligotypes isolates and the number of positive animals for each spoligotype (in brackets) are included.
doi:10.1371/journal.pone.0034908.g001
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seroprevalence to bTB between the present study and those
carried out in central and southern Spain were not observed
(P>0.05, Chi square test). High TB prevalence and increased
densities in the lasts decades [3], indicate that wild boar can act as
natural wildlife reservoir of TB in Spanish Mediterranean
ecosystems [10]. Therefore, control measures in this species are
required in order to optimize the eradication programs in
Andalusia, where the incidence of bTB in cattle has increased
from 5.3% in 2005 to 8.9% in 2009 [2]. Six out of 15 hunting
areas analyzed presented seroprevalence in wild boar higher than
50%. The herd prevalence of bTB in cattle in these areas ranged
between 3.0 and 47.6% in 2009 [2].

High differences in the prevalence of antibodies against MTBC
have been reported in red deer (ranging between 0% and 50%)
and fallow deer (ranging between 3% and 27%) among European
countries, with the highest levels usually obtained in Spain [12,26].
Our results were similar to those found in red deer in southwestern
Spain (5.1%) [28], but lower than the prevalence levels for red
deer (27%) and fallow deer (18-27%) previously obtained in
southern and central Spain using direct diagnosis methods
[12,24,25]. In this sense, the seroprevalence obtained in red deer
and fallow deer in the present study was significantly lower
(P<0.05, Chi square test) to those reported in these areas
[12,24,25]. The lower Se of the ELISA test in these species, the
density of animals or management and environmental factors in
the study area may be implicated in these differences.

One additional point to consider is the possible interference of
ELISA results by cross reaction of environmental mycobacteria or
of mycobacteria belonging to the M. avium complex (MACQ).
Infections with environmental mycobacteria locally occur in wild
ungulates from southern Spain, but at lower prevalence than
MTBC infections [29]. Regarding MAC, infections with M. avium
paratuberculosis are not common in Iberian red deer [30].
Therefore, seropositivity observed in this study is most likely due
to contact with MTBC rather than other mycobacteria.

Seropositive mouflon were detected in three different regions,
which suggest circulation of M. bovis in this species in the study
area. Susceptibility to M. bovis infection was previously shown in
domestic sheep from areas with high environmental contamina-
tion [31]. The isolation of M. bovis in both domestic sheep and
mouflon has been recently reported in Spain [20,32]. Additional
studies are needed to evaluate the role of this species in the
epidemiology of TB in Spain.

Although caprine tuberculosis caused by M. bovis has been
widely studied in domestic goats due to their high susceptibility to
infection [33], little is known about TB in wild Caprinae. In the
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Table 1. Seroprevalence of antibodies against M. bovis in wild artiodactyl species from Andalusia (southern Spain) using two in-
house enzyme linked assays (bPPD-ELISA and MPB83-ELISA) and mycobacterial isolation.

bPPD-ELISA MPB83-ELISA bPPD-ELISA/MPB83-ELISA M. bovis isolation
Species No. Sera % Positive No. Sera % Positive No. Sera % Positive 95% CI No. Samples % Positive
Wild boar 130 54.6 130 67.7 130 523 (43.8-60.8) 18 88.9
Red deer 530 43 484 9.5 530 40 (3.4-5.6) 6 100.0
Fallow deer 128 7.0 108 139 128 7.0 26-114) 2 100.0
Roe deer 54 37 59 1.9 54 1.9 (0.0-5.6)
Mouflon 65 6.2 59 5.1 65 46 (0.0-9.7)
Spanish ibex 460 0.0 312 0.0 460 0.0 (0.0-0.3)
Total 1367 8.0 1147 133 1367 7.5 (6.2-8.8) 26 923
doi:10.1371/journal.pone.0034908.t001

present study, no seropositivity against TB was detected in the 460
Spanish ibex analyzed. In the same way, Cubero et al. (2002) [34]
found only 0.2% (1/450) prevalence in Spanish ibex from
southern Spain and no MTBC infection was detected in Catalonia
(north-eastern Spain) among 205 ibexes from an area that
sustained wild boar with a high (46%) prevalence [35]. The
results might be related to natural resistance to TB in Spanish
ibex, but also to the geographical distribution, behaviour,
population density or management factors in this species.

TB in roe deer has been reported only sporadically in European
countries, with prevalences ranging between 0% and 3% [26,36].
Our results were in keeping with these findings, and suggest that
roe deer are not a significant MTBC reservoir for other wildlife or
livestock.

The higher seroprevalence in adult wild boar, red deer and
fallow deer, likely reflects their greater probability of exposure and
the lifelong persistence of M. bovis antibodies. The results were in
agreement with those previously reported [10,26,37,38]. Statisti-
cally significant differences in seroprevalence between sexes were
not observed. In this sense, significantly higher prevalence in males
was previously found in red deer [37] and white-tailed deer
(Odoicoleus virginianus) [38]. In contrast, Santos et al. (2010) [11]
reported higher prevalence in female wild boar associated to the
higher gregarious behaviour of the female compared to male.

The risk of being a seropositive wild boar significantly increased
in the provinces of Cordoba and Seville, which is in accordance
with the higher geographical distribution of bTB in cattle [39].
Host density, management and environmental factors are possibly
implicated in the spatial distribution of TB in southern Spain [28].
The highest seroprevalence found in wild boar in 2010 could
indicate an increasing trend in the prevalence of contact with
MTBC in this species in the study area. TB prevalence has
increased in wild boar from central and south-western Spain
during the last two decades [7,8,24], and TB is suggested to be
emerging in several regions of Spain [38].

In conclusion, the results obtained using reference sera showed
that the ELISA tests are potentially useful for the diagnosis and
large scale monitoring of TB infection in wild artiodactyls [27,40].
The use of ELISAs as large-scale screening tests in wildlife may be
highly recommended for assessing the prevalence, mechanisms of
transmission and to implement control measures. This simple and
inexpensive monitoring tool could contribute to screen wild
artiodactyls in other regions, notably in European countries with a
recent history of wildlife TB. The identification of effective tools
for TB diagnosis in wildlife is crucial for the success of the
eradication programs in livestock. The high TB seroprevalence
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Table 3. Results of the logistic regression model of risk factors associated to M. bovis seroprevalence in wild artiodactyl species in

Wild boar Red deer and Fallow deer
Variable Y P-value OR 95% CI Y P-value OR 95% CI
Age 1.670 >0.001 2.30 (1.53-3.49) 1.792 >0.001 5.46 (2.66-11.23)
Province 0.402 0.008 1.49 (1.12-2.01) o o
Year 1.082 >0.001 295 (1.64-5.31) - -

doi:10.1371/journal.pone.0034908.t003

found indicates that M. bovis is widespread among wild artiodactyl
populations in Andalusia, especially in the wild boar. The results
suggest that different species could act in the maintenance and
inter-specific transmission of TB in the study area, and should,
therefore, be included in eradication programs in Spain.

Materials and Methods

Ethics statement

This study did not involve purposeful killing of animals. Samples
from dead animals were collected from individuals legally hunted
during the hunting seasons. No ethical approval was deemed
necessary. Blood samples from captive Spanish ibexes were
collected in compliance with the Ethical Principles in Animal
Research in the Wildlife Breeding Centers, which depend on the
Autonomous Government of Andalusia. The collection of this
material did not require the approval of an ethics committee
because are considered among routine procedures and the samples
were collected and stored before the design of this study. Thus,
protocols, amendments and other resources were done according
to the guidelines approved by the Autonomous government of
Andalusia.

Field sampling

A total of 1367 samples from wild ungulates were collected in 46
hunting estates from Andalusia, (36°N to 38°60'N, 1°75'W to
7°25"W), southern Spain, between 2006 and 2010 (Figure 1).
Blood or pleural fluids from hunted free-ranging red deer
(n=>530), fallow deer (n=128), roe deer (n=>54), mouflon
(n=65), Spanish ibex (n=88) and wild boar (n=130) were
obtained from heart or thoracic cavity during the hunting season
(October to March). Blood samples (n = 372) from captive Spanish
ibexes were collected from the three different Breeding Centres of
Andalusia, where the animals were maintained in small fenced
areas. Samples were collected into sterile tubes without anticoag-
ulant and centrifuged at 400 g for 15 minutes. Serum or fluid
exudate samples were stored at —20°C until analysis.

Age was determined by tooth examination in wild boar, red
deer, fallow deer and mouflon, and by horn segment counts in
Spanish ibex [41]. The animals were classified into three age
groups: yearlings (<2 year old), juveniles (between 2 and 4 year
old) and adults (>4 year old).

Control sera

A total of 26 animals (18 wild boar, six red deer and two fallow
deer) which presented gross lesions compatible with bTB were
tested by mycobacterial isolation. Selected animals were sampled
in two different TB endemic areas of the Provinces of Cordoba
and Jaén (northern Andalusia) (Figure 1) during the study period.
Post-mortem examination of these animals revealed multifocal to
coalescing, granulomatous, caseous and calcified nodules of
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different diameters in lung, and submandibular, tracheobronchial,
mediastinal and mesenteric lymph nodes. TB-like lesions were
collected in sterile containers and stored at —80°C until
processing. A pool of sample homogenates was subjected to
specific mycobacterial culture using standard procedures. The
homogenates, previously decontaminated with 0.35% w/v hex-
adecylpyridinium chloride for 30 min, were cultured on Léw-
enstein-Jensen with pyruvate and Coletsos solid selective media
(Biomérieux, Madrid, Spain). Identification of MTBC from
suspected colonies was performed using a multiplex PCR
amplification of the fragments coding for rRNA 16 S and
MPB70 protein [42]. PCR was only performed on culture-positive
animals. M. bovis spoligotypes were identified using the standard-
ized membrane with 43 spacers as previously described [43].
Twenty-four out of 26 animals showed positive results by
mycobacterial culture. Serum from these naturally infected
animals (16 wild boar, six red deer and two fallow deer) were
included as positive controls. Because the positive and negative
animals by mycobacterial isolation were sampled during the
serosurvey in the study area, sera from these individuals were also
included to determine the seroprevalence against M. bovis.

The negative reference sera (n=56) used in the study were
obtained from 15 red deer, 15 fallow deer, 11 Spanish ibex and 15
wild boar from TB-free areas (areas where no M. bovis has been
isolated during the last decade) in different regions of Spain.
Negative reference sera were collected in previous studies by Dr.
Gortazar [27,30,44]. The selected animals showed negative results
to TB by both histopathology and mycobacterial isolation.

Serological analyses

Serum samples were tested for the presence of antibodies
against M. bovis by using two in-house enzyme linked assays
(ELISA) using the protocol previously described [17]. All sera
(n=1367) were analyzed by bPPD-ELISA. Dilutions of bPPD (CZ
Veterinaria, Porrifio, Spain) in carbonate/bicarbonate buffer at a
final concentration of 2 pg/ml were coated in Nunc-Multisorp ™
96-well plates (Nunc, Roskilde, Denmark) and incubated overnight
at 4°C. After blockade of 45 min at 37°C with PBS containing
0.05% Tween 20 (PBS-T20) with 0.5% casein, sera were diluted
1/200 in PBS-T20 with 1% casein and subsequently added in
duplicate and incubated 1 h at 37°C. After washing, a combina-
tion of Protein A and Protein G conjugated with peroxidase
(Sigma-Aldrich, Steinheim, Germany) was added at a final
concentration of 50 ng/ml and 100 ng/ml respectively.

In addition, a total of 1147 sera, including all positive bPPD-
ELISA and 1038 negative bPPD-ELISA sera were tested by
MPB83-ELISA. Unfortunately, 220 of the samples seronegative to
bPPD-ELISA could not be tested using MPB83-ELISA due to
limited sample volume. The antigen MPB83 (Lionex, Braunsch-
weig, Germany) was diluted in carbonate/bicarbonate at a final
concentration of 0.5 ug/ml and was coated in Nunc-Maxisorp ™
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96-well plates (Nunc, Roskilde, Denmark). Antigen-coated plates
were incubated overnight at 4°C. The plate blockade as well as
sera and conjugated-proteins dilutions were performed as
described above for bPPD-ELISA.

The reaction was revealed with soluble TMB (Sigma-Aldrich,
Steinheim, Germany) and stopped 20 minutes later with 0.5 M
H5SO,. The Optical Density at 450 nm (ODys50) was then read in
a plate-spectrophotometer. For each sample, the AODy;50 was
calculated as sample ODy50 minus background ODy;¢ (unspecific
absorbance in wells where antigen had not been added). A sample
was classified as positive when the AODys5q was higher than the
cut-off point, calculated as the mean of background ODy5¢+3 x
standard deviation. In the present study, positive samples to one of
the ELISAs were considered undetermined samples, and were
included as negative sera to determine the seroprevalence to bTB.
Therefore, a serum sample was considered seropositive to M. bovis
when showed positive results to both ELISAs or presented lesions
that were culture-positive to M. bovis.

Statistical analyses

Relative sensitivity (Se) and specificity (Sp) values were
calculated for bPPD-ELISA and MPB83-ELISA from the
reference sera. The optimal cut-off that resulted in the maximum
sum of the Se and Sp values were determined by receiver
operating characteristic (ROC) analysis. The Kappa value for the
agreement between ELISAs was calculated using the procedure
described by Kraemer (1982) [45].

Differences in ELISA performance between species (wild boar,
red deer, fallow deer, mouflon and Spanish ibex) were tested using
the Post-hoc Tukey test. Due to the absence of seropositivity in
Spanish ibex or to the limited number of roe deer and mouflon
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