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Mycobacterial interspersed repetitive units and variable number tandem repeats typing (MIRU-VNTR) is a useful technique that has been recently applied to characterize members of the Mycobacterium avium complex (MAC). The aim of this study was to examine the genetic variability among a collection of Spanish Mycobacterium avium subspecies paratuberculosis (M. a. paratuberculosis) isolates with a combination of MIRU-VNTR loci. For this purpose we tested six MIRU-VNTR loci (MIRU-2, MIRU-3, VNTR-25, VNTR-32, VNTR-292 and VNTR-259) in 70 M. a. paratuberculosis isolates of Types II and III that were recovered from 22 Spanish localities during a nineyear period (1998-2007). The combination of five loci (MIRU-2, MIRU-3, VNTR-25, VNTR-32 and VNTR-259) enabled the differentiation of 12 allelic profiles, with a resulting Hunter and Gaston discriminatory index (HGDI) of 0.84. Moreover, we obtained MIRU-VNTR patterns that were unique for each of the M. a. paratuberculosis

Types analyzed (II and III); other patterns were host-related or restricted to geographic areas. Therefore, this MIRU-VNTR approach could be a useful sub-typing molecular tool in order to get a better sense of the epidemiology of Johne's disease.

A c c e p t e d M a n u s c r i p t

Introduction

Mycobacterium avium subspecies paratuberculosis (M. a. paratuberculosis), the etiological agent of Johne's disease or paratuberculosis is difficult to isolate, often hindered by long-time incubation periods and culture growth requirements [START_REF] Cocito | [END_REF]de Juan et al., 2006).

Tandem repeats (TRs) are DNA elements dispersed throughout the genome and are divided into microsatellites (sequence repeats of 1-13 bp) and minisatellites (10-100 bp sequence repeats) [START_REF] Supply | Variable human minisatellite-like regions in the Mycobacterium tuberculosis genome[END_REF]. Included within the minisatellites are the variable number tandem repeats (VNTR) and the mycobacterial interspersed repetitive units (MIRU). MIRUs were first described in the genome of Mycobacterium tuberculosis (M. tuberculosis) [START_REF] Supply | Identification of novel intergenic repetitive units in a mycobacterial two-component system operon[END_REF]. MIRUs are characterized by the presence of small open reading frames (ORFs) that overlap and are oriented in the same direction as the contiguous ORFs. In recent studies, these VNTR and MIRU have been used to sub-type the members of the Mycobacterium avium complex (MAC) [START_REF] Bull | Mycobacterial interspersed repetitive units (MIRU) differentiate Mycobacterium avium subspecies paratuberculosis from other species of the Mycobacterium avium complex[END_REF][START_REF] Overduin | Use of multilocus variable-number tandem-repeat analysis for typing Mycobacterium avium subsp. paratuberculosis[END_REF][START_REF] Romano | Further analysis of VNTR and MIRU in the genome of Mycobacterium avium complex, and application to molecular epidemiology of isolates from South America[END_REF][START_REF] Thibault | New variable-number tandemrepeat markers for typing Mycobacterium avium subsp. paratuberculosis and M. avium strains: comparison with IS900 and IS1245 restriction fragment length polymorphism typing[END_REF][START_REF] Möbius | High genetic diversity among Mycobacterium avium subsp. paratuberculosis strains from German cattle herds shown by combination of IS900 restriction fragment length polymorphism analysis and mycobacterial interspersed repetitive unit-variable-number tandemrepeat typing[END_REF][START_REF] Thibault | Combined multilocus short-sequence-repeat and mycobacterial interspersed repetitive unit-variable-number tandem-repeat typing of Mycobacterium avium subsp. paratuberculosis isolates[END_REF][START_REF] Möbius | Unique genotypes of Mycobacterium avium subsp. paratuberculosis strains of Type III[END_REF].

M. a. paratuberculosis has been classified into Types I, II and III according to the differences observed at the genetic level [START_REF] Dohmann | Characterization of genetic differences between Mycobacterium avium subsp. paratuberculosis type I and type II isolates[END_REF][START_REF] De Juan | Genetic diversity of Mycobacterium avium subspecies paratuberculosis isolates from goats detected by pulsed-field gel electrophoresis[END_REF][START_REF] Castellanos | Use of Single Nucleotide Polymorphisms in inh-A gene to characterize Mycobacterium avium subspecies paratuberculosis into Types I, II and III[END_REF][START_REF] Griffiths | Sequence polymorphisms in a surface PPE protein distinguish types I, II, and III of Mycobacterium avium subsp. paratuberculosis[END_REF][START_REF] Turenne | Mycobacterium avium subsp. paratuberculosis and M. avium subsp. avium are independently evolved pathogenic clones of a much broader group of M. avium organisms[END_REF]Castellanos et al., 2009a;Castellanos et al., 2009b). Regarding MIRU-VNTR typing on M. a. paratuberculosis Type III, there is only one report where three Type III isolates were analyzed [START_REF] Möbius | Unique genotypes of Mycobacterium avium subsp. paratuberculosis strains of Type III[END_REF]. The main purpose of this study was to evaluate a set of MIRU-VNTR loci in a varied collection of M. a. paratuberculosis Types II and III isolates of Spanish origin to observe the differences present at the number of repeats and also at the nucleotide level.

A c c e p t e d M a n u s c r i p t 4

Materials and methods

Isolates

We selected a panel of M. a. paratuberculosis isolates (n=70) from goats, cattle, and wild animals collected from different Spanish locations over a period of nine years (1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007). Isolates from domestic animals representing 22 different herds [nine from cattle (Bos taurus) and 13 from goats (Capra aegagrus hircus)] and two isolates from wild animals included in the study [fallow deer (Dama dama) and mouflon (Ovis orientalis musimon)] were obtained from different locations in Spain (Table 1). Every isolate was processed, cultured and classified into M. a. paratuberculosis Type I, II or III as formerly described (de Juan et al., 2006;[START_REF] Castellanos | Use of Single Nucleotide Polymorphisms in inh-A gene to characterize Mycobacterium avium subspecies paratuberculosis into Types I, II and III[END_REF].

MIRU-VNTR typing

We analyzed five specific loci MIRU-2, MIRU-3 (alias X3 and VNTR-1658) [START_REF] Bull | Mycobacterial interspersed repetitive units (MIRU) differentiate Mycobacterium avium subspecies paratuberculosis from other species of the Mycobacterium avium complex[END_REF][START_REF] Overduin | Use of multilocus variable-number tandem-repeat analysis for typing Mycobacterium avium subsp. paratuberculosis[END_REF][START_REF] Thibault | New variable-number tandemrepeat markers for typing Mycobacterium avium subsp. paratuberculosis and M. avium strains: comparison with IS900 and IS1245 restriction fragment length polymorphism typing[END_REF], VNTR-25, VNTR-32 and VNTR-292 [START_REF] Thibault | New variable-number tandemrepeat markers for typing Mycobacterium avium subsp. paratuberculosis and M. avium strains: comparison with IS900 and IS1245 restriction fragment length polymorphism typing[END_REF][START_REF] Möbius | High genetic diversity among Mycobacterium avium subsp. paratuberculosis strains from German cattle herds shown by combination of IS900 restriction fragment length polymorphism analysis and mycobacterial interspersed repetitive unit-variable-number tandemrepeat typing[END_REF], using the same specific primers that were reported. Moreover, we selected one additional locus (VNTR-259) that was identified by using in-silico analysis software, Germany). As suggested before [START_REF] Möbius | High genetic diversity among Mycobacterium avium subsp. paratuberculosis strains from German cattle herds shown by combination of IS900 restriction fragment length polymorphism analysis and mycobacterial interspersed repetitive unit-variable-number tandemrepeat typing[END_REF], primer concentrations for MIRU-3 were three times higher than for the rest of the loci.

PCR conditions for MIRU-2, VNTR-25, VNTR-32, VNTR-292 and VNTR-259 were denaturation at 95°C for 15 min, then 40 cycles of denaturation at 95°C for 30 sec, annealing at 58°C for 1 min, extension at 72°C for 2 min, and a final cycle of extension at 72°C for 10 min, as reported by Frothingham et al. [START_REF] Frothingham | Genetic diversity in the Mycobacterium tuberculosis complex based on variable numbers of tandem DNA repeats[END_REF] with slight modifications. For the particular case of MIRU-3 and VNTR-32 the recommended Tm (52-55°C) were used [START_REF] Thibault | New variable-number tandemrepeat markers for typing Mycobacterium avium subsp. paratuberculosis and M. avium strains: comparison with IS900 and IS1245 restriction fragment length polymorphism typing[END_REF][START_REF] Möbius | High genetic diversity among Mycobacterium avium subsp. paratuberculosis strains from German cattle herds shown by combination of IS900 restriction fragment length polymorphism analysis and mycobacterial interspersed repetitive unit-variable-number tandemrepeat typing[END_REF].

Afterwards, PCR products were analyzed in a 2.5% agarose gel stained SYBR safe in DMSO (Invitrogen, Eugene, Oregon, USA) at 45 V for 2 h, using a 100 bp molecular ladder (Biotools B&M Labs) to detect the size of the PCR amplicons and to determine the number of repeats for each locus.

To generate an allele calling [START_REF] Benson | Tandem repeats finder: a program to analyze DNA sequences[END_REF]). An allele calling table

was designed with the data obtained to assign the hypothetical size of each PCR product to their correspondent tandem repeat copy numbers for every locus analyzed (MIRU-2, MIRU-3, VNTR-25, VNTR-32, VNTR-292 and VNTR-259) (Table 2).

Discriminative power calculation

The index of discrimination (HGDI) [START_REF] Hunter | Numerical index of the discriminatory ability of typing systems: an application of Simpson's index of diversity[END_REF][START_REF] Hunter | Reproducibility and indices of discriminatory power of microbial typing methods[END_REF]) is based on the probability that two unrelated strains are typed and placed into different groups.

This index is based on the following equation:
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, where N is the total number of isolates in the study, s is the total number of types described, and

x j the number of strains belonging to the jth type. This index was calculated by using in silico analysis software (http://insilico.ehu.es/mini_tools/discriminatory_power/).
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Results

Selection of a novel TR (VNTR-259)

We identified a novel locus (VNTR-259) by in-silico analysis of the genome of M. a. paratuberculosis K-10. This locus is located between genes MAP0259 and MAP0260, being the last gene part of the two-component regulatory system

AfsQ1/AfsQ2, according to the predicted function obtained with in-silico analysis software BacMap: genome atlas (http://wishart.biology.ualberta.ca/BacMap/index.html) [START_REF] Stothard | BacMap: an interactive picture atlas of annotated bacterial genomes[END_REF]. In the reference strain, this VNTR had a repetition pattern size of 54 bp, was easily distinguishable by gel electrophoresis, had a total copy number of 2.1 and showed 99% of nucleotide identity amongst different repeat units.

MIRU-2 and VNTR-292

MIRU-2 and VNTR-292 have been used as independent markers [START_REF] Thibault | New variable-number tandemrepeat markers for typing Mycobacterium avium subsp. paratuberculosis and M. avium strains: comparison with IS900 and IS1245 restriction fragment length polymorphism typing[END_REF][START_REF] Möbius | High genetic diversity among Mycobacterium avium subsp. paratuberculosis strains from German cattle herds shown by combination of IS900 restriction fragment length polymorphism analysis and mycobacterial interspersed repetitive unit-variable-number tandemrepeat typing[END_REF], although they are both located in the same region of the M.

a. paratuberculosis genome. As it was reported [START_REF] Bull | Mycobacterial interspersed repetitive units (MIRU) differentiate Mycobacterium avium subspecies paratuberculosis from other species of the Mycobacterium avium complex[END_REF], MIRU-2 was structurally comprising a series of four motifs A (24 bp) and three motifs B (29 bp), while VNTR-292 [START_REF] Thibault | New variable-number tandemrepeat markers for typing Mycobacterium avium subsp. paratuberculosis and M. avium strains: comparison with IS900 and IS1245 restriction fragment length polymorphism typing[END_REF] was characterized as a TR with a MIRU structure with a 53 bp length and was described as present in three copies in the M. a.

paratuberculosis genome. Nevertheless, in the results obtained from the sequences and the in-silico analysis, we observed that motif A2a of MIRU-2 was comprehended within part of the MAP2191c gene (20 bp), whereas repeat units of VNTR-292 were just restricted to the intergenic region (Figure 1). As a result, there was a proportional and conserved ratio (i.e. 5-2, 7-3, etc) among TRs units of MIRU-2 and VNTR-292 in every isolate analyzed, although in previous findings some of the isolates did not follow this correlation [START_REF] Möbius | High genetic diversity among Mycobacterium avium subsp. paratuberculosis strains from German cattle herds shown by combination of IS900 restriction fragment length polymorphism analysis and mycobacterial interspersed repetitive unit-variable-number tandemrepeat typing[END_REF]. Therefore, locus VNTR-292 was excluded for the combined calculation of the HGDI.
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MIRU-VNTR typing

Locus-specific PCR primers were directed to six TRs in a panel of 70 M. a.

paratuberculosis field isolates from Spain. All loci presented allelic variation (Table 3), although MIRU-2 (Figure 2) gave the highest allelic variation, with eight variants. The majority of the isolates of Type III displayed a higher number of repeats compared to

Type II isolates at this locus.

M. a. paratuberculosis Type II was also distinguished from Type III by the number of repeats at MIRU-3 and VNTR-259, where fewer repeats at both loci were observed in Type III isolates. At MIRU-3 Type II isolates showed five (one exception of seven) and two repeats at VNTR-259, while Type III showed three and one, respectively. Finally, loci 25 and 32 yielded limited variability with only two allelic variants.

The analysis of MIRU-VNTR in our panel of field isolates revealed double alleles in five of them (Supplementary Figure 1). In these cases, the band representing each of the alleles was neat, did not appear as a ladder of lower intensity and did not correspond to the size of PCR fragments that lacked one or more repeat units as in the case of stutter peaks, which are related to strand slippage of the polymerase during PCR amplification [START_REF] Supply | Automated high-throughput genotyping for study of global epidemiology of Mycobacterium tuberculosis based on mycobacterial interspersed repetitive units[END_REF].

The overall analysis yielded 12 different MIRU-VNTR genotypes (16 by including the double alleles). Besides the variability obtained combining all these loci, there were allelic profiles represented by one unique isolate (eight in total), whereas others seemed to be more predominant. For instance, MIRU-VNTR profile no. 1 (5-5-3-9-2), 9 (9-5-3-9-2) and 13 (13-3-3-9-1) represented 35.71%, 21.43% and 12.86% of the isolates tested respectively (Table 3). It is remarkable that every Type II isolate from goat origin (n=20) was comprehended into the most common allelic profile, no. 1 (5-5-
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M a n u s c r i p t 9 3-9-2), which was also present in five isolates from dairy cattle. This finding could show the re-circulation of the same clonal variant within these herds, which are geographically proximal and where animal movements among them have existed. On the other hand, it could indicate that these loci are not discriminative enough in these herds. We tested 19 Type III isolates, of which 63.16% belonged to allelic profiles no.

13 (13-3-3-9-1) (47.37%) and 14 (23-3-3-9-1) (15.79%). Isolates from bullfighting cattle showed unexpected diversity. Two M. a. paratuberculosis types were found in herd 15; Type II isolates were all clustered into allelic profile no. 9 (9-5-3-9-2) and

Type III isolates from this same herd were also grouped into one allelic profile no. 15

(27-3-3-9-1). Type III isolates from herds 16 and 17 (same epidemiological unit)

showed three allelic profiles, two of them are shared with some of the Type III isolates from goats. In addition, allelic profile no. 11 appears to be a mixed infection with the most common allelic profile for Type II isolates (allelic profile no.1) and one of the most common allelic profiles for Type III isolates (allelic profile no. 14). Regarding the isolates from wild animals (both Type II), one of them was included within one of the most common allelic profiles (no. 10), and the other isolate within allelic profile no. 2, which represented 5.71% of the isolates screened.

Index of discrimination

For the calculation of HGDI only strains not derived from an epidemiological setting were considered, thus identical isolates from a farm were counted as one regardless of the year of isolation. The isolates with double alleles at any of the loci studied were excluded from the analysis as was done in preceding studies [START_REF] Allix-Beguec | Three-year population-based evaluation of standardized mycobacterial interspersed repetitive-unit-variablenumber tandem-repeat typing of Mycobacterium tuberculosis[END_REF][START_REF] Romero | Persistence and molecular evolution of Mycobacterium bovis population from cattle and wildlife in Donana National Park revealed by genotype variation[END_REF]. The HGDI for individual locus calculated for all the isolates revealed broad differences among them, varying from 0.095 for VNTR-32 which divided our isolates into two allelic profiles to 0.783 in the case of MIRU-2 that 4). In addition, by further combining five MIRU-VNTR loci, we reached the greatest allelic diversity with a D value of 0.84. The second best combination of loci was obtained with MIRU-2 and MIRU-3 which gave a D value of 0.805, thus allowing the division of our isolates into 10 allelic profiles.

HGDI for Types II and III in separate for individual loci and combined loci was also calculated (Table 4). HGDI values for Type II isolates varied from 0 in the case of VNTR-259 to 0.561 for MIRU-2. For Type III isolates, HGDI values ranged from 0 for loci MIRU-3, VNTR-25, 32 and 259 and to 0.889 for MIRU-2. The combination of five MIRU-VNTR loci calculated independently for Types II and III gave a D value of 0.674 and 0.889 respectively.

Sequence analysis of MIRU-VNTR

We sequenced forward and reverse strands of a selection of each allelic variant for MIRU-2 (24 PCR amplicons) and MIRU-3 (19 PCR amplicons) to obtain the structure of motifs A and B. As it was reported [START_REF] Bull | Mycobacterial interspersed repetitive units (MIRU) differentiate Mycobacterium avium subspecies paratuberculosis from other species of the Mycobacterium avium complex[END_REF], the motif structure in MIRU-2 and MIRU-3 was A-B-A (A motifs are 24 bp length and B motifs 29 bp).

However, both MIRUs presented unique sequences for each primary motif A(n)a, each B(n) motifs, for the internal A(n)i motifs and for the terminal motifs A(n)b (specified in Supplementary Tables 1 and2). Analysis of the sequences in MIRU-2 (Supplementary Table 1), revealed a Type-specific single nucleotide polymorphism (SNP) at Motif A2a in every Type III isolate sequenced, with a T instead of the A that appeared in every Type II isolate. All MIRU-3 sequenced showed a complete match amongst the isolates studied but presented a SNP with a C to A in position 14 of motif A3a with respect to the original description [START_REF] Bull | Mycobacterial interspersed repetitive units (MIRU) differentiate Mycobacterium avium subspecies paratuberculosis from other species of the Mycobacterium avium complex[END_REF] (Supplementary Table 2).

Additionally, we sequenced a representation of PCR amplicons (n=16) for each of the number repeats obtained from the rest of the loci to confirm the results found in 2.

The analysis of the sequences disclosed the presence of SNPs in some of the TRs, hence confirming the existence of polymorphisms not only at the number of copies but also at the nucleotide level. From the results obtained, one SNP at VNTR-292 was type-specific at position 52 of TR no. 4 (except in MI07/02728 where the SNP was located in TR no. 3 and 464 in TR no. 2), thus differentiating between Type II (with an A) and Type III isolates (with a T).

In the case of VNTR-259, isolate 464 revealed a SNP between TR units (A to G at position 35 in TR no. 1 in comparison to TR no.2). For VNTR-25, every isolate presented a SNP (T to C) at position 11 of TR no.1 and a G to A at position 18 of the last TR, also TR no. 1 and 3 varied from TR no. 2 and 4 (in the case of isolates with a total of five repeat units and only variation from TR no. 1 to 2 in the rest) in an A to G (position 54), and CA to TG (positions 57-58). Conversely, in VNTR-32, we obtained a complete nucleotide match among the isolates sequenced. However, although the repeat unit in this locus is constituted by 18 nucleotides, according to in-silico analysis with Tandem Repeat Software, the percentage of matches between adjacent copies overall was only 72% with only seven nucleotides conserved among individual repeat units.
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Discussion

In this work, the use of a sub-typing PCR-based molecular approach in our collection of M. a. paratuberculosis isolates highlighted the presence of a multigenotype population. Beforehand, M. a. paratuberculosis isolates of Spanish origin were typified by PFGE, technique that yielded a final HGDI of 0.693 [START_REF] Sevilla | Pulsed-field gel electrophoresis profile homogeneity of Mycobacterium avium subsp. paratuberculosis isolates from cattle and heterogeneity of those from sheep and goats[END_REF]. This approach revealed a low level of variability in the collection of 'cattle'

isolates tested compared to the 'sheep' isolates included in this study (nomenclature Type I, II and III not provided). However, PFGE is time consuming and is not applicable for some of our M. a. paratuberculosis isolates, which failed to give enough growth to perform this technique. Due to this, the application of an efficient, reproducible sub-typing technique with low DNA template requirements is important.

Herein, by testing the loci selected (MIRU-2, MIRU-3, VNTR-25, VNTR-32 and VNTR-259) we have achieved a HGDI value of 0.84. The technique presents the advantage that it is easy to perform but sometimes the interpretation of TR numbers in an agarose gel is hindered by the presence of partial repeats. Therefore, the description of novel VNTR with an ETR (exact tandem repeats) structure as in M. tuberculosis [START_REF] Frothingham | Genetic diversity in the Mycobacterium tuberculosis complex based on variable numbers of tandem DNA repeats[END_REF] would be useful, or the use of an allele calling table similar to the one proposed in this study (Table 2), as the one published for M. tuberculosis typing [START_REF] Supply | Proposal for standardization of optimized mycobacterial interspersed repetitive unit-variable-number tandem repeat typing of Mycobacterium tuberculosis[END_REF].

Moreover, M. a. paratuberculosis Types II and III were subdivided into two groups by VNTR-259 (two and one TR respectively) and MIRU-3 (where all Type III presented three TR). This variant at MIRU-3 (three repeats) has been also described in two M. a. paratuberculosis Type I isolates [START_REF] Bull | Mycobacterial interspersed repetitive units (MIRU) differentiate Mycobacterium avium subspecies paratuberculosis from other species of the Mycobacterium avium complex[END_REF], and in the vaccine strain 316F (Type II) too. In contrast to our results, the number of repeats at MIRU-3 locus in A c c e p t e d M a n u s c r i p t 13 three Type III isolates of German origin was five [START_REF] Möbius | Unique genotypes of Mycobacterium avium subsp. paratuberculosis strains of Type III[END_REF]. At MIRU-2 locus, the two Type I isolates presented 15 repeats, a number that has not been observed in any of the isolates we tested.

In the case of Type II isolates, we obtained the same allelic variants as in the M.

a. paratuberculosis isolates from Germany, France and United Kingdom [START_REF] Bull | Mycobacterial interspersed repetitive units (MIRU) differentiate Mycobacterium avium subspecies paratuberculosis from other species of the Mycobacterium avium complex[END_REF][START_REF] Thibault | New variable-number tandemrepeat markers for typing Mycobacterium avium subsp. paratuberculosis and M. avium strains: comparison with IS900 and IS1245 restriction fragment length polymorphism typing[END_REF][START_REF] Möbius | High genetic diversity among Mycobacterium avium subsp. paratuberculosis strains from German cattle herds shown by combination of IS900 restriction fragment length polymorphism analysis and mycobacterial interspersed repetitive unit-variable-number tandemrepeat typing[END_REF], with the exception of some of the allelic variants at MIRU-2 (VNTR-292). The overall HGDI obtained in our study with the combination of five MIRU-VNTR loci was 0.84, which is in the range of values obtained in previous studies where they attained 0.751 using eight loci [START_REF] Thibault | New variable-number tandemrepeat markers for typing Mycobacterium avium subsp. paratuberculosis and M. avium strains: comparison with IS900 and IS1245 restriction fragment length polymorphism typing[END_REF] and 0.905 with nine loci [START_REF] Möbius | High genetic diversity among Mycobacterium avium subsp. paratuberculosis strains from German cattle herds shown by combination of IS900 restriction fragment length polymorphism analysis and mycobacterial interspersed repetitive unit-variable-number tandemrepeat typing[END_REF].

Beforehand, it was observed that phenotypic variation among different strains could be explained by polymorphisms in TR units due to modifications at the gene transcription level, although the precise mechanisms implicated still remain unknown [START_REF] Stragier | Genotyping Mycobacterium ulcerans and Mycobacterium marinum by using mycobacterial interspersed repetitive units[END_REF]. In our results, the variability observed in these particular VNTR loci is in contraposition to former findings where each M. a. paratuberculosis Type seemed to be a tightly homogeneous cluster and showed highly conserved genomic regions (Castellanos et al., 2009b). As a consequence, we could also suspect that these loci might act as a source of strain diversity and they are possibly playing a role in their different pathogenesis.

According to that of particular interest is MIRU-3, located between genes SenX3

and RegX3, components of a regulatory system maybe involved in the protective response to oxidative stress in M. tuberculosis and probably associated to its virulence [START_REF] Rickman | A two-component signal transduction system with a PAS domain-containing sensor is required for virulence of Mycobacterium tuberculosis in mice[END_REF]. Previously, it was found that Mycobacterium bovis (M. bovis)

BCG but not M. tuberculosis strains had a reduction of 53 bp in this locus [START_REF] Magdalena | Specific differentiation between Mycobacterium bovis BCG and virulent strains of the Mycobacterium tuberculosis complex[END_REF]. Interestingly in our study, every Type II isolate displayed five copies of (Supplementary Table 2), probably related to a lower degree of pathogenicity and a higher immunogenicity in comparison with Type II isolates. On the other hand, it is of special interest the isolate MI08/02728 (Type II) which had two extra motifs of this MIRU-3 (seven motifs), which represented an additional 53 bp with respect to the rest of the Type II isolates studied. Furthermore, two other isolates from the same herd showed two alleles in three of the loci analyzed. This result highlights another interesting feature in this particular herd, where the presence of paratuberculosis was accompanied by bovine tuberculosis (unpublished data) leading to a peculiar clinical status of the animals on these farms. The presence of doubles alleles in some of our isolates (n=4) could be the result of either the re-infection of the animal with another clonal variant present in the same herd, due to a mutation at these particular locus, or cross-contamination in the abattoir. The presence of mycobacterial mixed-infections within herds is not an unusual event, and several outbreaks have been reported in the literature [START_REF] Sevilla | Pulsed-field gel electrophoresis profile homogeneity of Mycobacterium avium subsp. paratuberculosis isolates from cattle and heterogeneity of those from sheep and goats[END_REF][START_REF] Michel | High Mycobacterium bovis genetic diversity in a low prevalence setting[END_REF][START_REF] Romero | Persistence and molecular evolution of Mycobacterium bovis population from cattle and wildlife in Donana National Park revealed by genotype variation[END_REF].

Furthermore, the novel locus VNTR-259 located within a two-component regulatory system, AfsQ1/AfsQ2, as in the case of MIRU-3. These two genes (AfsQ1/AfsQ2) in combination with sigQ have been widely studied for its implication in the regulation of antibiotic production in Streptomyces, and its role in the regulatory strategies of some other Actinomycetes [START_REF] Shu | AfsQ1-Q2-sigQ is a pleiotropic but conditionally required signal transduction system for both secondary metabolism and morphological development in Streptomyces coelicolor[END_REF] is already being studied.

Strikingly, every Type II isolate displayed two copies at this locus, whereas Type III isolates presented only one copy. Polymorphisms in number of TR units at these two loci could possibly lead to the differences in virulence mechanisms among M. a.

paratuberculosis types which have been previously described (Verna et al., 2007).
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Finally, from our observations it appeared to be genotypes specific to hosts and M. a. paratuberculosis types, and some others that dominate specific geographic regions, thus each molecular type appear to be responsible of a microepidemy.

Nonetheless, in recent studies based on MIRU-VNTR and short sequence repeats typing (SSR), did not observe these possible correlations in the M. a. paratuberculosis isolates that were tested [START_REF] Thibault | Combined multilocus short-sequence-repeat and mycobacterial interspersed repetitive unit-variable-number tandem-repeat typing of Mycobacterium avium subsp. paratuberculosis isolates[END_REF]. In addition, one study carried out in Spain based on SSR analysis identified 19 different SSR types in a collection of 268 isolates, reaching a D value of 0.691 [START_REF] Sevilla | Comparative analysis of Mycobacterium avium subsp. paratuberculosis isolates from cattle, sheep and goats by short sequence repeat and pulsed-field gel electrophoresis typing[END_REF]. Hereby, with the analysis of the selected combination of MIRU-VNTR within a panel of 29 epidemiological unrelated isolates, we obtained the 12 different genotypes, with a final HGDI of 0.84. For this reason, as it has been also suggested before [START_REF] Thibault | Combined multilocus short-sequence-repeat and mycobacterial interspersed repetitive unit-variable-number tandem-repeat typing of Mycobacterium avium subsp. paratuberculosis isolates[END_REF], the use of MIRU-VNTR typing of M. a. paratuberculosis isolates would be more accessible, feasible and useful in diagnostic laboratories than applying SSR analysis.

Furthermore, the molecular classification yielded by MIRU-VNTR analysis is consistent with the epidemiology of the screened isolates; therefore this data could be used to track the infections. Our results are in accordance with former findings where the majority of M. a. paratuberculosis isolates were grouped into specific genotypes, suggesting that these particular genotypes could be more transmissible or more likely to cause disease [START_REF] Bull | Mycobacterial interspersed repetitive units (MIRU) differentiate Mycobacterium avium subspecies paratuberculosis from other species of the Mycobacterium avium complex[END_REF][START_REF] Harris | Short-sequence-repeat analysis of Mycobacterium avium subsp. paratuberculosis and Mycobacterium avium subsp. avium isolates collected from animals throughout the United States reveals both stability of loci and extensive diversity[END_REF][START_REF] Thibault | New variable-number tandemrepeat markers for typing Mycobacterium avium subsp. paratuberculosis and M. avium strains: comparison with IS900 and IS1245 restriction fragment length polymorphism typing[END_REF][START_REF] Sevilla | Comparative analysis of Mycobacterium avium subsp. paratuberculosis isolates from cattle, sheep and goats by short sequence repeat and pulsed-field gel electrophoresis typing[END_REF][START_REF] Möbius | High genetic diversity among Mycobacterium avium subsp. paratuberculosis strains from German cattle herds shown by combination of IS900 restriction fragment length polymorphism analysis and mycobacterial interspersed repetitive unit-variable-number tandemrepeat typing[END_REF].

However, further analysis of the correlation between each of the genetic variants obtained and their clinical importance is needed, with particular interest in those herds where multiple co-infections were suspected. It would be important to find out whether the polymorphisms found both in TRs units and at the nucleotide level in MIRU-3 and VNTR-259 had a relationship with the different pathogenicity of these strains.

A c c e p t e d M a n u s c r i p t

Conclusion

To sum up, the analysis with a combination of MIRU-VNTR loci revealed genetic variability among Spanish M. a. paratuberculosis isolates. Some MIRU-VNTR patterns were unique for each of the M. a. paratuberculosis Types analyzed (II and III); whereas other patterns were host-related. Therefore, this MIRU-VNTR approach could be a fast and useful molecular tool to understand the epidemiology of the infection.

It would be helpful to establish a consensus and to refine protocols for the MIRU-VNTR typing of M. a. paratuberculosis, thus allowing uniformity that would enable the comparison of the different outbreaks that occur world-wide. a Assigned according to PFGE data for the isolates with enough growth [START_REF] De Juan | Genetic diversity of Mycobacterium avium subspecies paratuberculosis isolates from goats detected by pulsed-field gel electrophoresis[END_REF], and PCR-REA of gyrB [START_REF] Castellanos | Polymorphisms in gyrA and gyrB genes among Mycobacterium avium subsp. paratuberculosis type I, II, and III isolates[END_REF] or PCR-REA of inhA [START_REF] Castellanos | Use of Single Nucleotide Polymorphisms in inh-A gene to characterize Mycobacterium avium subspecies paratuberculosis into Types I, II and III[END_REF].

b Wild animals did not belong to a particular herd.

A c c e p t e d M a n u s c r i p t [START_REF] Skuce | Discrimination of Mycobacterium tuberculosis complex bacteria using novel VNTR-PCR targets[END_REF].
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b Bold letters represent the alleles found in the panel of isolates included in this study.

374

c Amplicons sizes for the partial repeats at this locus: 2.7 TR (interpreted as 3): 352 bp and 4.7 TR (5): 457 bp.
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d Amplicons sizes for partial repeats at this locus: 8.6 TR (interpreted as 9): 300 bp and 5.9 TR (6): 264 bp. a Sequenced isolates for specific VNTR locus are in bold.

b These isolates were sequenced only for VNTR-292.

c Partial repeats were considered as entire repeats if they consisted of a significant proportion of the entire repeat [START_REF] Skuce | Discrimination of Mycobacterium tuberculosis complex bacteria using novel VNTR-PCR targets[END_REF].

d In these isolates with double alleles, two clear separate bands were observed. These isolates (n=4) were excluded for the HGDI calculation.

e Results at VNTR-292 have not been considered for the HGDI calculation because they are proportional to that of MIRU-2.. molecular ladder (100 bp); lane 2, isolate 733; lane 3, MI06/00285-2; lane 4, MI07/04010-2; lane 5, MI07/06579-2; lane 6, molecular ladder (100 bp); lane 7, 634; lane 8, MI06/00307-2; lane 9, D206; lane 10, 464; lane 11, negative PCR control; lane 12, molecular ladder (100 bp).
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  ), 10% of DMSO (Sigma-Aldrich Chemie GmbH, Buchs, Switzerland) and 2.5 U of Hot-Start-Taq-Polymerase (Qiagen GmbH, Hilden,

  A c c e p t e d M a n u s c r i p t 10 differentiated eight allelic profiles (Table

  s c r i p t the gel. The complete sequence analysis highlighted the presence of partial repeats whose lengths differed among loci. In-silico analysis of the sequences of amplicons of VNTR-292 and VNTR-259 found partial repeats of three and two nucleotides respectively. However, these partial repeats constitute part of the genes flanking the tandem repeats and are not part of a repeat unit. On the other hand, we also found partial repeats in VNTR-25 (42 nucleotides) and VNTR-32 (nine or 15 nucleotides) in all studied isolates. These long partial repeats could hamper the interpretation of the alleles in the agarose gel; however, we have shown their correspondent molecular sizes in Table

  Type III isolates only three, as the vaccine strain 316F

  VNTR-292: 2.1 TR (interpreted as 2): 245 bp, 3.1 TR (3): 300 bp, 4.1 TR (4): 353 bp, 6.1 TR 377 (6): 460 bp, 8.1 TR (8): 566 bp, 11.1 TR (11): 720 bp.

f

  Wild animals did not belong to a particular herd.g Herds no. 16 and 17 have been considered the same epidemiological unit because animal movements between them have occurred in the past.

  .E., Garcia-Pariente, C., Muñoz, M., Moreno, O., García-Marín, J.F., Romano, M.I., Paolicchi, F., Pérez, V., 2007. Variation in the immuno-pathological responses of lambs after experimental infection with different strains of Mycobacterium avium subsp. paratuberculosis. Zoonoses. Public Health 54(6-7), 243-252.
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 1 Fig. 1. Diagram representing the structure of MIRU-2 and VNTR-292. MIRU-2 was
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 2 Fig. 2. Agarose gel representing the eight allelic variants observed at MIRU-2. Lane 1,
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  Tandem Repeats Database,

	Laboratory	of	Biocomputing	and	Informatics,	Boston	University
	Specific primers for VNTR-259, F (5' GGGTGTGGAGCTACGACTTC 3') and R (5'
	GAGCTGCTTGACCAGGTGAT 3'), targeting flaking genes were designed using
	Primer 3 software (http://biotools.umassmed.edu/bioapps/primer3_www.cgi).	
	PCR reactions were carried out in a final volume of 50 µl, containing 5 µl of

(https://tandem.bu.edu/cgi-bin/trdb/trdb.exe) on the genome of M. a. paratuberculosis K-10 (GenBank accession number. AE016958; reference sequence NC_002944).

DNA template, 1x standard reaction buffer containing 1.5 mM MgCl 2 , 200 µM deoxynucleoside triphosphate (Biotools B&M Labs, S.A, Madrid, Spain), upstream and

  Tandem Repeats Finder Software, Laboratory of Biocomputing and Informatics, Boston University (http://tandem.bu.edu/trf/trf.html)

	M a n u s c r i p t
	QIAquick PCR purification kit (Qiagen GmbH), and sequenced using an ABI Prism 3730 DNA Sequencer (Applied Biosystems) (CIB Sequencing Facilities, Madrid, Spain). Sequences of both strands were aligned with Biological Sequence Aligment A c c e p t e d
	Editor Software and then examined with ClustalW2 software, European Molecular
	Biology Laboratory (EMBL), (http://www.ebi.ac.uk/Tools/clustalw2/index.html) and
	Molecular Genetic Analysis Software (Mega) 3.1 to detect the degree of nucleotide
	identity amongst isolates. Finally, the number of total repeats were analyzed by using
	6

table (with PCR amplicons size and its correspondent number of repeats), a selection of 59 PCR amplicons representing the different sizes at the different TR locus from the different herds were purified with a

Table 1

 1 Panel of Mycobacterium avium subspecies paratuberculosis isolates (n=70) in the study

	Isolate	Map Type a	Host/Breed	Farm	Geographic distribution
	CAM 72			Herd 1	
	MI05/03722-2, MI05/03723-2			Herd 2	
	CAM 19			Herd 3	
	CAM 63		Guadarrama goat	Herd 4	Madrid (Central)
	413, 415, 417, 464,				
	MI05/00483-2, MI05/00484-2, MI05/00490-2, MI05/00494-2,			Herd 5	
	MI05/00503-2				
	CAM 20			Herd 6	
	574			Herd 7	Ciudad Real (Central-South)
	MI05/04734, MI05/04735, MI05/04736, MI05/04737,		Murciano-Granadina goat	Herd 8	Toledo (Central-South)
	MI05/02938-2, MI05/02943-2,				
	MI05/02945-2, MI05/02948-2,			Herd 9	Canary Islands
	MI05/02950	II			
	25, 27			Herd 10	Cantabria (North)
	648, 682		Dairy cattle	Herd 11	Madrid (Central)
	MI07/02713, MI07/02721,				
	MI07/02728, MI07/02730, MI07/02731			Herd 12	Valladolid (Central-North)
	MI07/03564			Herd 13	
	MI06/06133-2, MI06/06134-2			Herd 14	Zamora (Central-North)
	D206		Fallow deer	-b	Huelva (South)
	1		Mouflon	-b	Soria (Central-North)
	740, 750, 752, 896, 940,				
	MI05/02685-2, MI05/02686-2,				
	MI05/02693-2, MI06/00304-2,		Bullfighting cattle	Herd 15	Salamanca (Central-North)
	MI06/00305-2, MI06/00306-2,				
	MI06/00307-2				
	733, MI05/02547-2			Herd 15	Salamanca (Central-North)
	619, 634, 841, MI06/00285-2, MI06/00286-2		Bullfighting cattle	Herd 16	Albacete (Central-South)
	MI07/06579-2, MI07/06582-2,			Herd 17	Ciudad Real (Central-South)
	MI07/01787-2	III		Herd 18	
	CAM 38, CAM 40, CAM 42, CAM 86, CAM 87		Guadarrama goat	Herd 19	Madrid (Central)
	CAM 78			Herd 20	
	MI07/04010-2			Herd 21	
	793, MI05/03132		Murciano-Granadina goat	Herd 22	Toledo (Central-South)
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 2 Hypothetical correspondence between PCR amplicons (in bp) and numbers of whole If the partial repeat at VNTR-25 and VNTR-32 markers is a significant proportion of the entire repeat, it is 372 considered a whole repeat, as done previously in other mycobacteria

	370						
	371	repeat units for each MIRU-VNTR locus		
		No. of TR a	MIRU-2	MIRU-3	VNTR-25 c	VNTR-32 d	VNTR-292 e	VNTR-259 f
		0	116	168	192	146	137	271
		1	140	192	250	164	190	325
		2	169	221	308	182	243	379
		3	193	245	366	200	296	433
		4	222	274	424	218	349	487
		5	246 b	298	482	236	402	541
		6	275	327	540	254	455	595
		7	299	351	598	272	508	649
		8	328	380	656	290	561	703
		9	352	404	714	308	614	757
		10	381	433	772	326	667	811
		11	405	457	830	344	720	865
		12	434	486	888	362	773	919
		13	458	510	946	380	826	973
		14	487	539	1004	398	879	1027
		15	511	563	1062	416	932	1081
		16	540	592	1120	434	985	1135
		17	564	616	1178	452	1038	1189
		18	593	645	1236	470	1091	1243
		19	617	669	1294	488	1144	1297
		20	646	698	1352	506	1197	1351
		21	670	722	1410	524	1250	1405
		22	699	751	1468	542	1303	1459
		23	723	775	1526	560	1356	1513
		24	752	804	1584	578	1409	1567
		25	776	828	1642	596	1462	1621
		26	805	857	1700	614	1515	1675
		27	829	881	1758	632	1568	1729
		a					

Table 3

 3 List of allelic variants obtained for the MIRU-VNTR loci selected from the panel of Mycobacterium avium subspecies paratuberculosis isolates

	Isolate a	2	MIRU-VNTR locus no. 3 25 32 292 e	259	Allelic profiles	Map Type	Host	Herd no. f
	CAM 19, CAM 20, CAM 63,										
	CAM 72, 25, 27, 413, 415, 417,										
	464, 574, 648, 682, MI05/00483-2,										
	MI05/00484-2, MI05/00490-2, MI05/00494-2, MI05/00503-2, MI07/02713, MI05/04734,	5	5	3	9	2	2	1		Goat (n=20), Dairy cattle (n=5)	1-8, 10, 11, 12
	MI05/04735, MI05/04736,										
	MI05/04737, MI05/03722-2,										
	MI05/03723-2										
	D206, MI05/02945-2, MI05/02948-2, MI05/02950	7	5	3	9	3	2	2		Fallow deer (n=1), Dairy cattle (n=3)	9, -e
	MI05/02938-2	5+9 d	5	3	9	2+4 d	2	3			9
	MI07/02721, MI07/02731	5+7 d	5	3+5 d	9	2+3 d	2	4	II		
	MI07/02728	7	7	5	9	3	2	5		Dairy cattle	12
	MI07/02730	7	5	5	9	3	2	6			
	MI06/06134-2	5+11 d	5	3+5 d 6+9 d 2+5 d	2	7			14
	MI06/06133-2	5	5	5	6	2	2	8			
	1, 740, 750, 752, 896 b , 940,										
	MI05/02685-2, MI05/02686-2,									Mouflon (n=1),	
	MI05/02693-2, MI05/02943-2, MI06/00304-2, MI06/00305-2,	9	5	3	9	4	2	9		Bullfighting cattle (n=12), Dairy cattle	-e , 9, 13, 15
	MI06/00306-2, MI06/00307-2,									(n=2)	
	MI07/03564										
	CAM 38	7	3	3	9	3	1	10			19
	MI07/01787-2	5+23 d 3+5 d	3	9	2+11 d 1+2 d	11		Goat	18
	MI07/04010-2	21	3	3	9	10	1	12			21
	CAM 40 b , CAM 42, CAM 78, CAM 86, CAM 87, 619, 634, 841, MI07/06582-2	13	3	3	9	6	1	13	III	Goat (n=5), Bullfighting cattle (n=4)	16 g , 17 g , 19, 20
										Goat (n=2),	
	793, MI05/03132, MI06/00285-2	23	3	3	9	11	1	14		Bullfighting cattle	16 g , 22
										(n=1)	
	733, MI05/02547-2 MI06/00286-2, MI07/06579-2	27 17	3 3	3 3	9 9	13 8	1 1	15 16		Bullfighting cattle	15 16 g , 17 g

Table 4

 4 Individual and combined value of Hunter and Gaston discriminatory index (HGDI) for the MIRU-VNTR locus used Isolates with double alleles at any of the loci were excluded from the analysis.

	Locus	No. of allelic variants b Type II Type III Overall	Allelic diversity Type II Type III Overall
	MIRU-2 a	3	6	8	0.561	0.889	0.783
	MIRU-3	2	1	3	0.111	0	0.453
	25 a	2	1	2	0.209	0	0.173
	32 a	2	1	2	0.118	0	0.095
	259	1	1	2	0	0	0.403
	MIRU-2+MIRU-3	4	6	10	0.605	0.889	0.805
	MIRU-2+MIRU-3+ VNTR-25+32+259	6	6	12	0.674	0.889	0.837

a b Unrelated isolates are those that have been obtained from different herds.

f Amplicons sizes for VNTR-259: 2.1 TR (interpreted as 2): 381 bp ; 1.1 TR (1): 327 bp.
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Distribution and number of A and B motifs in MIRU-2 for the Mycobacterium avium subspecies paratuberculosis isolates sequenced 

a SNP (A to T) in MIRU-2 Motif A (A2a). The structure of motifs was as described [START_REF] Bull | Mycobacterial interspersed repetitive units (MIRU) differentiate Mycobacterium avium subspecies paratuberculosis from other species of the Mycobacterium avium complex[END_REF]): A2a: GGATGAGGAGCGCCCTAAGTGACA; B2:

CGCGCCGACGACGATGCAGAGCGCAGCGA; A2i: TGAGGAGGAGCGGCGCAGATGACT; A2b: TGAGGAGGAGCGGCGCAGATGACA b Number and distribution of motifs in M. a. paratuberculosis Vaccine strain 316F reported previously [START_REF] Bull | Mycobacterial interspersed repetitive units (MIRU) differentiate Mycobacterium avium subspecies paratuberculosis from other species of the Mycobacterium avium complex[END_REF].

supplementary CGCGCGTATGACGATGCAGAGCGTAGCGA; A3b: TGAGGAGGAATCGCGCCGATGACC and A3i: TGAGGAGGAATCGCGCCGATGACT. In position 14 of motif A3a a C to A was observed in all the isolates sequenced.

b Number and distribution of motifs in M. a. paratuberculosis Vaccine strain 316F reported previously [START_REF] Bull | Mycobacterial interspersed repetitive units (MIRU) differentiate Mycobacterium avium subspecies paratuberculosis from other species of the Mycobacterium avium complex[END_REF].
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