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The description of the population ofM. bovis strains circulating in France from 1978 to 2013 has highlighted the
discriminating power of the MLVA among predominant spoligotype groups. In the present study we aimed to
characterize clonal groups via MLVA and to better understand the strain's population structure. MLVA was per-
formed with eight MIRU-VNTR loci, most of them defined by the Venomyc European consortium. The discrimi-
natory index of each MLVA loci was calculated for SB0120, SB0134, SB0121 and the “F4-family”, the main
spoligotype groups in France. Differences in global DI per spoligotype, but also by locus within each spoligotype,
were observed, which strongly suggest the clonal complex nature of these major groups. These MLVA results
were compared to those of other European countries where strain collections had been characterized (Spain,
Portugal, Italy, Northern Ireland and Belgium). Overall, QUB 3232 and ETR D are respectively the most and the
least discriminative loci, regardless of the strains geographical origin. However, marked DI differences are ob-
served in the rest of the MIRU-VNTR loci, again highlighting that strain genetic variability in a country depends
on the dominant existing clonal complexes. A web application for M. bovis, including spoligotyping and MIRU-
VNTR typing data, was developed to allow inter-laboratory comparison of field isolates.
In conclusion, combination of typingmethods is required forM. bovisoptimumdiscrimination and differentiation
of groups of strains. Thus, the loci employed for MLVA in a country should be those which are the most discrim-
inative for the clonal complexes which characterize theirM. bovis population.

© 2016 Published by Elsevier B.V.
1. Introduction

France is an officially bovine tuberculosis (bTB) free EUmember still
presenting several outbreaks of the disease every year. These outbreaks
are concentrated in few regions where wildlife is also affected by the
disease. To better understand the epidemiology of the disease and the
reasons of this persistence as well as defining the phylogeny of the
strains, spoligotyping and multi-locus variable number tandem repeat
analysis (MLVA) were employed in a large and long-established M.
bovis strain collection. These two methods are largely used for conven-
tional genotyping and have become indispensable to study the molecu-
lar epidemiology of bTB worldwide (Gormley et al., 2014). This study
was performed on 2332 strains isolated from animal outbreaks during
oschiroli).
ually to this work.
a period of 35 years (1978–2013)widely representing the French epide-
miological bTB situation (Hauer et al., 2015). MLVA revealed a very high
genetic variability among the four main spoligotype SB0120, SB0121,
SB0134 and “F4” family composed of strains belonging to 25
spoligotypes that lack spacer 33 and present a truncated repeat in
QUB 26 (Hauer et al., 2015).

To determine whether the use of MIRU-VNTR, in addition to
subtyping strains, could be indicative of clonal group identity, we ana-
lyzed the allelic diversity of each of the 6 loci proposed by the Venomyc
European consortium plus loci ETR C and QUB 26 on our large field iso-
lates' set. Our results support that spoligotyping and MLVA are useful
not only for molecular epidemiology, but are also phylogenetically in-
formative, predicting diverse strain lineages at a national level for this
Mycobacterium tuberculosis complex (MTBC) species. This study also
provides a new web application dedicated to the genotyping of M.
bovis including spoligotyping and MIRU-VNTR typing for the scientific
community and veterinary health services.
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Table 1
Distribution of field isolates of M. bovis by genotyping and MLVA spoligotype.

Familya
No. of
spoligotypes

No. of MLVA
profiles

No. of
isolates

% of
strains

SB0120 1 154 768 33
SB0134 1 53 272 12
SB0121 1 50 157 7
F4-family 27 111 552 24
Sub-total 30 368 1749 76
Other spoligotypesb 123 103 583 24
Total 153 471 2332 100

a Spoligotypes predominately present in France and used in this study.
b Previously described (Hauer et al., 2015).
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2. Materials and methods

2.1. Bacterial strains

This study was performed on 2332 field M. bovis isolates belonging
to the French bTB National Reference Laboratory (Anses) collection,
where they are currentlymaintained and stored. Theywere isolated be-
tween 1978 and 2013 from 1751 cattle, 86 wild boar, 56 badgers, 28
goats, 21 domestic and exotic animals such as monkeys (baboon
(Papio sp.)), chimpanzee (Pan sp.), macaque (Macaca sp.) and felids
(puma (Puma concolor) and tiger (Panthera tigris)), 11 red deer, 11
pigs, 8 wildlife animals and 3 sheep. M. bovis isolates were identified
by spoligotyping as described below. For livestock breakdowns, a
herd-based criterium was used for strain choice: at least 1 strain/out-
break was genotyped by both genotyping methods (spoligotyping and
MLVA). If there was more than one spoligotype profile in the same
herd during one year, at least one strain of each spoligotype profile
was genotyped by MLVA. The totality of wildlife, zoo or other domestic
animal isolates were fully genotyped by both methods.

2.2. Spoligotyping

Spoligotyping was performed as described by (Zhang et al., 2010),
using TB-SPOL kits purchased from Beamedex® (Beamedex® SAS,
Orsay, France) on BioPLex200/Luminex 200® as described by Hauer et
al. (2015). Spoligotypes have been named according to an agreed inter-
national convention (www.mbovis.org).

2.3. MLVA typing using MIRU and VNTR markers

Multi-Locus Variable numbers tandem repeats Analysis (MLVA) pro-
file identification (Frothingham andMeeker-O'Connell, 1998; Roring et
al., 2002) was performed by Genoscreen, Lille, France, using PCR ampli-
fication targeting genetic loci including mycobacterial MIRU-VNTR.
Analysis was based on 8 loci, ETR A (VNTR2165), ETR B (VNTR2461),
ETR C (VNTR577), ETR D (MIRU4 or VNTR580), QUB 11a
(VNTR2163a), QUB 11b (VNTR2163b), QUB 26 (VNTR4052) and QUB
3232 (VNTR3232), chosen in the framework of an European consortium
on their degree of polymorphism and their ability to discriminate local
strains (Supply et al., 2006).

2.4. Discriminatory index calculation

The discriminatory index (DI) allows tomeasure variations in specif-
ic genetic regions used in the employed genotyping methods. DI of
spoligotyping and MLVA was determined using the Hunter and Gaston
formula DI= 1− (1 ÷ N (N− 1)Σs

j=1 nj(nj− 1)) where N is the total
number of strains in the typing scheme, s is the total number of distinct
patterns discriminated by each typingmethod and strategy, and nj is the
number of strains belonging to the jth pattern (Hunter and Gaston,
1988). The DI of the combination of spoligotyping andMLVAwas calcu-
lated on a dendrogram (Categorical values) distance represented by
UPGMA (Unweighted Pair GroupMethodwith Aritmeticmean) cluster-
ing method for MLVA) built by Bionumerics 7.0 software (Applied
Maths, St-Martin-Latem, Belgium) (data not shown). DI and confidence
intervals at 95% of each MIRU-VNTR locus were performed with the
VNTR-Diversity and Confidence Extractor (V-DICE) website (http://
www.hpa-bioinformatics.org).

2.1 M. bovis genotyping database

A freely accessible web application called “M.bovisDatatype” includ-
ingMLVA and spoligotyping profiles was developed (http://mbov-type.
tours.inra.fr). This database gathers all profiles analyzed in this study
which are those previously published by Hauer et al. (Hauer et al.,
2015). The database information includes incrementing MIRU-VNTR
and spoligotype profiles with corresponding alleles/repeat numbers at
each locus, and an application to automatically obtains octal code. This
database allows generating octal codes defined by the CDC (comple-
mentary to hexacodes on Mbovis.org). Through this application,
interlaboratory comparisons of MLVA and spoligotyping profiles can
be performed with those of existing referenced strains.

3. Results and discussion

Spoligotyping of the 2332 M. bovis strains investigated in this study
identified 153 different profiles (Table S1). But as previously described
(Hauer et al., 2015), 69% of the strains are grouped in only ten
spoligotypes of which three are dominant: SB0120, SB0134 and
SB0121 (30, 12 and 6% respectively) (Table S1). The spoligotyping
method is very useful for strain differentiation, with an estimated DI
of 0.882, but does not allow tracing up studies when spoligotypes are
dominant and widespread (Skuce et al., 2002).

To improve the discrimination of strains within the main
spoligotypes and improve epidemiological studies, MLVA with a set of
eight loci (ETR A, ETR B, ETR C, ETR D, QUB 11a, QUB 11b, QUB 26,
QUB 3232),was used (Table 1 and Figs. 1 and 2). On the 2332 strains ex-
amined, 471 different MLVA profiles have been identified of which 256
(11% of the strains included in this study) were obtained only once dur-
ing the 1978–2011 period. MLVA was thus able to sub-discriminate the
three main spoligotypes (Table 1). As shown in previous studies, each
MLVA loci seemmore or less suitable to discriminateM. bovis strains de-
pending on the spoligotype group (Gormley et al., 2014). With this
unique collection of M. bovis strains, regarding its size and diversity,
the DI of each MIRU-VNTR locus was calculated for all strains and for
strains within each major spoligotype group as shown in Fig. 1 and
Fig. 2. Collectively, these findings established that ETR A is themost dis-
criminating locus (DI = 0.712), followed in descending order by QUB
3232 (DI = 0.695), ETR B (DI = 0.691), QUB 26 (DI = 0.687), QUB
11a (DI = 0.678), QUB 11b (DI = 0.614), ETR C (DI = 0.360) and ETR
D which is the most stable and less discriminative (DI = 0.163) of
them. DI of MLVA was also calculated for SB0120, SB0134 and SB0121
and the “F4-family”, the largest spoligotype groups, for which clear DI
differences could be noticed (Figs. 1 and 2 and Table 2A). SB0120, the
most prevalent spoligotype in France (30% of strains), is also highly di-
verse (DI: 0.858). However SB0121, which represents 6.2% of strains,
presents the highest DI (0.931) while SB0134, accounting for 12% of
strains, shows a lower DI (0.677). In Italy SB0120 is also the principal
spoligotype and, as in France, ETR B discloses the higher discriminatory
power (0.68 and 0.65 respectively) (Table 2A). The results on SB0121
strains are consistent with those previously reported from the Iberian
Peninsula (Spain and Portugal) where this spoligotype is the most fre-
quent and for which MLVA DI was up to 0.98 (Duarte et al., 2010;
Rodriguez-Campos et al., 2013) (Table 2B). As suggested by
Rodriguez-Campos et al., the high diversity of these strains, which be-
long to the European 2 complex could be explained either by a higher
mutation rate or by the long lasting presence of the pathogen in

http://www.mbovis.org
http://www.hpa-bioinformatics.org
http://www.hpa-bioinformatics.org
http://mbov-type.tours.inra.fr
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Fig. 1. Allelic diversity of MLVA loci among M. bovis. Diversity and discriminatory index (DI) of individual MLVA loci_ETR A (VNTR2165), ETR B (VNTR2461), ETR C (VNTR577), ETR D
(MIRU4 or VNTR580), QUB 11a (VNTR2163a), QUB 11b (VNTR2163b), QUB 26 (VNTR4052) and QUB 3232 (VNTR3232)_ and the combination of the 8 loci. Allelic diversity of each
locus is presented by the percentage of the strains by number of repeats. Calculations of the DI and 95% confidence intervals were performed by Hunter-Gaston formula, using V-DICE
website on 2332 isolates for M. bovis, 768 isolates for SB0120, 272 isolates for SB0134, 157 isolates for SB0121 and 523 isolates for the F4-family.
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mainland Europe, which gave more opportunity for evolution
(Rodriguez-Campos et al., 2012). On the contrary, the lower diversity
for SB0134 could be explained by the more recent emergence and ex-
pansion of these strains in France in the last 10 years (Hauer et al.,
2015). As for the “F4 family” that accounts for 22% of strains in this col-
lection, the DI of MLVA, 0.835, is quite high. This family exclusively
found in France, mainly in the South, is composed of strains belonging
to 25 spoligotypes that lack spacer 33 and present a truncated repeat
in QUB 26 (Haddad et al., 2001; Hauer et al., 2015). In Belgium the
most common spoligotype is SB0162, which is, by contrast, rare in
0
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1
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Fig. 2. Comparison of discriminatory index (DI) o
France. For this spoligotype, together with ETR D, the least discrimina-
tive locus is ETR C (DI=0.18) (Table 2B) (Allix et al., 2006). In Northern
Ireland, where the majority of strains belong to the European 1 com-
plex, discrimination of these strains is maximal with QUB 3232, while
QUB 11b is the least variable (Skuce et al., 2005).

New and interesting information provided by this thorough study
based on the DI perMIRU-VNTR locus is the differential genetic variabil-
ity highlighted among these families suggesting a possible use in phylo-
genetic studies. Maximal discrimination power is observed in
completely different loci per spoligotype: ETR B for SB0120, QUB 26
SB0120

SB0134

SB0121

F4

All

UB 11b QUB 26 QUB 3232

Spoligotypes

f individual MLVA loci by spoligotype family.



Table 2
a: Discriminatory power (DI) by locus within main spoligotype groups in France; b: Discriminatory power byMLVA locus of identified in the principal studies from European countries or
regions.

A. Allelic diversity by MLVA locus and by spoligotype family

Country No. of strains Spoligotypes
DI by locus

ETR A ETR B ETR C ETR D QUB 11a QUB 11b QUB 26 QUB 3232

France

2332 All (100%) 0.71 0.70 0.36 0.16 0.68 0.61 0.69 0.69
768 SB0120 (33%) 0.41 0.65 0.46 0.12 0.58 0.42 0.30 0.30
272 SB0134 (12%) 0.48 0.45 0.11 0.10 0.54 0.17 0.56 0.41
157 SB0121 (7%) 0.55 0.56 0.50 0.08 0.68 0.19 0.47 0.61
523 F4 (22%) 0.52 0.42 0.21 0.08 0.50 0.10 0.31 0.65

B. Comparison of allelic polymorphism by MLVA locus determined from different geographical regions

Country No. of strains Major spoligotypes
DI by locus

ETR A ETR B ETR C ETR D QUB 11a QUB 11b QUB 26 QUB 3232

Francea 2332 All 0.71 0.70 0.36 0.16 0.68 0.61 0.69 0.69
Belgiumb 82 SB0162 0.66 0.69 0.18 0.18 – – – –
Iberian Peninsulac 115 SB0121 0.64 0.53 – 0.20 0.44 0.08 0.35 0.82
Italyd 747 SB0120 0.57 0.68 0.21 0.22 – – – –
Portugale 141 SB0121 0.62 0.63 0.46 0.33 0.65 0.60 – 0.80
Northern Irelandf 461 SB0140 0.39 0.30 – – 0.44 0.14 0.30 0.53

a This study.
b Allix et al. (2006).
c Rodriguez-Campos et al. (2013).
d Boniotti et al. (2009).
e Duarte et al. (2010)
f Skuce et al. (2005).
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for SB0134, QUB 11a for SB0121 and QUB 3232 for F4-family. ETR D is
the least discriminating locus on all the populations (SB0120, SB0121,
SB0134 and the F4-family). This genetic trait, i.e. differences in discrim-
ination by locus in each family, supports the definition of main clonal
complexes in France as suggested before (Hauer et al., 2015). Thus,
the choice of the most appropriate set of loci for a finest MLVA typing
should take in consideration the DI by locus of the most important
spoligotypes and their derived spoligotypes (rare or orphan types)
which constitute the population of M. bovis strains in a country.

The comparisonwith the reports of other countries that present sim-
ilar or different spoligotype groups is also variable depending on the
dominant strains in the countries (Table 2B) (Gormley et al., 2014).
However, a common trait is that globally ETR D is poorly discriminative
forM. bovis in contrast to the higher discrimination values observed for
this locus in Mycobacterium tuberculosis (Supply et al., 2006) or Myco-
bacterium caprae (Prodinger et al., 2005) (0.55 and 0.58 respectively).
In general, QUB 3232 seems to be very useful regardless of the strain
set (Table 2A and B).

Studies conducted to determine a reference set of MLVAmarkers for
M. bovis are fewer than studies onM. tuberculosis.However, in Europe, a
network of laboratories has agreed on a consensus of MLVA loci for the
usewithM. bovis (Supply et al., 2006). ThusMLVA typing has been used
in many countries for epidemiological studies although methodology
standardization between laboratories as well as archiving and sharing
knowledge of existing and of newly definedM. bovis genotypes, includ-
ing MIRU-VNTR and spoligotype profiles, need to be managed. There-
fore a web application called “M.Bovis Datatype” was developed
(http://mbov-type.tours.inra.fr). This freely accessible service allows
users to compare spoligotypes and MIRU-VNTR profiles of their strains.
This database gathers all profiles obtained in this study, of which some
of them have also been described in the literature. The database infor-
mation includes incrementing spoligotype and MLVA profiles with cor-
responding alleles/repeat numbers at each locus. All information can be
exported under EXCEL or PDF format. An extensive documentation re-
garding the genotyping method, protocols, and primer sequences is
provided to the users.

In conclusion, this study, conducted in an important and diverse col-
lection of strains, illustrates that MLVA loci sets should be optimized
using panels of MIRU-VNTR suited for the clonal complexes composing
theM. bovis population in a region or in a country where several identi-
fiedwidespread clonal complexes prevail. In addition a web application
dedicated to the genotyping of M. bovis has been created to facilitate
inter-laboratory comparison and exchange of genotyping and epidemi-
ological data on M. bovis.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.meegid.2016.08.038.
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