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carrion consumers, and thus, prone to come in contact with disease agents 
contaminating the environment or infecting live or dead animals. We 
hypothesized that wild canids could be used as sentinels for the detection of 
regions with higher Mycobacterium avium paratuberculosis (MAP) prevalence 
in wild and domestic animals. To test this hypothesis, we set up an ELISA to 
test 262 wolf (Canis lupus) and fox (Vulpes vulpes) sera for MAP-specific 
antibodies and processed a subset of samples for culture (n = 61), MAP-
specific PCR (15) and histopathology (14). In wolves, the optical density (OD) 
values in the ELISA were continuously distributed. Ten fox sera (4%) had OD 
readings of over twice the mean, suggesting contact with mycobacteria. 
However, all samples tested by PCR were negative for both IS900 and 
ISMAP02 sequences, and samples cultured for MAP yielded no growth. No 
visible paratuberculosis or tuberculosis-compatible lesions were recorded. On 
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histopathological examination, no lesions compatible with mycobacterial 
diseases were observed. These results suggest that wild canids show little or 
no evidence of paratuberculosis and are unlikely to be useful sentinels for the 
detection of MAP in Southwestern Europe. 
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11 Abstract Wild carnivores are at the top of the trophic chain.
12 They are predators and carrion consumers, and thus, prone to
13 come in contact with disease agents contaminating the
14 environment or infecting live or dead animals. We hypothe-
15 sized that wild canids could be used as sentinels for the
16 detection of regions with higher Mycobacterium avium para-
17 tuberculosis (MAP) prevalence in wild and domestic animals.
18 To test this hypothesis, we set up an ELISA to test 262 wolf
19 (Canis lupus) and fox (Vulpes vulpes) sera for MAP-specific
20 antibodies and processed a subset of samples for culture (n=
21 61), MAP-specific PCR (15) and histopathology (14). In
22 wolves, the optical density (OD) values in the ELISA were
23 continuously distributed. Ten fox sera (4%) had OD readings
24 of over twice the mean, suggesting contact with mycobac-
25 teria. However, all samples tested by PCR were negative for

26both IS900 and ISMAP02 sequences, and samples cultured
27for MAP yielded no growth. No visible paratuberculosis or
28tuberculosis-compatible lesions were recorded. On histopath-
29ological examination, no lesions compatible with mycobac-
30terial diseases were observed. These results suggest that wild
31canids show little or no evidence of paratuberculosis and are
32unlikely to be useful sentinels for the detection of MAP in
33Southwestern Europe.

34Keywords Carnivore . Johne's disease .Mycobacterium
35avium paratuberculosis .Mycobacterium bovis . Wildlife
36sentinel

37Introduction

38Animals may serve as indicators of human health threats in the
39environment. Examples include the emergence of zoonotic
40diseases in wildlife populations, concurrent with a novel
41outbreak of disease in humans, such asWest Nile virus, SARS,
42and avian influenza (Scotch et al. 2009). Wild animals can
43also act as indicators of diseases circulating among domestic
44animals or other wildlife. For example, white-tailed deer
45(Odocoileus virginianus) have been used to detect Ana-
46plasma phagocytophilum (Rainwater et al. 2006) and
47Ehrlichia chaffeensis (Yabsley et al. 2003), and feral pigs
48(Sus scrofa) to detect bovine tuberculosis (Nugent et al.
492002). These indicator species are known as “sentinels”.
50Wild carnivores are at the top of the trophic chain. They are
51predators and carrion consumers, and thus, prone to come in
52contact with disease agents contaminating the environment or
53infecting live or dead animals (Anderson et al. 2007; Sobrino
54et al. 2007); therefore, they could act as sentinels. For
55example, sea otters (Enhydra lutris nereis) can act as
56sentinels to detect Toxoplasma gondii contamination in
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57 coastal environments (Conrad et al. 2005) and coyotes
58 (Canis latrans) have been used to detect Mycobacterium
59 bovis circulation in wildlife and domestic animals. In
60 Michigan, focusing surveillance on coyotes, rather than on
61 white-tailed deer increased the detection of M. bovis by 40%
62 (VerCauteren et al. 2008).
63 The Iberian Peninsula is one of the last strongholds of the
64 wolf (Canis lupus) in Europe, with an estimated population of
65 2,500 individuals, mainly in the north-west of the peninsula
66 (Blanco 1998). Wolves in Spain depend largely on domestic
67 and wild ungulates as a food source (Cuesta et al. 1991; Barja
68 2009). Red foxes (Vulpes vulpes) are ubiquitous, anthro-
69 pophilic generalists, with a species abundance ranging from
70 0.5 to 10 foxes per square kilometer (Gortázar 1997). They
71 are also a game species, which makes sample collection
72 relatively easy. In Spain, the fox behaves as a facultative
73 predator, feeding on rabbits (Oryctolagus cuniculus) when
74 they are abundant and shifting to other prey (including
75 carrion of wild and domestic ungulates) when rabbits are
76 scarce (Delibes-Mateos et al. 2008).
77 Paratuberculosis is chronic enteritis that mainly occurs in
78 wild and domestic ruminants, caused by Mycobacterium
79 avium paratuberculosis (MAP), a member of the Mycobac-
80 terium avium complex (Thorel et al. 1990). MAP also occurs
81 in many non-ruminant mammals and in several bird species.
82 However, the significance of MAP in non-ruminant wildlife
83 is largely unknown (Daniels et al. 2003). Among carnivores,
84 sporadic isolation of MAP has been reported in foxes,
85 Eurasian badgers (Meles meles), stoats (Mustela erminea),
86 and weasels (Mustela nivalis) in Scotland (Beard et al.
87 2001), and from a red fox in Greece (Florou et al. 2008). In
88 Spain, MAP is widespread among both domestic and wild
89 ruminants (Garrido 2001; Falconi et al. 2010) and has also
90 been recorded in wild rabbits (the authors, submitted).
91 Among red deer (Cervus elaphus), for instance, 30%
92 antibody prevalence was reported, and contact with cattle
93 was identified as a risk factor (Reyes-García et al. 2008).
94 Hence, the available information suggests that wild
95 carnivores could be useful in surveillance schemes for
96 mycobacteria, including MAP. We hypothesized that foxes
97 (and wolves to a lesser extent due to their limited
98 availability) could be used as sentinels to identify regions
99 with higher MAP prevalence among domestic and wild
100 ruminants. To test this hypothesis, we sampled wild canids
101 from Spain, set up an ELISA to test for MAP-specific
102 antibodies and processed a subset of samples for culture,
103 MAP-specific PCR, and histopathology.

104 Material and methods

105 In the period of 2004–2009, samples were collected from
106 24 wolf and 285 fox carcasses from different Spanish

107regions (Fig. 1). All animals had been legally obtained as
108road kills (wolves and foxes) or from hunters (foxes
109only), and were frozen at −20°C until necropsy. Age
110class, which was assigned as yearling (<1 year) or adult
111(>1 year) was determined by tooth eruption and the
112degree of tooth wear (Sáenz de Buruaga et al. 2001). Age
113or sex was not known for 36 foxes and 18 wolves. In the
114laboratory, carcasses were thawed and examined at
115necropsy for visible lesions. Separate, clean instruments
116were used for each animal to reduce the risk of cross-
117contamination. Serum samples were obtained by centri-
118fugation of thoracic blood and stored at −20°C until their
119analysis. Samples of ileocecal valve (ICV) and mesenteric
120lymph nodes (mLN) were transferred to clean containers
121and frozen in duplicate at −20°C until analysis. Table 1
122presents the number of samples processed for histopa-
123thology, ELISA, PCR and culture, respectively.
124The ELISA test to detect antibodies against MAP was
125performed adapting protocols reported previously for rumi-
126nants (Garrido 2001; Sevilla et al. 2007; Reyes-García et al.
1272008). Briefly, high adsorption capacity Costar polystyrene
128microtiter plates (Cultek, Madrid, Spain) were coated with
12950 μl/well of 0.02 mg/ml paratuberculosis protoplasmatic
130antigen 3 (PPA-3) diluted in carbonate/bicarbonate buffer
131(Sigma, Madrid, Spain). The serum samples were adsorbed
132(1:1, v/v) with a saline suspension of Mycobacterium phlei
133(5 g/l) (Allied Monitor, Inc., Fayette, MO, USA) and left at
1344°C overnight to remove nonspecific anti-Mycobacterium
135spp. antibodies (Milner et al. 1987). Thereafter, the plates
136were washed once with a washing solution (PBS containing
1370.05% Tween 20) and blocked with 200 μl/well of blocking
138solution (5% nonfat dried milk in PBS containing 0.05%
139Tween 20). After a 1-h incubation period at room temper-
140ature, sera diluted 1:20 (v/v) in PBS solution were added into
141wells of the antigen-coated plate. The plates were incubated
142at 37°C for 1 h, before being washed four times with the
143washing solution. Anti-dog IgG peroxidase antibody pro-
144duced in rabbits was used as conjugate (Sigma¸ 0.002 mg/ml
145in blocking solution) and incubated at 37°C for 1 h. After
146four washes with washing solution, 200 μl/well of substrate
147solution (Fast OPD, Sigma) were added. Approximately
14820 min later, the reaction was stopped with 50 μl/well of
149H2SO4 3N and optical density (OD) was measured in a
150spectrophotometer at 450 nm. Since no positive controls
151were available, we used 2×the mean OD as a conservative
152arbitrary cutoff (see Fig. 2).
153A modified version of the Adiapure ® kit (Adiagene,
154Saint Brieuc, France) was used for DNA extraction from
155tissue samples (ICV and mLN). A sample of 2.5 g was
156weighed in a Stomacher blending bag with filter and 10 ml
157of sterile water was added. After homogenization in a
158Stomacher lab blender, 300 μl of filtered liquid was
159transferred into 2-ml microcentrifuge tubes containing
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160 300 mg of glass beads. Then 300 μl of L1 buffer
161 (Adiapure) was added, and the tubes were shaken three
162 times at 4,000 rpm for 45 s in a Precess 48 homogenizer
163 (Biorad, Hemel Hempstead, Hertfordshire, UK). After
164 mechanical disruption, samples were centrifuged at
165 7,500 g for 5 min. We transferred 300 μl of supernatant
166 into a 1.5-ml microcentrifuge tube containing 20 μl of L2
167 reagent (Adiapure) and the mixture was incubated at 70°C
168 for 10 min. An additional incubation at 95°C for 15 min
169 was carried out. Samples were shortly centrifuged at full
170 speed to collect all the content at the bottom of the tube,
171 and 300 μl of this mixture was transferred into an F1 plate
172 (Adiapure) well. Subsequent steps were performed as
173 indicated by the manufacturer of the kit.
174 DNA extracts were used in a triplex real-time PCR
175 targeting IS900 (Herthnek et al. 2006) and ISMAP02
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Fig. 2 Distribution of OD values for red fox sera (n=239) and wolf
sera (n=23) in the antigen-adsorbed ELISA. Plates were coated with
PPA3. The solid line in the fox graph represents twice the mean OD,
showing that ten samples had ODs above this arbitrary cutoff

t1.1 Table 1 Number of red fox (Vulpes vulpes) and wolf (Canis lupus)
samples analyzed by each technique for the detection of MAP
antibodies by ELISA, MAP DNA by PCR, MAP growth in culture,
and paratuberculosis-compatible lesions by histopathology

t1.2 Samples tested

t1.3 Host species ELISA PCR Culture Histopathology

t1.4 Red fox 239 14 56 13

t1.5 Wolf 23 1 5 1

t1.6 Total 262 15 61 14

Fig. 1 Map of continental
Spain showing the sample size
by site and species (foxes,
Vulpes vulpes, in gray; and
wolves, Canis lupus, in white)
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176 sequences of MAP and an internal amplification control
177 (IAC) to rule out inhibition of the reaction (Sevilla et al.,
178 submitted). The 50-μl PCR mixture contained 5 μl of
179 template DNA, 1× TaqMan Universal MasterMix (Applied
180 Biosystems, CA), 0.4 μM (each) of primers co-amplifying
181 ISMAP02 and the IAC, 0.3 μM (each) of IS900 primers,
182 0.2 μM (each) of ISMAP02, IAC and IS900 probes and
183 2 μl of IAC template DNA (Sevilla et al., submitted).
184 Amplification was carried out in an Applied Biosystems
185 7500 Real-Time PCR System under the following standard
186 conditions: 1 cycle at 95°C for 10 min and 45 cycles with
187 two steps of 95°C for 15 s and 60°C for 1 min. The
188 performance of the PCR was monitored using a negative
189 and a positive DNA control (ATCC 19698 reference strain).
190 For each culture, 2 g of a pool of similar volumes of
191 ileocecal valve and mesenteric lymph node of each animal
192 were processed. Samples were homogenized and decon-
193 taminated with 38 ml of a solution (0.75%) of hexadecil-
194 piridinium chloride (HPC; Aduriz et al. 1995). Three drops
195 of the homogenate were inoculated on homemade Herrold's
196 Egg Yolk medium (HEYM) and Löwestein–Jensen medium
197 (LJ), both supplemented with mycobactin J (Allied Mon-
198 itor) and Middlebrook 7H11 supplemented with 1%
199 Middlebrook OADC Enrichment (Becton, Dickinson and
200 Company, MD, USA) (Sevilla et al. 2007). Tubes were
201 incubated at 37°C and inspected monthly. They were
202 considered negative if no bacterial growth was observed
203 after 20 weeks.
204 For histopathological studies, samples (retropharyngeal
205 and submandibular LN, lungs, heart, spleen, kidney, ICV,
206 and mLN) from 13 animals were fixed in 10% neutral
207 buffered formalin, dehydrated in graded ethanol solutions,
208 embedded in paraffin wax, sectioned at 4-μm thickness and
209 stained with H&E and Ziehl–Neelsen (ZN) for acid-fast
210 bacteria (AFB).

211 Results

212 Figure 2 presents the OD of all wild canid sera tested for
213 antibodies against PPA3. In wolves, the OD values in the
214 ELISAwere not discrete and were continuously distributed.
215 The mean OD for wolf sera was 0.39, and no OD was
216 higher than twice this value. In fox sera, the mean OD was
217 0.31 and 10 samples (4.18%) had OD readings of over
218 twice this mean. These included 9 of 156 sera from
219 Southern Spain and 1 of 119 from Northern Spain (Fisher's
220 test, p=0.032). The red fox sample with the highest
221 response had an OD of 1.03.
222 All samples tested by PCR were negative for both IS900
223 and ISMAP02 sequences, and all controls yielded the
224 expected result. Inhibition of the reaction was ruled out in
225 all assays by the positive signal observed for the IAC

226probe. Tissue samples cultured for MAP yielded no
227isolation, and no bacterial growth was observed.
228No visible paratuberculosis or bTB-compatible lesions
229were recorded during the necropsies. On histopathological
230examination, no lesions compatible with mycobacterial
231diseases were observed in the tissues studied. AFB was
232not demonstrated by ZN stain.

233Discussion

234Results reported herein led us to reject the initial hypothesis
235that wild canids could be used as paratuberculosis sentinels
236in a zone where the prevalence of paratuberculosis in wild
237ruminants is high (Reyes-García et al. 2008). This contrasts
238with data from Wisconsin (USA), where MAP-specific
239DNA was detected in a high proportion of scavenging
240mammals, including coyotes and red foxes (Anderson et al.
2412007).
242In the absence of PCR confirmation or MAP isolation by
243culture, the interpretation of ELISA results is difficult.
244Wolves were sampled in regions of Northern Spain with
245very low bTB prevalence in cattle and almost no wildlife
246TB (Gortázar et al. in press). No wolf serum yielded high
247ODs, suggesting no contact with MAP or cross-reacting
248mycobacteria. In the foxes, a few sera (4%) had relatively
249high ODs, suggesting some contact with mycobacteria.
250These occurred mainly in two bTB endemic areas of
251Southern Spain, suggesting that cross-reactions after con-
252tact with M. bovis could have influenced the ELISA results.
253Serological cross-reactions of M. bovis, and MAP have
254often been reported (e.g., Buddle et al. 2010). Alternatively,
255rabbits are more abundant in Southern Spain and consump-
256tion of MAP-infected rabbits could also explain the few
257antibody-positive fox sera.
258The absence of mycobacterial isolations was no
259surprise, considering the low sensitivity of this technique
260(Anderson et al. 2007). In contrast, the lack of PCR
261detection of MAP-specific DNA is interesting. The
262methods used for the carnivores in this survey have a
263high sensitivity (Herthnek et al. 2006). As was discussed
264earlier, both wolves and foxes include significant portions
265of wild ruminants and rabbits in their diet. Thus, exposure
266to MAP was expected but not confirmed. The contrast
267with the high-PCR positivity recorded among carnivores
268in Wisconsin (Anderson et al. 2007) may be explained by
269the small number of PCR-tested samples in the present
270study. Alternatively, it might be due to differences in
271specificity or sensitivity between the PCR protocols used.
272Since canids only rarely develop lesions when they have
273a generalized M. bovis infection (Millan et al. 2008), the
274lack of paratuberculosis and bTB-compatible lesions was
275not a surprising finding in this study. However, this lack of
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276 visible lesions in a large sample of wild canids, along with the
277 absence of microscopic lesions in the studied subsample, adds
278 to the view that wild canids play no relevant role in the
279 epidemiology of mycobacterial diseases in Southwestern
280 Europe. This finding, in addition to the absence of MAP
281 detection by culture and PCR, suggests that wild canids show
282 little or no evidence of paratuberculosis and are unlikely to be
283 useful sentinels for the detection of MAP in Southwestern
284 Europe. However, studies on other situations or even
285 experimental studies that would be needed before definitive
286 conclusions on the role of canids in MAP epidemiology can
287 be drawn.
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