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Persistence and molecular evolution of population from cattle and wildlife in Doñana National Park revealed by genotype variation
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One-hundred and sixty-three animals were found to be infected with Mycobacterium bovis, comprising 7.96% of the cattle and 20.53% of the wild animals tested.

Spoligotyping revealed nine patterns, being SB1232 and SB1230 the most prevalent (77.30% and 15.34% of infected animals, respectively). MIRU-VNTR analysis of a selected panel of 92 isolates showed eight different profiles, including several spoligotypes within the same MIRU-VNTR profile. The discriminatory capacity of both techniques in this panel was similar. The results obtained by combination of both techniques corroborate that wildlife species are infected with the M. bovis strains which are more prevalent in cattle and reveal their persistence. Genotype variation between isolates strongly suggests micro-evolutionary events in the M. bovis population in the same area. This study in the Doñana National Park exposes the risk of introduction of domestic animals into wildlife areas when there is not a warranty of disease freedom, appropriate diagnostic techniques and control measures. Tuberculosis in wildlife, caused mainly by Mycobacterium bovis, has been reported worldwide [START_REF] Livingstone | Avances en materia de diagnóstico, control y erradicación de la tuberculisis bovina (Mycobacterium bovis) en animales domésticos y salvajes[END_REF][START_REF] Bengis | Infectious animal diseases: the wildlife/livestock interface[END_REF]Corner, 2006). The first concern about involvement of feral animals was their role in tuberculosis transmission, limiting the effectiveness of eradication campaigns in cattle. For example, in the UK and the Republic of Ireland, maintenance of bovine tuberculosis has been attributed to the presence of infected badgers (Meles meles) [START_REF] Gallagher | Tuberculosis in badgers; a review of the disease and its significance for other animals[END_REF][START_REF] Carter | Culling-induced social perturbation in Eurasian badgers Meles meles and the management of TB in cattle: an analysis of a critical problem in applied ecology[END_REF], and in Michigan (USA) the re-emergence of tuberculosis in cattle is thought to have been due to a reservoir in white-tailed deer [START_REF] O'brien | Epidemiology of Mycobacterium bovis in free-ranging white-tailed deer, Michigan, USA, 1995-2000[END_REF]. On the other hand, this disease has an enormous impact on wildlife welfare and biodiversity conservation which has been disregarded frequently, and even threatens endangered and emblematic species [START_REF] Briones | Bovine tuberculosis and the endangered Iberian lynx[END_REF][START_REF] Michel | Wildlife tuberculosis in South African conservation areas: implications and challenges[END_REF]. Moreover, tuberculosis is also a zoonotic disease that can be transmitted by aerosols, skin abrasions or consumption of uncooked products (Winters et al., 2005;Evans et al., 2007).

In Spain, recent studies support the role of artiodactyls as wild hosts of tuberculosis. Red deer (Cervus elaphus), fallow deer (Dama dama) and the European wild boar (Sus scrofa) are game species with the highest densities in the Iberian Peninsula that have been found to be infected with M. bovis (Aranaz et al., 2004a;[START_REF] Parra | An epidemiological evaluation of Mycobacterium bovis infections in wild game animals of the Spanish Mediterranean ecosystem[END_REF]Vicente et al., 2006;[START_REF] Martín-Hernando | Lesions associated with Mycobacterium tuberculosis complex infection in the European wild boar[END_REF][START_REF] Naranjo | Evidence of the role of European wild boar as a reservoir of Mycobacterium tuberculosis complex[END_REF].

Molecular epidemiology tools can provide a valuable insight into the importance of different hosts in the maintenance and spread of the infection although the information obtained cannot indicate a route of transmission. Mycobacterial Interspersed Repetitive Units-Variable Number Tandem Repeats (MIRU-VNTR) have been proposed as an alternative [START_REF] Skuce | Discrimination of[END_REF][START_REF] Allix | Evaluation of the epidemiological relevance of Variable-Number Tandem-Repeat genotyping of Mycobacterium bovis and comparison of the method with IS6110 Restriction Fragment Length Polymorphism analysis and spoligotyping[END_REF] to the spoligotyping method [START_REF] Kamerbeek | Simultaneous detection and strain differentiation of Mycobacterium tuberculosis for diagnosis and epidemiology[END_REF] because the latter has low et al., 1998;[START_REF] Skuce | Discrimination of Mycobacterium tuberculosis complex bacteria using novel VNTR-PCR targets[END_REF]. However MIRU-VNTR analysis is not yet standardized in M. bovis and allelic diversity can vary among countries.

The aim of this report was to study the epidemiology of M. bovis in livestock and wild animals in the Doñana National Park. We used spoligotyping and MIRU-VNTR typing in order to compare their efficiency to discriminate between M. bovis isolates and to gain an insight into its route of transmission between wild and domestic animals within a restricted closed geographical area over a long period of time.
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Materials and methods

Sample collection

This study was performed in the Doñana National Park, located in western Andalucía (south of Spain) (http://whc.unesco.org/en/list/685). During 1998During -2003, , samples from 1209 animals were collected in the National Park (Table 1) Carnivores were found dead or terminally ill.

Necropsies were performed by veterinarians in the field on wild animals and in the slaughterhouse on cattle. Whenever possible, samples consisted of retropharyngeal/mandibular, mediastinal/bronchial, portal and mesenteric lymph nodes, lung and liver that were collected at the post mortem examination. A minor group of these samples (n=136) have been included in a preliminary study (Aranaz et al., 2004a).

Bacteriology

A pool of tissues from each animal were homogenized with sterile distilled water and decontaminated with 0.35% hexadecylpyridinium chloride for 30 min (Corner and Trajstman, 1988), centrifuged at 3,500 rpm (1,068 x g) for 30 min and cultured onto Colestos and 0.2% (wt/vol) pyruvate-enriched Löwenstein-Jensen media (Wilton and Cousins, 1992).

Spoligotyping

The M. bovis isolates were characterised by spoligotyping as described [START_REF] Kamerbeek | Simultaneous detection and strain differentiation of Mycobacterium tuberculosis for diagnosis and epidemiology[END_REF]. The amplified product was detected by hybridization of the biotin-labelled PCR product onto spoligotyping membrane (Isogen Bioscience BV, Maarssen, The Netherlands). Purified sterile water and a clinical isolate of M. tuberculosis and M. bovis were included as controls in each batch of tests. The patterns were allocated a number in the M. bovis spoligotyping database. The results were recorded in SB (spoligotype bovis) code, followed by a field of 4 digits as defined on the Mycobacterium bovis Spoligotype Database website (www.mbovis.org).

MIRU-VNTR typing

A representative collection of the isolates (n=92) was subjected to MIRU-VNTR analysis (Table 2). The panel included all isolates (n=12) of the low-frequency spoligotyping patterns, and a selection of isolates (n=80) of the high prevalent spoligotyping patterns which had been isolated throughout the years of the study. The analysis was carried out as described [START_REF] Roring | Development of variable-number tandem repeat typing of Mycobacterium bovis: comparison of results with those obtained by using existing exact tandem repeats and spoligotyping[END_REF], and primers previously reported were used to amplify the ETR-A and ETR-B loci (formally VNTR 2165 and VNTR2461) (Frothingham and Meeker-O'Connell, 1998), MIRU 4 and 40 (VNTR 580 and VNTR 802) (Supply et al., 2000) and QUB 3232, QUB 11a, QUB 11b, QUB 26 (VNTR 3232, VNTR 2163a, VNTR 2163b and VNTR 4052) [START_REF] Roring | Development of variable-number tandem repeat typing of Mycobacterium bovis: comparison of results with those obtained by using existing exact tandem repeats and spoligotyping[END_REF][START_REF] Skuce | Discrimination of Mycobacterium tuberculosis complex bacteria using novel VNTR-PCR targets[END_REF] using the recommended PCR conditions. Amplicon sizes were estimated by electrophoresis on a 2.5% agarose gel at 45V during 2h, using 100 bp A c c e p t e d M a n u s c r i p t 7 ladder (Biotools B&M Labs, Madrid, Spain) and the number of repeats was calculated (Frothingham and Meeker-O'Connell, 1998;[START_REF] Roring | Development of variable-number tandem repeat typing of Mycobacterium bovis: comparison of results with those obtained by using existing exact tandem repeats and spoligotyping[END_REF][START_REF] Skuce | Discrimination of Mycobacterium tuberculosis complex bacteria using novel VNTR-PCR targets[END_REF][START_REF] Allix | Evaluation of the epidemiological relevance of Variable-Number Tandem-Repeat genotyping of Mycobacterium bovis and comparison of the method with IS6110 Restriction Fragment Length Polymorphism analysis and spoligotyping[END_REF][START_REF] Allix | Evaluation of the epidemiological relevance of Variable-Number Tandem-Repeat genotyping of Mycobacterium bovis and comparison of the method with IS6110 Restriction Fragment Length Polymorphism analysis and spoligotyping[END_REF].

Discriminatory power

The discriminatory power, measured as the allelic diversity of MIRU-VNTRs (individually and in combinations), was calculated using the following equation: h = 1 -

∑ x i 2 [n / (n-1)],
where n is the number of isolates and x i the frequency of the ith allele at the locus. We used the website application http://insilico.ehu.es to calculate this parameter.
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Bacteriology

From the samples collected in the Doñana National Park from 1209 domestic and wild animals, we isolated Mycobacterium spp. from 213 animals: 163 isolates were identified as members of the M. tuberculosis complex and 50 isolates were atypical mycobacteria (Table 1). Fifty-four out of 678 cattle (7.96%) and 109 out of 531 wild animals (20.53%) were found to be infected by M. tuberculosis complex isolates.

Spoligotyping

The 163 isolates belonging to M. tuberculosis complex were characterized by spolygotyping and were identified as M. bovis because of the absence of the spacers 3, 9, 16 and 39 to 43. They were classified into nine spoligotyping patterns (SB0120, SB0134, SB0295, SB0822, SB0950, SB1230, SB1232, SB1233, SB1234) (Table 1).

The most prevalent spoligotype (SB1232) was found in 126 infected animals (77.30%), and the second spoligotype in prevalence was SB1230, including 25 infected animals (15.34%). Both were detected all throughout the time span of this survey, without substantial variation regarding frequency. The other profiles were isolated from significantly fewer animals. The discriminatory capacity of spoligotyping was h = 0.38.

The spoligotypes SB0950, SB1230 and SB1232 were shared between domestic and wildlife animals (red deer, fallow deer, wild boar, Iberian lynx and fox). On the other hand, the spoligotypes SB0120, SB0134, SB0822, SB1233, and SB1234 were found only in M. bovis isolates from cattle.

MIRU-VNTR analysis

The selected panel of the isolates (n=92) was characterised by the eight loci MIRU-VNTR analysis (Tables 2 and3). The discriminatory capacity of spoligotyping in this panel was h = 0.51. The MIRU-VNTR loci classified the isolates in eight The ability of VNTR typing to distinguish among the M. bovis field isolates was marginally improved by combining all MIRU-VNTRs (h = 0.46). This allelic diversity was similar to those obtained only with QUB 3232 or ETR-A (h = 0.40 and h = 0.42, respectively). The level of discrimination was further improved at 11 different allelic profiles when spoligotyping was included in combination with ETR-A, QUB 11b and MIRU 4 (h = 0.50). The addition of results of the other loci did not increase the discriminatory power (Table 3).

Additionally, the MIRU-VNTR analysis of M. bovis isolates of spoligotype SB0950, obtained from one cow and a wild boar, showed two PCR amplification bands in six of the loci. These double bands corresponded to those obtained for isolates belonging to spoligotype SB1232 and SB1230 (Table 2). For that reason, both SB0950

isolates were excluded to calculate the discriminatory index.

Moreover, the MIRU-VNTR allelic profile among the isolates with the spoligotyping patterns SB0822, SB1232 and SB1233 was identical (MIRU-VNTR profile 6-4-5-4-11-4-3-2). It also occurred in the case of isolates with spoligotypes SB0134 (one of the isolates) and SB1234 (MIRU-VNTR profile 5-3-5-5-10-3-3-2). On the other hand, the MIRU-VNTR technique distinguished among isolates that belong to spoligotypes SB0134, SB1232 and SB0822 into two MIRU-VNTR subtypes; these We hypothesize that M. bovis isolates have undergone microevolutionary steps.

Thus, 64 out of 66 isolates with the patterns SB0822, SB1232 and SB1233 showed the same MIRU-VNTR allelic profile (6-4-5-4-11-4-3-2). The presence of spacers in their patterns would be compatible with one-step microevolution (SB0822  SB1232  SB1233) based on the loss of a single spacer or a group of contiguous spacers. The original SB0822 may have derived from one isolate of spoligotype SB0120, which contains all spacers described for M. bovis and is a widespread pattern in Spain. In a similar way, SB0134 and SB1234 differed among them on a single deletion event of the spacers 32-35; by MIRU-VNTR analysis differed only on the QUB 11b. However, the relationship between the SB0295 and SB1230, which vary in the presence of spacers 8-13 and the MIRU 4, is not clear because the Iberian lynx infected with M. bovis pattern SB0295 (not found in other animal species) had been translocated from Sierra Morena (south-east Spain). Therefore we postulated that these are examples of the appearance of new strains that diverged from pre-existing clones, which have lost spacers (van Embden et al., 2000;Smith et al., 2003;Aranaz et al., 2004b).

An exceptional case was the pattern SB0950. The MIRU-VNTR profile of these et al., 2003). In our setting, the presence of mixed infections is coherent with likelihood of infection with prevalent

clones. An infection with multiple strains may be difficult to detect and the combined use of MIRU-VNTR analysis could be an affordable tool to discriminate mixed strains.

Regarding the overall performance of the typing techniques used in this study, both spoligotyping and MIRU-VNTR analysis displayed similar discriminatory capacity.

The diversity of spoligotyping profiles in this area is similar to that found in Spain, however the discriminatory power (h = 0.38) is lower than that found at Spanish level (S. Rodriguez, personal communication). To our knowledge, the most frequent spoligotype (SB1232) has not been described in other countries so far, and SB1230 is restricted to the Iberian Peninsula (Duarte et al., 2008). In Spain, both M. bovis patterns are restricted to this geographical area.

In the panel of 92 isolates, spoligotyping and MIRU-VNTR techniques offered almost the same usefulness regarding number of allelic variants and discrimination power. However, there are differences in the performance of each locus. According to our results, loci QUB3232 and ETR-A match the main clusters defined by spoligotyping;

while a combination of these loci with others with a lower allelic diversity allowed us to obtain a high discrimination. Currently, there is not a definitive international consensus on the best combination of markers. Despite the restricted geographical origin of these isolates, our results could be taken into account for the standardisation of the technique.

Molecular characterisation techniques helped us to track epidemiological links

A c c e p t e d M a n u s c r i p t 13 among M. bovis isolated from livestock and wild animals. Extensive-management stockbreeding was introduced in the Park to achieve a sustainable agriculture in an attempt to make better use of land resources. In the 90's, there was a continuous increase in livestock in the Park as a result of agricultural subsidies. We have no clinical samples of feral animals prior to this increase; but the information derived from field necrospies on wild animals revealed no cases of tuberculosis (C. Sánchez, unpublished data). Therefore, it is likely that cattle infected with bovine tuberculosis, misdiagnosed in the eradication campaigns, introduced the disease within the wildlife population. Our findings do not determine the direction and frequency of the transmission between livestock and wildlife, as it could happen frequently or it could have happened only occasionally with a subsequent transmission among wildlife. The high prevalence of the patterns shared between domestic and wildlife could be enhanced by the nature of the ecosystems. In this area there are strong seasonal differences in the availability of food and water supplies which force animal aggregation at these resources. This transmission could also be favoured by the over-density of some species and lack of hunting.

This study in the Doñana National Park exposes the risk of introduction of domestic animals into wildlife areas when there is not a warranty of disease freedom, and there is a lack of appropriate diagnostic techniques and control measures.

Unfortunately, this situation is not new and other examples can be found worldwide, not only about tuberculosis, i.e. transmission from cattle to buffalo (Syncerus caffer) and then to other species in the Kruger National Park [START_REF] Michel | Wildlife tuberculosis in South African conservation areas: implications and challenges[END_REF], but also related to other infectious diseases, such as brucellosis in the Yellowstone National Park (Dobson and Meagher, 1996). We also highlight the effect of tuberculosis on species at risk of extinction such as the Iberian lynx. The high rate of infection in artiodactyla (mainly fallow deer) that are preyed on by lynxes may affect the survival of this wild A c c e p t e d M a n u s c r i p t 14 felid in this area [START_REF] Briones | Bovine tuberculosis and the endangered Iberian lynx[END_REF]. Moreover, many of the infections shared between livestock and wildlife are zoonoses (Daszak et al., 2000;[START_REF] Kruse | Wildlife as source of zoonotic infections[END_REF].

The essential decision now is to focus the efforts to slow the progress of the epidemic. Nowadays, culling is the only feasible option to control tuberculosis in wildlife, but this raises ethical questions balanced against economic considerations and wildlife conservation [START_REF] Littin | Strategic animal welfare issues: ethical and animal welfare issues arising from the killing of wildlife for disease control and environmental reasons[END_REF][START_REF] Mccallum | Reflecting on ethical and legal issues in wildlife disease[END_REF]; furthermore, results are unpredictable [START_REF] Carter | Culling-induced social perturbation in Eurasian badgers Meles meles and the management of TB in cattle: an analysis of a critical problem in applied ecology[END_REF][START_REF] Martín-Hernando | Lesions associated with Mycobacterium tuberculosis complex infection in the European wild boar[END_REF].

Conclusion

Spoligotyping and MIRU-VNTR analysis provides further evidence of the transmission of M. bovis population between cattle and wildlife species (artiodactyla and carnivores) sharing an ecosystem. This M. bovis population is persistent and undergoes micro-evolutionary steps over long period of time. The likelihood of interspecies pathogen transmission should be considered before introducing animals in areas that must be preserved from infectious diseases that have detrimental effects in both livestock and wildlife. A minor group of these samples was included in a previous report (Aranaz et al., 2004a).

Spoligotype as defined in the M. bovis Spoligotype Database website (www.mbovis.org).
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2 Spoligotype code followed in the M. bovis collection at the UCM.

3 Spoligotype as defined in the M. bovis Spoligotype Database website (www.mbovis.org).

  wildlife in tuberculosis epidemiology is being widely studied since it can affect the effectiveness of eradication campaigns in cattle. The health problem is enhanced when it concerns also wildlife welfare and biodiversity conservation. This study was performed to understand the epidemiology of M. bovis population affecting livestock and wild animals in the Doñana National Park using bacteriology and molecular characterisation techniques. Tuberculosis research was performed on 1209 cattle and wild animals (artiodactyla and carnivore) collected over six years in the Park.
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  , comprising domestic cattle (Bos taurus) (n=678) and wild animals (n=531) [red deer (Cervus elaphus) (n=168), fallow deer (Dama dama) (n=134), wild boar (Sus scrofa) (n=214), Iberian lynx (Lynx pardinus) (n=10), and fox (Vulpes vulpes) (n=5)]. Cattle in this study were animals that used to graze in the Park. They were slaughtered in the 2002-2003 period, as part of tuberculosis surveillance coupled to massive reduction of the excessive number of grazing animals for conservational reasons. Wild animals were captured, necropsied and sampled during the health monitoring programme routinely developed at the Park from 1988 that considerably increased from 2001 to 2003. Wild artiodactyla were randomly hunted by the staff of the Park by active surveillance.

  and Biomedics, Madrid, Spain) at 37ºC. Isolates were identified as M. tuberculosis complex by staining for acid-alcohol fastness, colony morphology and PCR amplification of Mycobacterium genus-specific 16S rRNA fragment and MPB70

  The discriminatory power of the eight individual loci differed greatly, with allelic diversity ranking from 0.02 to 0.42 (

  a single copy at QUB 11b, ETR-A and MIRU 4 and 40, respectively.M. bovis isolates with the same spoligotyping pattern and MIRU-VNTR profile(SB1232, 6-4-5-4-11-4-3-2 and SB1230, 7-6-4-5-11-2-0-2) were shared by cattle and wild animals, including artiodactyla and carnivore. tuberculosis in a population of wild animals may interfere with the eradication scheme of bovine tuberculosis and raises problems of wildlife management and public health. In this study we used molecular techniques to analyse the M. bovis population isolated from livestock and wild animals from the Doñana National Park. The combination of spoligotyping and MIRU-VNTR analysis corroborates that wildlife (artiodactyla, carnivores) is infected with the M. bovis strains which are more prevalent in cattle (SB1230 and SB1232) and are maintained in the same area over time.

  sum of those obtained with the SB1232 and SB1230 patterns, recognising two strains whose overlapping patterns were classified as the SB0950 spoligotype. To our knowledge, this is the first description of co-infection by M. bovis in animals. Mixed infection is rarely considered in humans, and has been associated to high overexposure to tuberculosis (García de Viedma
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 3 . The six loci with the highest discriminatory power (h ≥ 0.2) for this local M. bovis panel were QUB 3232, ETR-A, ETR-B, QUB 26, QUB 11b and MIRU 4 whilst the QUB 11a and MIRU 40 loci displayed very few allelic diversity. The VNTR technique was not able to type one of the 92 isolates at the ETR-A, ETR-B, QUB 26, QUB 11a and QUB 11b so this isolate was not taken into account to calculate the discriminatory index at the individual locus.
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a SB0950 (mixed infection) has been excluded from analysis except when indicated.

b The isolate with the pattern SB0822 which yielded no band at these loci was excluded from the analysis.