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Splitting of a Prevalent Mycobacterium bovis Spoligotype by Variable-
Number Tandem-Repeat Typing Reveals High Heterogeneity in an
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Mpycobacterium bovis populations in countries with persistent bovine tuberculosis usually show a prevalent spoligotype with a
wide geographical distribution. This study applied mycobacterial interspersed repetitive-unit—variable-number tandem-repeat
(MIRU-VNTR) typing to a random panel of 115 M. bovis isolates that are representative of the most frequent spoligotype in the
Iberian Peninsula, SB0121. VNTR typing targeted nine loci: ETR-A (alias VNTR2165), ETR-B (VNTR2461), ETR-D (MIRU4,
VNTR580), ETR-E (MIRU31, VNTR3192), MIRU26 (VNTR2996), QUB11a (VNTR2163a), QUB11b (VNTR2163b), QUB26
(VNTR4052), and QUB3232 (VNTR3232). We found a high degree of diversity among the studied isolates (discriminatory index
[D] = 0.9856), which were split into 65 different MIRU-VNTR types. An alternative short-format MIRU-VNTR typing targeting
only the four loci with the highest variability values was found to offer an equivalent discriminatory index. Minimum spanning
trees using the MIRU-VNTR data showed the hypothetical evolution of an apparent clonal group. MIRU-VNTR analysis was also
applied to the isolates of 176 animals from 15 farms infected by M. bovis SB0121; in 10 farms, the analysis revealed the coexis-
tence of two to five different MIRU types differing in one to six loci, which highlights the frequency of undetected heterogeneity.

Bovine tuberculosis (Mycobacterium bovis) remains a concern
in Spain; although herd prevalence has been considerably re-
duced since the systematic implementation of the national eradi-
cation program in the 1990s, infection still affected 1.33% of herds
in 2011 (per the Ministry of the Environment and Rural and Ma-
rine Affairs). In consideration of the economic and public health
implications of this zoonosis, tracing the source of infection by
genotyping has become a key element within the program. The
most widely used technique to type M. bovis isolates is direct vari-
able repeat (DVR) spoligotyping (1). However, in some geograph-
ical settings, this cost-effective high-throughput technique does
not offer adequate discrimination (2, 3, 4) and is thus comple-
mented with mycobacterial interspersed repetitive-unit—variable-
number tandem-repeat (MIRU-VNTR) typing (5, 6). The MIRU-
VNTR technique has been evaluated in many countries using
different sets of makers (2, 4, 7-15).

In recent surveys in the Iberian Peninsula, SB0121 was found
to be the most frequent spoligotype of M. bovis (26.3% in Portugal
[16] and 27.9% in Spain [17]). These studies showed that high
levels of discrimination could be achieved by spoligotyping (dis-
criminatory index [D] = 0.89 and 0.87 in Portugal and Spain,
respectively), although subsequent studies from Portugal found
that discrimination actually increased with MIRU-VNTR typing
(12, 13).

In this study, we used nine MIRU-VNTR markers to type a
panel of randomly selected Spanish M. bovis isolates with the spo-
ligotype SB0121. The allelic diversity and overall discriminatory
power of the technique were evaluated, using several different
formats. Additionally, MIRU-VNTR was applied to all the in-
fected animals from farms infected with M. bovis SB0121 to eval-
uate if heterogeneity was underdetected.
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MATERIALS AND METHODS

Mycobacterial strains. The study was carried out in M. bovis isolates with
spoligotype SB0121 that were sampled from across Spain between 1997
and 2010. To evaluate the discriminatory power of MIRU-VNTR, we used
apanel (n = 115) (see Table S1 in the supplemental material) comprising
111 isolates selected randomly from 3,863 M. bovis SB0121 isolates from
the Spanish strain collection at the VISAVET Health Surveillance Centre
affecting animals plus four additionally selected M. bovis isolates from less
frequently affected species. The isolates originated from cattle (Bos taurus)
(n = 98), goats (Capra aegagrus hircus) (n = 2), wild boars (Sus scrofa)
(n =7), red deer (Cervus elaphus) (n = 2), fallow deer (Dama dama) (n =
2), badgers (Meles meles) (n = 2 [18]), and domestic pigs (Sus scrofa
domestica) (n = 2).

To evaluate potential heterogeneity within the farms infected by M.
bovis SB0121, we randomly selected 15 farms from 1,342 cattle farms from
which isolates were included in the strain collection to design a second
panel that comprised all the SB0121 isolates obtained from infected ani-
mals from these farms (total n = 176; number of isolates per farm, 2
to 31).

Received 16 May 2013 Returned for modification 27 June 2013
Accepted 20 August 2013

Published ahead of print 28 August 2013
Address correspondence to Alicia Aranaz, alaranaz@ucm.es.

* Present address: Sabrina Rodriguez-Campos, Institute of Veterinary Bacteriology,
Vetsuisse Faculty, University of Bern, Bern, Switzerland.

¥ For this multi-institutional research network, see http://www.ciberes.org/.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/JCM.01271-13.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JCM.01271-13

November 2013 Volume 51 Number 11


http://www.ciberes.org/
http://dx.doi.org/10.1128/JCM.01271-13
http://dx.doi.org/10.1128/JCM.01271-13
http://dx.doi.org/10.1128/JCM.01271-13
http://jcm.asm.org

Genotyping methods. (i) Spoligotyping. Spoligotyping was per-
formed following the protocol described by Kamerbeek et al. (1), and
authoritative names (written as the prefix SB followed by four digits) were
assigned according to the Mycobacterium bovis Spoligotype Database (see
http://www.Mbovis.org) (19).

(ii) Variable-number tandem-repeat typing: analysis of discrim-
inatory power. For the first panel, VNTR typing was carried out tar-
geting nine VNTR loci: ETR-A (alias VNTR2165), ETR-B (VNTR2461),
ETR-D (MIRU4, VNTR580), ETR-E (MIRU31, VNTR3192), MIRU26
(VNTR2996), QUBI1a (VNTR2163a), QUB11b (VNTR2163b), QUB26
(VNTR4052), and QUB3232 (VNTR3232) (5, 8, 20-22). Six of these
markers (ETR-A, ETR-B, ETR-D, QUBI11a, QUB11b, and QUB3232)
were recommended for typing M. bovis by the Veterinary Network of
Laboratories Researching into Improved Diagnosis and Epidemiology of
Mycobacterial Diseases (VENoMYC) Consortium (EU Coordination Ac-
tion SSPE-CT-2004-501903 [23]), and the other three loci were previ-
ously used for typing Spanish strains (ETR-E [24, 25], MIRU26 [24], and
QUB26 [9]). PCR was performed using the HotStarTaq DNA polymerase
kit (Qiagen) in a Bio-Rad MyCycler thermal cycler. The reaction mixtures
without mycobacterial DNA were used as a negative control and Myco-
bacterium bovis BCG strain Danish (CCUG 27863) (Culture Collection,
University of Gothenburg, Sweden) as a positive control. The positive
control was sequenced at each of the nine loci using the Applied Biosys-
tems ABI Prism 3730 DNA sequencer (Secugen S.L. and CIB sequencing
facilities, Madrid, Spain), and a correlating allele calling table was built
according to previous publications (5, 6, 21, 26). The number of tandem
repeats (alleles) was estimated after electrophoresis on 2.5% agarose gels
at 45 V during 5 h with a 100-bp ladder (Biotools B&M Labs, Madrid,
Spain) according to the allele calling table.

(iii) Variable-number tandem-repeat typing: analysis of farms with
heterogenous infections. For the second panel, we applied a two-step
analysis scheme to first screen for and then confirm heterogeneity within
each farm. First, we compared the mobility patterns in agarose electro-
phoresis (2% MS-8; Pronadisa, Madrid, Spain) at 45 V for 18.5 h of the
amplification products obtained with two triplex-PCRs, including the
most discriminatory loci (mix 1, ETR-A, ETR-B, and QUBI11a, and mix 2,
MIRU26, QUB26, and QUB3232). The final reaction mixture (50 pl)
included 25 p.l of PCR master mix (Qiagen multiplex PCRkit), 5 plor 7 pl
(mixes including QUB3232) of Q solution (Qiagen multiplex PCR kit),
and 0.25 pM each oligonucleotide. The thermocycling conditions applied
were 15 min at 95°C followed by 35 cycles of denaturation at 95°C for 50
s, annealing at 57°C for 60 s, extension at 72°C for 1.50 min, and a final
extension for 7 min at 72°C.

Subsequently, isolates from the same farm showing different mobility
patterns in the screening step were reanalyzed to assign precise allelic
values in order to obtain the complete nine-loci MIRU-VNTR type. Next,
multiplex PCR was performed, including the use of unlabeled and labeled
primers, and the PCR products were analyzed by capillary electrophoresis
using an ABI Prism 3100 genetic analyzer (Applied Biosystems, NL Lab
Centraal B.V., Haarlem, The Netherlands). In certain cases, some loci that
did not amplify in the multiplex PCR were assigned by simplex PCR.
When a unique genotype was found in only one infected animal in a farm,
the PCR and allele calling were repeated to confirm the result.

Data analysis. A MIRU-VNTR (MV) type number was assigned for
isolates with a complete typing profile, while profiles with nonamplifiable
loci or loci presenting double bands were excluded. Isolates were named
based on the results obtained by the MIRU-VNTR profile so that MV type
“n” with the four-loci approach could be further discriminated into MV
types “nA,” “nB,” etc., when applying the six- and nine-loci approaches
(see Table S1 in the supplemental material). The index of discrimination
(D) (27, 28) was calculated to determine the overall discriminatory power
of the MIRU-VNTR typing technique, as well as the individual allelic
diversity of the nine loci. We used the in silico website of the University of
the Basque Country (see http://insilico.chu.es/), filling in the number of
unrelated isolates with each MIRU-VNTR type or allele, respectively. The
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MIRU-VNTRplus website (http://www.miru-vntrplus.org) was used for
the construction of the minimum spanning trees (29, 30); the loci
QUBI11a and QUB3232 are not included in the standardized data sets of
MIRU-VNTRplus and were therefore arbitrarily assigned to database
fields of standard loci. Confidence intervals (CI) were calculated using the
NCSS8 statistical software (NCSS, LLC, Kaysville, UT, USA).

RESULTS

Discriminatory power of MIRU-VNTR typing. MIRU-VNTR
typing using nine loci (ETR-A, ETR-B, ETR-D, ETR-E, MIRU26,
QUBI11a, QUB11b, QUB26, and QUB3232) split the 115 M. bovis
isolates with spoligotype SB0121 into 65 different MV types (see
Table S1 in the supplemental material). Twelve isolates were not
assigned an MV type because a complete pattern could not be
obtained due to either a lack of amplification at one or more loci
and/or by the presence of double alleles at one or two loci. The loci
that most often presented amplification problems were ETR-E
and QUB-11a (Table 1).

The largest cluster was MV type 1A (9 isolates), followed by
MV type 3 (6 isolates), MV type 2A (5 isolates), MV types 5A and
7A (four isolates each), and MV types 4A and 6A (3 isolates each);
11 MV types clustered two isolates, and 47 types were unique (see
Table S1 in the supplemental material).

We observed the following allelic diversities for the different
loci (in order of decreasing D value; see Table 1): QUB3232 (D =
0.82), ETR-A (D = 0.64), ETR-B (D = 0.53), QUB11a (D = 0.44),
QUB26 (D = 0.35), MIRU26 (D = 0.35), ETR-D (D = 0.20),
ETR-E (D = 0.08), and QUB11b (D = 0.08). The overall discrim-
inatory index of the MIRU-VNTR typing technique using these
nine loci was 0.9856.

To evaluate whether a more cost-effective typing format would
work with similar discriminatory power, we analyzed the effect of
reducing the number of markers for the analysis. First, we selected
the six most discriminatory loci (QUB3232, ETR-A, ETR-B,
QUBI11a, QUB26, and MIRU26) that resulted in 65 MV types and
a discriminatory index of 0.9826. Compared with the nine-loci
approach, this panel did not distinguish between MV types 5A and
5B, 8A and 8B (both presenting a change at ETR-D), and 1D and
1E (due to variation at QUB11b); however, three MV types could
be assigned that were undetermined using the nine-loci approach
because of the repeated failure to amplify at ETR-E or QUB11b in
that analysis. Second, using only the four most discriminatory loci
(QUB3232, ETR-A, ETR-B, and QUB11a), the isolates clustered
in 52 MV types, achieving a discrimination index of 0.9689. In this
case, the largest cluster included MV type 1 (16 isolates), followed
by MV type 2 (8 isolates), MV types 3 and 4 (6 isolates each), MV
types 5, 6, and 7 (five isolates each), and MV type 8 (3 isolates); 11
MV types had two isolates, 33 types were unique, and six isolates
could not be assigned to an MV type using this approach.

The panel also included a small group of isolates from animal
species other than cattle. These isolates clustered either in the larg-
est groups of the MV types or were related to MV types found in
cattle. Even with the nine-loci approach, the isolates from cattle
and other species seem to be identical (wild boar and cattle MV
type 3, goat and cattle isolates MV type 4B, red deer and fallow
deer MV type 9) or closely related by variation in a single locus (for
example, wild boar MV type 1E and cattle MV types 1B and 1D,
wild boar MV type 18B and cattle MV types 4A, 18A, and 23)
(Fig. 1).

Minimum spanning trees. The construction of minimum
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TABLE 1 Allelic diversity of the individual variable-number tandem-repeat loci and their different combinations in the panel of 115 Mycobacterium

bovis isolates

No. of isolates with MIRU-VNTR allele no.:

MIRU-VNTR typing analysis 1 2 3 4 5 6 7 § 9 10 11 12 13 14 15 N° DB D7
Individual MIRU-VNTR
locus (alias)
QUB3232 (3232) 2 6 17 327 30 7 11 5 1 1 2 1 0 0 0.8242
ETR-A (2165) 1 3 10 49 46" 1 1 1 1 2 0.6438
ETR-B (2461) 9 17 76" 11 1 0 1 0.5336
QUBIl1a (2163a) 1 2 1 10 1 6 83° 1 3 1 1 5 0 0.4424
QUB26 (4052) 2 6 11 897 2 1 2 1 0.3471
MIRU26 (2996) 6 6 924 8 3 0 0.3450
ETR-D (580) 6 104 5 0 0 0.2038
ETR-E (3192) 4 106” 5 0 0.0807
QUBI11b (2163b) 3 109 1 2 0 0.0790
Combined MIRU-VNTR
approaches
Four loci® 6 0.9689
Six loci 8 0.9826
Nine loci® 12 0.9856

“ Number of isolates at the allele that correspond to the most frequent MIRU-VNTR type.
b N, number of isolates not amplifiable and therefore of undetermined MIRU-VNTR type.

¢ DB, number of isolates with double bands.

4D, discriminatory index.

¢ Combination of QUB3232, ETR-A, ETR-B, and QUBI1 1a.
/Four-loci analysis plus QUB26 and MIRU26.

£ Six-loci analysis plus ETR-D, ETR-E, and QUB11b.

spanning trees for the three different combinations of loci (nine
loci [Fig. 1], six loci [not shown], and four loci [Fig. 1]) revealed
that most of the MIRU-VNTR types are closely related. Despite
the high diversity, most of the genotypes (57 MV types [87.69%]),
including 95 (92.23%) of the typeable isolates (95% confidence
interval [CI], 0.8527 to 0.9659) belonged to the same clonal com-
plex when applying the default setting where the maximum dif-
ference allowed within a group was two loci (double locus variant
[DLV]). The eight genotypes excluded were MV types 22 and 31,
the cluster of MV type 35 and its relatives MV types 43, 44, 45, and
46 (differences at three loci), and MV type 40 (differences at four
loci); these genotypes included one isolate each. Using a less strin-
gent criterion, i.e., allowing triple locus variants within a clonal
complex, all MV types (except from MV type 40, the singleton
with variations at four loci) including 102 (99.01%) of the type-
able isolates (95% CI, 0.9471 to 0.9998) cluster in a single clonal
group. The minimum spanning tree for the 6-loci approach when
choosing the default setting also clustered the typeable isolates in
two clonal complexes, with the bigger one clustering 60 MV types,
including 102 (95.33%) of the isolates (95% CI, 0.8943 to 0.9847);
no singletons were found. The analysis of the panel with only four
loci considering DLVs as members of the same clonal complex
grouped all isolates in a single group. Furthermore, most of the
genotypes (41 MV types, 78.84%), clustering 91 (83.49%) of the
typeable isolates (95% CI, 0.7516 to 0.8991), showed a single locus
variation, while only 11 MV types that included 18 isolates (95%
CI, 0.1009 to 0.2483) were DLVs.

Study of heterogeneity within farms. The high discriminatory
power observed by the MIRU-VNTR analysis of the SB0121 iso-
lates encouraged us to evaluate whether the systematic application
of MIRU-VNTR could reveal infections caused by more than one
strain in farms that previously had been considered to be homo-
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geneously infected by SB0121. We therefore evaluated a panel
consisting of multiple isolates from the same farm (15 premises,
n = 176). Only five out of the 15 farms were confirmed to be truly
homogenous (Table 2); these farms comprised six to 31 isolates
each, obtained over a time span of up to 5 years. In the remaining
10 farms, with four to 30 isolates each, the MIRU-VNTR typing
scheme revealed a marked heterogeneity, identifying two to five
different MV types per farm.

Among the 10 farms with heterogeneous isolates, we observed
(i) one farm with all of its isolates showing MV types differing in
only one locus, (ii) five farms with all their MV types differing
between two and six loci, and (iii) four farms in which MV types
differing in only one locus coexisted with other types varying at
more than one locus. In farms 7 and 8, some MV types were
markedly underrepresented (only one isolate out of 11 and 29,
respectively).

In all except one farm, heterogeneity was already revealed by
the four-loci combination; most of the isolates were distinguished
by allelic differences in two to four markers. The ETR-A locus was
the main contributor (9 farms), followed by QUB3232 (6 farms,
but with higher allelic diversity) and ETR-B and QUB11a (5 farms
each), while only in five cases, the isolates differed in a single locus
(ETR-A in one case, QUB-11a in one case, and QUB-3232 in three
cases). In one farm, diversity was detected only by changes in
MIRU26 and QUB26; this was the only case that needed the six-
loci approach for resolution. The changes in these loci in other
farms provided only redundant information.

DISCUSSION

Spoligotyping has been extensively used to characterize M. bovis in
Spain because of the high degree of strain diversity in this patho-
gen (17) and the convenience of being able to record the results in
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FIG 1 Minimum spanning trees (MSTs) of the 115 Mycobacterium bovis isolates with the 65 MIRU-VNTR types obtained with the nine-loci approach (A) and
the 51 MIRU-VNTR types obtained with the four-loci approach (B). The MSTs were created using the online application MIRU-VNTRplus (30). The colored
nodes show MIRU-VNTR types that were subdivided when the number of markers was increased; MIRU-VNTR types that clustered at different central nodes
when reducing the set of markers are shown in gray.

November 2013 Volume 51 Number 11 jcm.asm.org 3661


http://jcm.asm.org

Rodriguez-Campos et al.

TABLE 2 Systematic MIRU-VNTR typing of all Mycobacterium bovis SB0121 isolates (n = 176) from 15 farms”

No. of alleles at MIRU-VNTR locus (VNTR alias)?

Farm  QUB3232short ETR-A  ETR-B  QUBlla QUB26 MIRU26 ETR-D ETR-E  QUBIIb  No. of Nature of outbreak
no. (3232) (2165) (2461)  (2163a) (4052) (2996) (580) (3192)  (2163b) isolates  (no. of types) Other spoligotype(s)
1 7 6 4 10 3 5 3 3 2 9 Homogeneous
2 6 5 3 9 5 5 3 3 2 17 Homogeneous
3 7 6 4 10 5 5 3 3 2 6 Homogeneous
4 10 6 5 10 5 5 3 3 2 31 Homogeneous SB0339, SB0818, SB0140
5 4 5 4 10 5 5 3 3 2 7 Homogeneous
6 7 6 4 10 6 5 3 3 2 5 Heterogeneous (2)
7 6 4 10 5 2 3 3 2 4
7 7 6 4 10 5 5 3 3 2 11 Heterogeneous (2) SB0339, SB1142
7 5 3 7 5 5 3 3 2 1
8 7 6 3 10 4 5 3 3 2 29 Heterogeneous (2) ~ SB0339
10 5 3 10 5 5 4 3 2 1
9 8 5 4 10 5 5 3 3 2 2 Heterogeneous (3)
8 5 4 5 5 3 3 2 1
8 6 4 8 5 5 3 3 2 1
10 9 5 4 10 5 5 4 3 2 3 Heterogeneous (3) ~ SB0295
10 5 3 10 5 5 3 3 2 1
6 4 10 2 2 3 3 2 1
11 9 3 3 10 5 5 3 3 2 9 Heterogeneous (2)
9 5 3 10 5 5 3 3 2 6
12 15 5 4 9 5 5 3 3 1 6 Heterogeneous (3) SB0265, SB0807
11 5 4 9 5 5 3 3 1 1
8 12 5 N¢ 4 4 3 3 2 1
13 10 5 4 10 5 5 3 3 2 6 Heterogeneous (4) SB0295, SB0416
6 5 4 12 4 6 3 3 2 1
6 6 4 10 5 5 3 3 2 1
7 5 4 10 5 6 3 3 2 1
14 6 5 2 7 5 5 3 3 2 3 Heterogeneous (5) SB0152, SB1320
8 6 4 10 5 5 3 3 2 1
6 6 4 10 5 5 3 3 2 1
7 5 4 10 4 5 3 3 2 1
7 6 4 10 5 5 3 3 2 1
15 7 6 4 10 6 5 3 3 2 2 Heterogeneous (5) SB0265, SB0875
7 5 5 10 5 5 3 2 2 2
14 6 4 13 4 6 3 3 2 1
5 5 10 5 5 3 2 2 1
7 6 3 7 5 5 3 3 2 1

“ This analysis revealed heterogeneity in 10 out of the 15 farms.

¥ MIRU-VNTR loci with corresponding VNTR alias (markers have been ordered according to the D value).

“N, not amplifiable.

a database at the national level (31). A common feature of M. bovis
populations is that each geographical area presents a clearly more
frequent spoligotype that can be subtyped by MIRU-VNTR anal-
ysis to some extent. Strains with the spoligotype SB0121 are the
most common representatives of the European 2 clonal complex
and its putative recent common ancestor (32). This spoligotype is
also present at a high frequency in Portugal (16), is less prevalent
in France (33) and Italy (10), and is almost absent in the British
Isles (3, 4). The present study applied MIRU-VNTR typing with
different purposes: first to determine the degree of diversity within
strains with spoligotype SB0121 and then suggest the hypothetical
evolution of this clonal complex, second, to evaluate the most
suitable format of MIRU-VNTR for a cost-efficient typing of
SB0121 isolates, and finally, to assess the reliability or limitations
of spoligotyping for epidemiological investigation when M. bovis
SB0121 is involved.

A random selection of isolates was chosen to represent the
Spanish M. bovis population with spoligotype SBO121. Areas
where M. bovis is highly endemic or areas and farms that were
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intensively sampled might therefore be overrepresented; nonethe-
less, we consider this subpopulation to be a representative snap-
shot of the national situation. The MIRU-VNTR characterization
of this random panel of M. bovis SB0121 isolates revealed a high
degree of diversity. This is consistent with previous reports from
Portugal (12, 13) and Italy (10) where the MIRU-VNTR type di-
versity of the most prevalent spoligotypes (SB0121 and SB0120,
respectively) is high compared to that of the European 1 clonal
complex in the United Kingdom and the Republic of Ireland (34).
The underlying reasons for this high diversity in the Iberian M.
bovis population remain unknown. It might result from a higher
mutation rate, or it may be due to the earlier introduction of the
pathogen in mainland Europe, which gave more opportunity for
evolution.

In order to screen for large polymorphisms that might hint at
an explanation of the expansion of certain genotypes, we analyzed
three isolates with spoligotype SB0121 and different MV types
using DNA microarray according to Garcia-Pelayo et al. (35). The
three analyzed strains, MI05/00611, MI06/00001, and MIO05/
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00050 (see Table S1 in the supplemental material), were a cattle
isolate with MV type 1A, the largest cluster found in the study, a
cattle isolate with MV type 2D, a unique type, and a wild boar
isolate with MV type 44, also a unique type, respectively. No large
polymorphisms common to these clonal subgroups were identi-
fied (see Table S2 in the supplemental material).

The hypothetical relationships among the isolates are shown
in the minimum spanning tree created using the data obtained
from the nine-loci analysis (Fig. 1). The putative founder of the
cluster (central node) is MV type 2A, although the pattern is not
the most frequent one in this panel; a similar situation was previ-
ously described for strains with spoligotype SB0140 in the United
Kingdom (36). Loci with a higher D value are the main contribu-
tors to the expansion in the diversity of the clonal group. We have
observed that differences between strains in this panel were
mainly caused by single or double allele variations. Moreover, in
this snapshot, we did not observe clustering of distinct MIRU-
VNTR types in specific geographic areas or animal species with
any of the loci combinations, in contrast to the report from the
United Kingdom (36). The inability to obtain and type each and
every isolate when there is high prevalence of bovine tuberculosis
together with high genetic diversity suggests a reasonable adapta-
tion of the current criteria for interpretation of MIRU-VNTR
analysis. We suggest adopting a less stringent interpretation (i.e.,
considering SLVs to be related sources) for disease tracing in case
a perfect MIRU-VNTR type match to source cannot be identified
(37).

The marked subdivision of SB0121 by applying MIRU-VNTR
leads us to consider spoligotyping as being limited in its ability to
precisely track transmissions, and it is probably responsible for the
misinterpretation of supposedly related SB0121 isolates that
might actually differ by MIRU-VNTR analysis. Before extending
the genotyping effort from using spoligotyping to MIRU-VNTR
for the analysis of this prevalent spoligotype, it was convenient to
apply cost-effective techniques with an optimized level of discrim-
ination. Obviously, the more markers included in the analysis, the
better the resolution of genotypes and accuracy of results (8, 10).
However, in practical terms (both economic and technical), this is
not feasible when handling a large number of isolates. This also
might be the situation in other countries with high herd preva-
lences. For this reason, in this study, we compared the results
obtained with different combinations of loci. Our results show
that the use of a minimum set of the four loci ETR-A, ETR-B,
QUBI11a, and QUB3232 is satisfactory for routine application
with M. bovis isolates with spoligotype SB0121 from a high-diver-
sity setting. The analysis of the panel of isolates with the four-loci
approach still maintains a good discrimination value and does not
change the main structure of the minimum spanning tree, as
shown in Fig. 1. These four loci were among the loci proposed by
the VENoMYC Consortium for the MIRU-VNTR typing of M.
bovis strains (EU coordination action SSPE-CT-2004-501903
[23]); therefore, this selection maintains the advantage of being
able to exchange data between laboratories.

The optimal minimum set of markers may depend on the spo-
ligotype and/or epidemiological setting; therefore, in the absence
of specific data, we recommend extending the set of markers to
include MIRU26 and QUB26. This six-loci approach includes
markers previously reported to be useful for MIRU-VNTR typ-
ing of diverse M. bovis spoligotypes in Ireland (26), Belgium
(8), Italy (10), and Portugal (11); thus, it might be suitable for
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application as a general scheme for M. bovis isolates. For a more
specific use, the markers ETR-D, ETR-E, and QUBI11b can be
added to complete the nine-loci approach, though their perfor-
mances are variable. ETR-D and ETR-E did not achieve a high
level of discrimination in either this study or in the above-men-
tioned publications. Remarkably, the discrimination power of
MIRU-VNTR locus QUBI11b varies with different spoligotypes
and strain collections, e.g., in Donana National Park (9) or bull-
fighting cattle (38).

In order to evaluate whether a MIRU-VNTR-based strategy
could change the epidemiological interpretation of those farms
infected by M. bovis SB0121, we analyzed multiple isolates from 15
farms. While five out of the 15 farms showed homogeneous
SB0121 strains, 10 showed a variable degree of heterogeneity,
which was detected in almost all cases with the four-loci scheme.
The cases that differed in a single locus could be considered re-
lated, as they might reflect a microevolutionary event in the farm.
However, differences in several markers between isolates in the
other cases would exclude any close phylogenetic relationship of
these strains isolated from one farm. Among these heterogeneous
farms, we found farms (i) with SLVs present, (ii) that were in-
fected simultaneously by two to five different strains, and (iii) in
which both phenomena coexisted. In farms with a coexistence of
clonal variants, these variants are likely to be related and might
have appeared by way of microevolutionary events. The impacts
that these events might have on the precise definition of “epide-
miologically linked” must be addressed in further studies. Inter-
estingly, the presence of different strains and/or clonal variants
would have remained undetected on some farms if an exhaustive
analysis of all positive animals had not been performed.

The finding of such diversity within the spoligotype SB0121 is
relevant to the evaluation of the eradication program and the in-
terpretation of persistent infection on a farm. The persistence of
infection in the farms may not, in some cases, be due to the failure
of diagnostic tests but rather to the existence of a continuous risk
of reinfection, such as that which occurs in the trade of infected
cattle, with contact with infected wildlife, or with inadequate bio-
safety measures. This analysis is the basis of future approaches to
tracking M. bovis infection within a defined area. The presence of
multiple sources of infection is also strongly suggested by the fact
that M. bovis with spoligotypes other than SB0121 were identified
in eight of the selected 15 farms (Table 2).

The occurrence of double bands in the MIRU-VNTR analysis,
as observed in three isolates in this study, might be due to mixed
infection (9, 39) or to microevolutionary events (40). Although we
could not exclude or confirm any of these possibilities, we think
that these are likely due to mixed infections, because the presence
of double bands affected two or three markers, except for in one
isolate. This effect has been previously described in M. bovis iso-
lates from high-prevalence settings (9).

In summary, MIRU-VNTR analysis revealed genetic variabil-
ity among Spanish M. bovis isolates with spoligotype SB0121 and
delineated the cluster as an expanding clonal group in which iso-
lates are mainly linked by single or double locus variants. In prac-
tical terms, this also implies the need to subtype M. bovis isolates
using MIRU-VNTR when this common spoligotype is identified,
at least using a minimum combination of four loci QUB3232,
ETR-A, ETR-B, and QUB11a. This lack of variability within spo-
ligotype SB0121 strains has hindered, until now, the identification
of farms that are simultaneously infected by several strains and the
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existence of microevolved clonal variants; these variants may well
interfere with our standard concepts for the interpretation of the
source of infection for these herds.
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