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Spoligotype diversity of Mycobacterium bovis and Mycobacterium caprae animal isolates
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The genetic diversity of 283 Mycobacterium bovis (M. bovis) and 10 Mycobacterium caprae (M. caprae) strains , isolated between 2002 and 2007 from cattle, goat, red deer and wild boar from six different geographical regions of Portugal was investigated by spoligotyping. The technique showed a good discriminatory power (Hunter-Gaston Index, h=0.9) for the strains, revealing 29 different patterns. One pattern (SB0121) was clearly predominant, accounting for 26.3% of the isolates; ten patterns, representing 20.7% of the isolates, had never been reported previously. Multiple spoligotypes were detected in thirteen cattle and one goat herd, most of which were found in beef cattle and extensive management regions, suggesting different infection sources. With the exception of two spoligotypes, those in wildlife species were also found in domestic species.

Introduction

Bovine tuberculosis (bTB) is mainly caused by Mycobacterium bovis (M. bovis), but

Mycobacterium caprae (M. caprae) has also been isolated from suspect tuberculous lesions. During the last decade, the incidence of bTB has been low in Portugal varying  Corresponding author. Tel: +351 21 7115339, ana.botelho@lniv.min-agricultura.pt 1 Current address: Veterinary Sciences Centre, University College Dublin Belfield, Dublin 4, Ireland A c c e p t e d M a n u s c r i p t 2 between 0.04% and 0.13% from 1995 to 2006 with a peak in 2003. In 2006 the estimated herd prevalence was 0.18% and animal incidence 0.05%. The most infected area was the Alentejo where 68.4%of animals were positive [START_REF] Anonymous | Direcção Geral de Veterinária, Ministério da Agricultura e Pescas[END_REF]. A National Eradication Programme for bovine tuberculosis has been in operation since 1987 and is presently based on systematic tuberculin testing and slaughter with bacteriological diagnosis carried out at the National Reference Laboratory (NRL-LNIV) and permanent abattoir surveillance. Despite this, bovine tuberculosis remains a major concern since no effective eradication has been achieved yet and sporadic outbreaks occur in some regions of Portugal with no evident epidemiological explanation. The possible role of wildlife reservoirs in the maintenance and reintroduction of bTB in certain herds has not been studied.

Spoligotyping has been considered a first line molecular typing method for M. bovis since it is PCR based, reproducible and less labour intensive than other fingerprinting techniques [START_REF] Kamerbeek | Simultaneous detection and strain differentiation of Mycobacterium tuberculosis for diagnosis and epidemiology[END_REF][START_REF] Kremer | Comparison of methods based on different molecular epidemiological markers for typing of Mycobacterium tuberculosis complex strains: Interlaboratory study of discriminatory power and reproducibility[END_REF]. It also has the benefit of overcoming the limited discriminatory power of Restriction Fragment Length Polymorphism Analysis (RFLP) analysis of IS6110 (IS6110-RFLP) for microorganisms, such as M. bovis which have low IS6110 copies [START_REF] Cousins | Evaluation of Four DNA Typing Techniques in Epidemiological Investigations of Bovine Tuberculosis[END_REF]. Furthermore, the results of spoligotyping can be promptly compared between laboratories as international databases (http://www.mbovis.org and http://www.pasteurguadeloupe.fr/tb) are available.

In this study spoligotyping was used to produce genotyping data of M. bovis and M.

caprae isolates from several animal species in different geographical regions of Portugal for the first time. The main aims were to examine the genetic diversity of these isolates, and to better understand the population structure of M. bovis, which will provide the basis for further studies on the transmission of bTB contributing for the improvement of the ongoing eradication program.

Materials and methods

A c c e p t e d M a n u s c r i p t Embden et al., 2000). The DR region is amplified by PCR with a biotin labelled primer and the presence or absence of 43 spacer sequences is evaluated by hybridization to immobilized oligonucleotides on a membrane.

Forty three spacer oligonucleotides (Van Embden et al., 2000), synthesized with a 5' terminal amino group, were covalently linked to a negatively charged Biodyne C membrane (Pall Corporation, USA) according to [START_REF] Kamerbeek | Simultaneous detection and strain differentiation of Mycobacterium tuberculosis for diagnosis and epidemiology[END_REF]. PCR targeting the DR region and hybridization of PCR products was performed according to the same authors with the following changes: the hybridization time was increased to 90 minutes and membranes were reused after three washes at 80 ºC in 5% SDS. M.

tuberculosis H37Ra-ATCC 25177 and M. bovis ATCC 19015 reference strains were used as controls in each hybridization assay.

Data analysis
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For each isolate, the presence or absence of each of the 43 oligonucleotides was recorded as 1 (presence) or 0 (absence) in an Excel file. The obtained patterns (a series of 43 digit binary numbers) were compared with the database patterns (www.mbovis.org). As each herd rather than each animal is considered an epidemiological unit, and to avoid bias from the different number of isolates supplied per herd, spoligotypes frequencies and discriminatory index [START_REF] Hunter | Numerical index of the discriminatory ability of typing systems: an application of Simpson's index of diversity[END_REF] were calculated considering only one isolate for each particular spoligotype in an outbreak.

Results

Isolates identification

From 293 Mycobacterium isolates cattle (n=258), goats (n= 8), red deer (n=21) and wild boar (n= 6), 283 were identified as M. bovis (256 from cattle, one from a goat, 21 from deer, and 5 from a wild boar) and ten as M. caprae (7 from goats, 2 from cattle and one from a wild boar) by PCR-REA based on gyr B gene.

Global spoligotype patterns diversity

In 293 Mycobacteria isolates, 29 different spoligotype patterns were identified (Table 1), 28 for M. bovis strains and one for M. caprae strains, indicating a good discrimination power of this method (Hunter-Gaston index, h=0.9). All the patterns presented the typical M. bovis (absence of spacers 3, 9, 16 and 39 to 43) and M.

caprae (absence of spacers 1, 3-16, 28, 30-33 and 39-43) spoligotype signatures (Table 1). 

Spoligotype diversity within herds

Most (91.6%) of the outbreaks within the 133 herd studied presented a sole spoligotype, but for 14 outbreaks (8.4%) more than one spoligotype was found.

Spoligotypes SB0140, SB1172, SB1174, SB0122, SB0130, SB0848, SB0833, SB1173, SB1175, SB1091, SB0867, SB0332, SB1093 and SB1267 (Table 1) were exclusively found in single-spoligotype outbreaks; while SB0121, SB0119, SB0886, SB1095, SB0295, SB0124, SB0120, SB0265, SB1090, SB1167, SB1230, SB1191, SB0849, SB0334 and SB0157 (Table 1) were also found in multi-genotype outbreaks. With the exception of TM and BL regions, these multi-genotype outbreaks were recorded in herds from every region, with a predominance in AL and RO.

From the available data, no cattle movements between herds were traced in 101 out of 258 animals (45.7%). For the remaining animals, 31.7% of the inter-herd movements were made within the same geographical region, and 21.3% between neighbouring regions. Ten infected animals had been imported from France, Spain, Netherlands and Denmark but no inter-herd movement was recorded for those animals before slaughter.

Spoligotypes from different hosts

Regarding pattern distribution in different animal species, with the exception of two M.

bovis isolates from red deer (SB1091 and SB1267 patterns), wildlife and domestic species shared the same patterns (Figure 1). Shared patterns between wildlife and domestic animals within the same region were recorded in AL and BI regions for spoligotypes SB0121, SB0119, SB0120, SB0265 and SB0122, and in two neighbouring regions for spoligotype SB1174.
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Discussion

The molecular typing results presented in this study are the first reported in Portuguese M. bovis and M. caprae animal isolates. The diversity of sub-types found (29) proves that spoligotyping is a valuable tool for epidemiological purposes (h= 0.9). This high diversity could be a reflection of the low bTB prevalence in Portugal that leads to constricted ongoing transmission of the same or similar sub-types. Although it has been suggested that test and slaughter policies can reduce strain diversity favouring clonal expansion as a result of a bovine population bottleneck [START_REF] Smith | Bottlenecks and broomsticks: the molecular evolution of Mycobacterium bovis[END_REF], this

does not seem to be the case of in Portugal. A possible explanation could be the absence in Portugal of major cattle epidemics resulting in extensive animal slaughter.

The two most common patterns, SB0121 and SB0119, differ by a single spacer and together account for 35.7% of the spoligotypes found. These spoligotypes could represent strains with selective genetic advantages such as increased pathogenesis, transmissibility or poor immunologicity that would escape detection by conventional serological or skin tests (Van Embden et al., 2000;[START_REF] Skuce | Molecular epidemiology of Mycobacterium bovis: exploiting molecular data[END_REF].

The most common spoligotype, SB0121 (26.4%), which is also highly frequent in Spain [START_REF] Aranaz | Spacer oligonucleotide typing of Mycobacterium bovis strains from cattle and other animals: a tool for studying epidemiology of tuberculosis[END_REF][START_REF] Javed | Improvement of spoligotyping with additional spacer sequences for characterization of Mycobacterium bovis and M. caprae isolates from Spain[END_REF], has a considerable geographic spread as it is present in all Portuguese regions where bTB exists. MIRU-VNTR typing results of Portuguese SB0121 strains showed that it represents a more heterogeneous group than other spoligotypes (unpublished data).

Interestingly pattern SB0140 (4.7%) is the predominant spoligotype in the UK and Ireland [START_REF] Smith | Bottlenecks and broomsticks: the molecular evolution of Mycobacterium bovis[END_REF]), but has not been reported in any other European country.

An explanation for this epidemiological link between Portugal and the British Isles is clearly the regular cattle trading, that occurred until the Bovine Spongiform Encephalopathy (BSE) embargo in 1996. Although uncommon, homoplasy, i.e.

convergence of different families of strains into the same spoligotype (Warren et al., 2002), can also be an explanation for this occurrence. Whether Portuguese and British SB0140 strains belong to the same lineage is not presently known.

A c c e p t e d M a n u s c r i p t 8 Spoligotype SB0120, representing the BCG-like strains, is the most frequent pattern in France [START_REF] Haddad | Spoligotype diversity of Mycobacterium bovis strains isolated in France from 1979 to 2000[END_REF] and the second most frequent from cattle in Spain [START_REF] Aranaz | Spacer oligonucleotide typing of Mycobacterium bovis strains from cattle and other animals: a tool for studying epidemiology of tuberculosis[END_REF] but is infrequent in Portugal (3.76%). A decreasing frequency of this pattern should be expected, since its few spacer deletions make it the probable ancestral spoligotype [START_REF] Haddad | Spoligotype diversity of Mycobacterium bovis strains isolated in France from 1979 to 2000[END_REF][START_REF] Smith | Bottlenecks and broomsticks: the molecular evolution of Mycobacterium bovis[END_REF].

Except for the very infrequent patterns (less than two isolates), newly described patterns were present in more than one region. This wide geographical distribution cannot be explained by cattle movements as most of the animals (73%) showed either no inter-herd movements or that occurred between herds from the same geographical region. These spoligotypes could have evolved by deletion events and became established in Portugal before herd classification and the establishment of strict movement control policies.

More than one spoligotype was found in 14 separate outbreaks, clearly indicating independent sources of infection. Outbreaks involving multiple genotypes have been found in both high and low prevalence settings [START_REF] Costello | Study of Restriction Fragment Length Polymorphism Analysis and Spoligotyping for Epidemiological Investigation of Mycobacterium bovis Infection[END_REF][START_REF] Michel | High Mycobacterium bovis genetic diversity in a low prevalence setting[END_REF]. In the present study, herds with multiple spoligotypes were located in regions where beef cattle herds predominate (AL and RO regions). Beef cattle herds, comprising fattening animals from different origins, are large, and characterised by having high animal movements and replacement rates. These are known to be major risk factors for inter herd bTB transmission [START_REF] Phillips | The transmission of Mycobacterium bovis infection to cattle[END_REF] and statistically linked to a increased risk of bTB infection in Portuguese herds (Almeida et al., 2006.

"Agregados geográficos de tuberculose bovina na DRAAL", communication at the Portuguese Society of Veterinary Epidemiology Meeting). Furthermore, beef cattle herds have extensive management practices and grazing areas can overlap wildlife habitats, leading to possible inter-species transmission. Altogether, these features probably make multi-genotype infections more likely in these regions.
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Although the number of M. caprae isolates was low (10) they were remarkably homogeneous with only one spoligotype found in different regions. This spoligotype has already been reported in Spain [START_REF] Aranaz | Spacer oligonucleotide typing of Mycobacterium bovis strains from cattle and other animals: a tool for studying epidemiology of tuberculosis[END_REF]. Further spoligotyping of Portuguese M. caprae isolates will confirm the need for an additional set of oligonucleotides spacers in order to enhance discrimination, as recently suggested [START_REF] Javed | Improvement of spoligotyping with additional spacer sequences for characterization of Mycobacterium bovis and M. caprae isolates from Spain[END_REF]. M. caprae was not exclusively isolated in goats, but also in cattle and boar. Although this species is adapted to goats, there have been several reports of transmission to other animals [START_REF] Prodinger | Infection of Red Deer, Cattle, and Humans with Mycobacterium bovis subsp. caprae in Western Austria[END_REF][START_REF] Pate | Outbreak of Tuberculosis Caused by Mycobacterium caprae in a Zoological Garden[END_REF] and to humans [START_REF] Gutierrez | Identification by spoligotyping of a caprine genotype in Mycobacterium bovis strains causing human tuberculosis[END_REF][START_REF] Prodinger | Infection of Red Deer, Cattle, and Humans with Mycobacterium bovis subsp. caprae in Western Austria[END_REF][START_REF] Kubica | Mycobacterium bovis subsp. caprae caused one-third of human M. bovis-associated tuberculosis cases reported in Germany between 1999 and 2001[END_REF].

Except for two newly described spoligotypes (SB1091 and SB1267) isolated in two deer, most wildlife spoligotypes were also found in domestic animals. Nevertheless, 8

loci MIRU-VNTR typing [START_REF] Supply | Protocol and Guidelines for Multilocus Variable Number Tandem Repeat Genotyping of M. bovis VENoMYC[END_REF] provided strong evidence of transmission on only two occasions: between cattle and wild boar in AL region and cattle and deer in BI region (unpublished data). This data constitute the first molecular evidence of interspecies transmission in Portugal. Although badgers (Meles meles) are recognised reservoirs of bTB in the British Isles [START_REF] Costello | Study of Restriction Fragment Length Polymorphism Analysis and Spoligotyping for Epidemiological Investigation of Mycobacterium bovis Infection[END_REF][START_REF] Reynolds | A review of tuberculosis science and policy in Great Britain[END_REF], the importance of other animal species in the epidemiology of bTB elsewhere in Europe is largely unknown but is currently under investigation. Shared strain genotypes between feral animals and cattle have been reported in Italy and Spain [START_REF] Serraino | Monitoring transmission of tuberculosis between wild boars and cattle: genotypical analysis of strains by molecular epidemiology techniques[END_REF][START_REF] Aranaz | Bovine Tuberculosis (Mycobacterium bovis) in Wildlife in Spain[END_REF][START_REF] Gortazar | Molecular characterization of Mycobacterium tuberculosis complex isolates from wild ungulates in South-Central Spain[END_REF] and recent molecular, epidemiological and pathological evidence indicate that wild boar could act as a true reservoir (Martin.Hernando et al., 2007;[START_REF] Naranjo | Evidence of the role of European wild boar as a reservoir of Mycobacterium tuberculosis complex[END_REF].

In this study we also noticed that M. bovis isolated from deer from the same herd presented different spoligotypes (data not shown), which would suggest the spillover of cattle strains into deer populations, rather than the maintenance and transmission of infection within it. More disease surveillance and strain typing would be expected to bring additional knowledge to support the later stages of the eradication process of bTB in Portugal, particularly in areas of known wildlife/livestock contact. were exclusive to wildlife, while SB0265 and SB0157 were common to all hosts. 

SB1093 0.47% AL 1 1  SB0334 0.47% BI 1 1  SB1091 0.47% EDM 1 1  SB1175 0.47% BI 1 1  SB1191 0.47% AL 1 1  SB0867 1.41% AL-BI 3 1 2  SB1230 1.41% EDM-TM 3 3  SB0130 1.88% AL-BI-RO 4 1 3  SB1167 2.35% AL-BI
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 1 Fig. 1. Sharing of M. bovis spoligotypes by different hosts. SB1091 and SB1267
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  The most frequent deletion was of spacer 21, noticed in 19 spoligotypes.

	M a n u s c r i p t
	SB0121 was clearly the predominant spoligotype, representing 26.29 % of the isolates A c c e p t e d
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bovis isolates from different cattle breeds, both Portuguese autochthons and exotic (imported breeds). Three of these new patterns (SB1095, SB1090 and SB1093) differ 6 from the predominant SB0121 by deletion of a single spacer. Nineteen different patterns have been previously described in other countries (Table
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