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Abstract

Background

Combining different molecular typing methods for Mycobacterium tuberculosis complex
(MTBC) can be a powerful tool for molecular epidemiology-based investigation of TB. How-
ever, the current standard method that provides high discriminatory power for such a combi-
nation, mycobacterial interspersed repetitive units-variable numbers of tandem repeats
typing (MIRU-VNTR), is laborious, time-consuming and often too costly for many resource-
limited laboratories. We aimed to evaluate a reduced set of loci for MIRU-VNTR typing in
combination with spoligotyping and SNP-typing for routine molecular epidemiology of TB.

Method

Spoligotyping and SNP-typing, in combination with the 15 loci MIRU-VNTR typing, were first
used to type clinical MTBC isolates (n = 158) from Madagascar. A step by step reduction of
MIRU-VNTR loci number was then performed according to the Hunter and Gaston Discrimi-
natory Index (HGDI) and to the Principal component analysis (PCA) correlation with the spo-
ligotype profiles to evaluate the discrimination power inside the generated spoligotype
clusters. The 15 MIRU-VNTR was used as reference and SNP-typing was used to deter-
mine the main MTBC lineages.

Results

Of the 158 clinical isolates studied, the SNP-typing classified 23 into Lineage 1 (14.6%), 31
into Lineage 2 (19.6%), 23 into Lineage 3 (14.6%) and 81 into Lineage 4 strains (51.3%). 37
different spoligotypes profiles were obtained, 15 of which were unique and 20 in clusters.
15-loci MIRU-VNTR typing revealed 144 different genotypes: 132 isolates had a unique
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MIRU-VNTR profile and 27 isolates were grouped into 12 clusters. After a stepwise reduc-
tion of the MIRU-VNTR loci number within each main spoligotype families, three different
sets composed of 5 customised MIRU-VNTR loci had a similar discrimination level to the ref-
erence 15 loci MIRU-VNTR in lineage 1, lineage 2 and lineage 3. For lineage 4, a set of 4
and 3 MIRU-VNTR loci were proposed to subtype the Harleem and LAM spoligotype fami-
lies, respectively. For the T spoligotype family, a set of 5 MIRU-VNTR loci was proposed.

Conclusion

According to the lineages and the spoligotype families, the number of MIRU-VNTR loci can
be reduced to get an optimal classification of MTBC. These customized sets of MIRU-VNTR
loci reduce workload and save resources while maintaining optimal discriminatory power.

Introduction

M. tuberculosis is a widespread global human pathogen whose infection causes an estimated
10.4 million cases of tuberculosis (TB) and 1.8 million deaths every year [1]. TB epidemiology
and transmission chain study has traditionally been performed by molecular strain typing [2-
4]. Utilizing PCR-based methods for genotyping M. tuberculosis complex (MTBC) isolates
helps public health officials manage TB outbreaks through identification of MTBC population
involved in outbreaks and monitoring of their transmission dynamics [5, 6].

SNP-typing, spoligotyping, and MIRU-VNTR typing are three PCR-based typing method
used for molecular epidemiology of MTBC strains. SNP-typing, which is based on single
nucleotide changes in specific regions of MTBC genomes, is particularly useful for classifying
mycobacterial isolates into the main phylogenetic lineages and sub-lineages of the MTBC
depending on the number of SNPs assessed [7]. Spoligotyping reveals the absence or presence
of unique spacer sequences located between the direct-repeat (DR) sequences of the Clustered
Regularly Interspersed Short Palindromic Repeat (CRISPR) region of MTBC genomes [8].
This method is a membrane-based reverse-line blotting procedure, recently adapted to a high-
throughput microbead-based format, whose digital results ease the exchange of data between
laboratories [9]. However, it is limited by its discrimination power for epidemiology studies
and of homoplasies in the DR region that result from convergent evolution [9, 10].

MIRU-VNTR is used to type minisatellite-like loci in the MTBC genome that show poly-
morphism in the number of tandem repeats. A wide range of MTBC MIRU-VNTR loci that
variably discriminate the MTBC populations in the main bacterial lineages have been evalu-
ated [7, 11]. MIRU-VNTR typing has the advantages in the ease of its execution and the gener-
ation of results in a digital format [12-14]. MIRU-VNTR has advantages over spoligotyping in
its ability to study the diversity and clonal expansion of particular strains at a relatively high
resolution, but it can be tedious, labour-intensive, and time consuming due to the large num-
ber of loci to screen, although a recently optimized duplex gel-based procedure reduces the
workload [15].

Optimized 12, 15, or 24-locus MIRU-VNTR typing systems have been proposed for inter-
national standardization [11]. The 15-loci MIRU-VNTR format evaluated for MTBC molecu-
lar epidemiological studies showed that 15 and 24 MIRU-VNTR formats provided a similar
level of discrimination [16]. However, the initial selection of the loci used for MIRU-VNTR
has been reported as biased towards strains of specific lineages and varies in discrimination
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power within these main MTBC lineages or populations [7, 11]. Customized MIRU-VNTR
loci have been proposed to improve the discrimination resolution in specific Ghanaian MTBC
populations [14]. Moreover, different studies reported that a combination of MIRU-VNTR
typing and spoligotyping offers a better tool for assessment of -TB epidemiology [12, 13, 17].
The combination of both spoligotyping and MIRU-VNTR methods has been reported to pro-
vide a similar resolving power relative to the labour-intensive procedure of IS6110 restriction
fragment length polymorphism (RFLP) previously used as a standard for the study of TB trans-
mission [18].

The main goal of this study was to evaluate the combination of spoligotyping with a cus-
tomized and reduced MIRU-VNTR loci set compared to the reference 15 loci MIRU-VNTR
for four out of seven main MTBC lineages (lineage 1, 2, 3 and 4) that are present in Madagas-
car for an optimal classification of those MTBC strains.

Materials and methods
Clinical isolates

Clinical MTBC strains that had previously been typed by spoligotyping were selected in this
study to represent the major spoligotype families in Madagascar [8]. Studied strains were
selected from the collections of the Mycobacterial unit of the Institute Pasteur of Madagascar.
Briefly, 31 strains from Lineage 2 (Beijing), 23 strains from Lineage 3 (Central Asian, CAS), 23
strains from Lineage 1 (East African Indian, EAI), and 81 from Lineage 4 (Euro-American,
specifically 18 strains of Haarlem (H), 17 strains of Latino-American (LAM) and 46 strains
from the T default spoligotype signature) were studied.

SNP-typing method

The major phylogenetic lineage of MTBC isolates was determined by SNP-typing using Taq-
Man simplex real time PCR as previously described [19]. This method is performed to screen
SNPs on six genomic regions (katG463, Rv2952, Rv3221c, Rv3804c, gyrA1842 and Psts1) S1
Table. Briefly, 10 ng of DNA was added to a final volume of 12yl containing 5pl TagMan Uni-
versal Master Mix II (Qiagen), 0.05 pmol of wild type probe labelled by FAM and mutant
probe labelled by VIC, and 0.83 pmol of each reverse and forward primers for targeted regions
S2 Table. The mix reaction was run in a StepOne thermocycler (Applied Biosystems) under
the following conditions: 60°C for 30 sec, 95°C 10 minutes, 95°C for 15 sec and 60°C for 1 min
for 40 cycles; 60°C for 30 sec. Fluorescence intensities from the VIC and FAM channels were
measured at the end of every cycle. Alleles were obtained with the StepOne software (Applied
Biosystems)[19].

MIRU-VNTR typing

MIRU-VNTR typing was initially performed using 15 MIRU-VNTR loci as previously
described [11]. Briefly, the 15 MIRU-VNTR loci were amplified in separate PCRs with the
primers described in S3 Table. Reaction volumes of 15ul contained 1.5ul of 10X Q solution,
2ul of 5 uM primer set, 2 ul (4mM) of ANTP, 0.1 pl of Tag polymerase (0.5 unit) (Eurobio),
0.75ul of DMSO (100%), 3 pl (5M) of betaine and 3.65 ul of pure H20. Template DNA (10ng)
was added to each PCR mix. M. tuberculosis H37Rv was included in each set of reactions as a
positive control and sterile distilled water as a negative non-template control. Amplification
was performed in a thermocycler (Techne, Flexigene) with an initial denaturation step of 94°C
for 5 min, followed by 35 cycles of: 94°C for 30 sec, 61°C for 30 sec (55°C for Mtub04, Mtub39,
Qub11b, Qub4156), and 70°C for 45 sec. Qub26 had an additional cycle of 70°C for 1 min and
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30 sec prior to the cycle of 70°C for 45 sec. The final extension was 72°C for 7 min. The ampli-
fied products were visualized by 2% agarose gel electrophoresis. The sizes of the amplicons
were estimated by comparison with 100 bp molecular ladders [20]. The allele assignment was
determined by comparison with a reference allelic table as given in S4 Table. A cluster of
MTBC strains was thus defined as two or more strains with identical MIRU-VNTR genotype
patterns.

To search for the concordance between spoligotyping and 15 MIRU-VNTR typing, the 15
MIRU-VNTR profiles obtained from the strains tested were identified in the MIRU-VNTRplus
database accessible at https://info-demo.lirmm.fr/tbminer/ [21, 22].

Determination of MTBC spoligotype family and lineage specific
MIRU-VNTR loci

Principal component analysis (PCA) based on the 15 MIRU-VNTR data from the studied
clinical MTBC strains was performed to determine which group of MIRU-VNTR loci had the
ability to identify a specific spoligotype family. The spoligotype family column was used as sup-
plementary variables which had no influence on the principal components of the analysis. The
correlation coefficient matrix of the selected MIRU-VNTR loci was generated based on its
allele frequency data. The first two principal components (PCs) that explain most of the varia-
tion were used to plot the 15 MIRU-VNTR loci in a two-dimensional scatter plot. PCA were
performed in package FactoMineR of R software (https://www.r-project.org/).

HGDI calculation and determination of minimal set of MIRU-VNTR loci

The calculation of the discriminatory power of every studied typing method was based on Simp-
son’s index of diversity as described by Hunter and Gaston [23]. This value is commonly referred
to as the Hunter-Gaston discriminatory index (HGDI) and was calculated by using the Web tool
http://insilico.ehu.es/minitools/discriminatory power. HGDI was used to quantify the discrimi-
natory power of each typing method used in isolation or combination and to evaluate the allelic
diversity of the different MIRU-VNTR loci. Based on their respective HGDI score, the discrimi-
natory powers were classified as high (HGDI>0.6), moderate (0.3<HGDI<0.6) or low (HGDI<
0.3) [20, 24, 25].

To identify a minimal set of MIRU-VNTR loci with an equal discriminatory power as the
entire 15 MIRU-VNTR loci set, the loci were ranked in increasing HGDI order and all highly
discriminant loci (HGDI > 0.6) were selected; then the other MIRU-VNTR loci were added in
a stepwise manner until the HGDI of the reference 15 loci MIRU-VNTR was attained [26].

Results

Concordance and discriminatory power of the different genotyping
methods

The 158 MTBC strains were divided into four major phylogenetic lineages after genotyping
with the 6 SNP regions. In all, SNP-typing assigned 23 isolates into the lineage 1 (14.6%), 31
into lineage 2 (19.6%), 23 into lineage 3 (14.6%) and 81 into lineage 4 (51.3%). Concordance
was observed with the classification made with spoligotyping in all strains except for in one
which was classified as lineage 3 by spoligotyping but was classified into both lineage 2 and
lineage 3 by SNP-typing, possibly suggesting a mixed infection with two strains of MTBC.
When comparing the genotypes obtained with spoligotyping with the 15 MIRU-VNTR
typing, concordance was found between spoligotyping and 15 MIRU-VNTR typing for 148
strains (93.7%), while no concordance was found for 10 (6.3%) strains. Full concordance was

PLOS ONE | https://doi.org/10.1371/journal.pone.0186088 October 20, 2017 4/14


https://info-demo.lirmm.fr/tbminer/
https://www.r-project.org/
http://insilico.ehu.es/minitools/discriminatory power
https://doi.org/10.1371/journal.pone.0186088

@° PLOS | ONE

Spoligotyping and customised MIRU-VNTR combination for genotyping Mycobacterium tuberculosis isolates

found for 31 Beijing and 18 Haarlem strains. For CAS, EAI, LAM and T spoligotype family
strains, concordances of 95.7%, 87%, 82.4%, 93.5% were observed, respectively. One strain that
was classified in both lineage 2 and lineage 3 by the SNP-typing was classified as Beijing by
MIRU-VNTR typing. Three strains classified as EAI (13%) and 3 strains classified as LAM
(17.6%) by spoligotyping were classified, respectively, as LAM and Haarlem by 15 MIR-
U-VNTR typing. Three strains classified by spoligotyping as T were classified as Haarlem
(n=2) and EAI (n = 1) by 15 MIRU-VNTR.

Within the 158 strains, 15 MIRU-VNTR typing identified 142 different genotypes. Twenty-
seven isolates were grouped into 12 clusters containing 2 to 3 isolates each. Moreover, 132 iso-
lates had a unique MIRU-VNTR profile. Spoligotyping alone identified 35 genotypes, 15 of
which were unique, and 20 clusters that contained 2 to 31 strains each. 15 MIRU-VNTR typing
combined with either spoligotyping or SNP-typing showed the same discrimination level as 15
MIRU-VNTR typing used alone (HGDI = 0.999).

Thirty-one Beijing strains that clustered by spoligotyping were divided into 29 different MIR-
U-VNTR genotypes. Of these, 27 MIRU-VNTR genotypes were unique and only 4 strains were
grouped into two different clusters. Twenty-three strains belonging to EAI spoligotype family
were divided into 22 MIRU-VNTR genotypes, 21 of them were unique and one cluster contain-
ing 2 strains. Twenty-three strains of the CAS spoligotype family was divided into 21 different
MIRU-VNTR genotypes, 19 of which were unique and 4 formed two clusters each containing 2
strains. Eighteen strains of the Haarlem spoligotype family were distributed into unique MIR-
U-VNTR genotypes. Seventeen strains with LAM spoligotype profiles were divided into 13 dif-
ferent MIRU-VNTR genotypes, 10 of which were unique and the remaining was grouped into
three clusters containing 2 to 3 strains. Forty-six strains with T spoligotype profiles were sepa-
rated into 34 unique MIRU-VNTR genotypes and four clusters containing 2 to 4 strains (S1 Fig).

Discriminatory power of the 15 MIRU-VNTR loci to separate the
spoligotype families

To define the MIRU-VNTR loci that could be used to classify strains within the spoligotype
tamilies, the HGDI of the 15 MIRU-VNTR was calculated for every spoligotype family.
According to the global HGDI calculated from the 158 studied strains, 12 MIRU-VNTR loci
were designated as “highly discriminant” (HGDI >0.6) which were, in order of decreasing dis-
criminatory power, MIRU26, Qub11b, Mtub21, ETR-A, Qub26, Mtub39, MIRU40, MIRU10,
Mtub30, Qub4156, ETR-E and MIRU16; while ETR-C, Mtub04 and ETR-D were designated
as “moderately discriminant” (0.3<HGDI<0.6) (Table 1).

Within the Beijing family, the loci Qub11b and MIRU16 were highly discriminant for strain
classification; the loci Mtub04, MIRU26 and ETR-A were moderately discriminant and the oth-
ers were poorly discriminant (Table 1). Within the CAS family, only MIRU10 had high discrim-
inatory power, while the loci Qub4156, MIRU16, MIRU40, ETR-C, Mtub39, Qub26 and
Qub11b were moderately discriminant and the other loci were poorly discriminant. The loci
Qub26, Mtub39 and Qub4156 were highly discriminant for the EAI family while other loci
were poorly discriminant. Other highly discriminant loci include Qub11b, MIRU10, Qub4156,
MIRU40 and Qub26 for the Haarlem family, Qub26, MIRU40, Qub11b and Mtub39 for the
LAM family, and Mtub39, MIRU16, Qub11b and MIRU26 for the T family (Table 1).

MIRU-VNTR loci and specificities within MTBC spoligotype families

Principal component analysis (PCA) based on 15 MIRU-VNTR data from the studied clinical
MTBC strains revealed three major clusters of MTBC strains. The individual plot distin-
guished the CAS and the EAI spoligotype family that formed two distinct groups while the
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Table 1. Global HGDI and HGDI of each locus for spoligotyping family.

LOCI
MIRU26
Qub11b
Mtub21
ETR-A
Qub26
Mtub39
MIRU 40
MIRU10
Mtub30
Qub4156
ETR-E
MIRU16
ETR-C
Mtub04
ETR-D

global HGDI
0,7893
0,7759
0,7733
0,7629
0,7533
0,7362
0,6982
0,6943
0,6801
0,6455
0,6442
0,6266
0,5744
0,5732
0,372

BEIJING
0,5312
0,6817
0,2430
0,4000
0,2452
0,0641
0,0645
0,1849
0,1269
0,2409
0,2123
0,6172
0,2796
0,5333
0,0645

CAS
0,1630
0,3007
0,2391
0,1630
0,3696
0,4312
0,4397
0,7754
0,1630
0,5217
0,3007
0,5181
0,4312
0,2391
0,1594

EAI
0,0833
0,3116
0,3080
0,5942
0,7029
0,6268
0,3007
0,1594
0,2355
0,6051
0,4203
0,1630
0,1630
0,0000
0,5471

H
0,2457
0,7415
0,2157
0,1111
0,6928
0,3137
0,6993
0,7386
0,5425
0,7059
0,1111
0,3660
0,2157
0,4926
0,0000

LAM
0,5882
0,7132
0,2279
0,5956
0,7426
0,6176
0,7206
0,4853
0,5809
0,4191
0,2206
0,5809
0,1117
0,5809
0,1117

HGDI < 0.3: low discriminatory power. 0.3 < HGDI < 0.6: moderate discriminatory power. HGDI g 0.6: high discriminatory power.

https://doi.org/10.1371/journal.pone.0186088.t001

T
0,6690
0,6841
0,4530
0,5528
0,5459
0,7340
0,5424
0,4321
0,2915
0,3240
0,2218
0,7294
0,5575
0,3659
0,2449

Beijing, Harleem, LAM and T spoligotype families were grouped into a cloud (Fig 1). Accord-
ing to this PCA, the combination of MIRU10, MIRU16, MIRU40, Mtub04 and Qub4156 and
the combination of ETR-A, ETR-D, ETR-E, Mtub21 and Mtub39 were associated to the CAS

Individuals factor map (PCA)

Dim 2 (18.58%)

Dim 1 (21.43%)

Fig 1. A two dimensional scatter plot based on principal component analysis (PCA) based on 15
MIRU-VNTR individual alleles. MTBC strains having similarity in MIRU-VNTR allelic tend to clusters

together.

https://doi.org/10.1371/journal.pone.0186088.g001
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Fig 2. A two dimensional scatter plot based on principal component analysis (PCA) based on 15
MIRU-VNTR individual alleles. MIRU-VNTR marker having similarity in MIRU-VNTR allelic tend to clusters
together.

https://doi.org/10.1371/journal.pone.0186088.9002

and EAT spoligotype families, respectively. The combination of ETR-C, MIRU26, Mtub30,
Qub11b and Qub26 was associated with the group of Beijing, Harleem, LAM, and T spoligo-
type families (Fig 2). A set of loci (ETR-C, MIRU26, Mtub30, Qubl11b, and Qub26) proposed
by PCA can be screened in the first line for Beijing and T families. However, other MIR-
U-VNTR loci combinations determined by the HGDI method can be added if the HGDI of
the reference is not achieved. The combination of MIRU10, MIRU16, MIRU40, Mtub04 and
Qub4156, and the combination of ETR-A, ETR-D, ETR-E, Mtub21 and Mtub39 were clus-
tered together and tend to have similar overall alleles for strains of CAS and EAI spoligotype
families, respectively. The combination of ETR-C, MIRU26, Mtub30, Qub11b and Qub26
formed a cluster and had similar overall alleles for the group of Beijing, Harleem, LAM, and T
spoligotype families. These MIRU-VNTR markers were found in the set of loci proposed
based on HGDI and could be done in priory. Per the HGDI value, the combination of Qub26,
MIRU40 and Qub11b and the combination of Qub11b, MIRU10, Qub4156, MIRU40 could be
suitable alternatives to 15 MIRU-VNTR schemes for subtyping LAM and Harleem spoligotype
families, respectively. Based on these results, we have proposed a customized scheme for geno-
typing MTBC circulating in Madagascar.

Reduced MIRU-VNTR loci number for subtyping MTBC spoligotype
families

To identify a set of loci needed to achieve optimal discrimination, the loci that showed the high-
est individual discriminatory power were combined with spoligotyping. The MIRU-VNTR loci
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were added stepwise until the combination of loci showed an HGDI equal to the HGDI of the
reference 15 loci MIRU-VNTR.

For the Beijing spoligotype family, the reduction to twelve MIRU-VNTR loci (Qub11b,
MIRU16, Mtub04, MIRU26, ETR-A, ETR-C, Qub26, Mtub21, Qub4156, ETR E, MIRU10
and Mtub30) showed the same level of discrimination as the 15 loci reference (Table 2). For
the EAI spoligotype family, the combination of nine MIRU-VNTR loci (Qub26, Mtub39,
Qub4156, ETR-A, ETR-D, ETR-E, Qub11b, Mtub21 and MIRU40) showed the same discrimi-
nation level as the 15 loci MIRU-VNTR reference. In the CAS spoligotype family, the combi-
nation of ten loci (MIRU10, Qub4156, MIRU16, MIRU40, ETR-C, Mtub39, Qub26, Qubl11b,
ETR-E and Mtub04) were able to identify single genotype or cluster similar to those obtained
with 15 loci reference. For the Haarlem family, four loci (Qub11b, MIRU10, Qub4156 and
MIRU40) achieved the same discrimination level as the 15 loci reference (HGDI = 1). For the
LAM family, a combination of 3 loci (Qub26, MIRU40 and Qub11b) achieved a similar dis-
crimination level to the 15 loci reference (HGDI = 0.963) (Table 2). Using the above HGDI cal-
culation method, no novel combinations of MIRU-VNTR loci were equivalent in
discriminatory power to the 15 MIRU-VNTR for the T family (Fig 3).

Discussion

The main goal of this study was to evaluate the combination of spoligotyping with a reduced
number of MIRU-VNTR loci that would have an equivalent discriminatory power as the 15
MIRU-VNTR typing method. This combination is expected to improve on the use of MIR-
U-VNTR alone in which the selected loci were reported to be biased towards lineage 4 and can
lack discriminatory power for other lineages [7]. This is the first study to use such a combina-
tion to describe the genetic diversity of Malagasy MTBC clinical isolates.

To confirm the MTBC lineages classification obtained by spoligotyping, the related profiles
were compared to those obtained by the more robust SNP-typing to make sure that the spoli-
gotyping profiles were not prone to homoplasy. Our results showed 99% concordance between
spoligotyping and SNP-typing for the 158 MTBC strains studied. The spoligotyping could be
used in the first line to identify the main sublineages of the studied strains. Then, for the

Table 2. Discrimination power of MIRU-VNTR genetic marker combination proposed.

Spoligotype Number of strains
family tested (n)
Beijing 31

EAI 23
CAS 23
Haarlem 19
LAM 17
T 45

MIRU-VNTR loci set (s) HGDI

15 MIRU-VNTR 0.996

Qub11b, MIRU16, Mtub04,MIRU26, ETR-A, ETR-C,Qub26,Mtub21,Qub4156,ETR E,MIRU10, | 0.996

Mtub30

15 MIRU-VNTR 0.996

Qub26, Mtub39,Qub4156,ETR-A, ETR-D, ETR-E,Qub11b,Mtub21,MIRU40 0.996

15 MIRU-VNTR 0.991

MIRU10,Qub4156, MIRU16,MIRU40, ETR-C, Mtub39,Qub26,Qub11b,ETR-E,Mtub04 0.991
15 MIRU-VNTR 1
Qub11b, MIRU10, Qub4156,MIRU40 1

15 MIRU-VNTR 0,963

Qub26, MIRU40, Qub11b 0.963

15 MIRU-VNTR 0.988

Mtub39, MIRU16,Qub11b, MIRU26, ETR-C, ETR-A Qub26, MIRU40, Mtub21, MIRU10, Mtub04, | 0.976
Qub4156 and Mtub30

In bold, the set of MIRU-VNTR markers combination proposed by HGDI method for each spoligotype family.

https://doi.org/10.1371/journal.pone.0186088.t002
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Fig 3. Schematic overview of the typing scheme developed to differentiate MTBC clinical isolates studied.

The blue arrow indicated that the discrimination level increased with the number of markers typed.

https://doi.org/10.1371/journal.pone.0186088.9g003

SNPs: Single Nucleotide Polymorphism.

lineages 1, 2 and 3, sets of MIRU-VNTR loci proposed by this study could be directly screened.
However, for the lineage 4, which grouped three spoligotype families, the spoligotyping must
be done before screening the set of MIRU-VNTR. This may improve the discrimination
power of the combined methods against the initial biased selection of the used MIRU-VNTR
loci toward this MTBC lineage 4. Spoligotyping can be more laborious when added to the cus-
tomized set of 3 to 11 MIRU-VNTR lineage-depending loci proposed. However, the 15-MIR-
U-VNTR method alone needs from 9 to 15 PCR runs without the automatized equipment in
low-resource laboratory, as some loci can be screened in duplex PCR. Moreover, it has been
suggested by this study and others that combining both methods can be much more discrimi-
nant in clusterizing clinical MTBC strains [12, 13]. Spoligotyping and MIRU-VNTR typing
have their own database and identifying strains genotype using the combination with custom-
ized loci proposed here can be performed using softwares like the MIRUVNTR-plus used in
present study where customized MIRU, with or without combination with Spoligotyping can
be used to subtype the strains.

The unique spoligotype profile that was discordant with SNP-typing could be indicative of
a mixed infection; spoligotyping classified the strain as CAS (lineage 3) while SNP-typing
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classified it into lineage 2 and 3. Additional genotyping of this particular strain with MIR-
U-VNTR typing gave a unique Beijing profile that suggested probable homoplasy generated by
the spoligotyping, possibly due to convergent evolution. Similar discordances between spoligo-
typing and alternative genotyping methods was described by Fenner et al., particulary in the
case of “Pseudo-Beijing” strains [27].

As previously reported in the literature, a higher discrimination power was found for the 15
MIRU-VNTR typing compared to the spoligotyping alone [12, 13]. A 6.3% discordance was
found between the spoligotyping and MIRU-VNTR typing alone; this observation is in agree-
ment with other studies showing differences between spoligotyping and MIRU-VNTR typing
in classifying MTBC strain. This discordance could possibly be explained by the clinical iso-
lates representing mixed infections, that is, to say, an infection with two or more different
genotypes. Multiple infections implying high reinfection rates and the absence of efficient
immunity conferred to the host by the initial infection were indeed frequently reported [28].
This discordance might also be explained by convergent evolution of the spoligotypes, how-
ever, the SNP-typing obtained lineages did not differ from the spoligotyping ones and this
SNP-spoligotyping had been selected to classify the strains due to the stability of the SNPs [18].

This is the first study to investigate a minimal set of MIRU-VNTR loci for Malagasy spoli-
gotype families. Similar studies trying to define a minimal set of loci to classify MTBC strains
suggested a fixed set of MIRU-VNTR loci (MIRU10, MIRU16, Mtub04, Mtub21, Mtub39,
ETR-B, Qub11b and Qub26) in combination with spoligotyping for epidemiological study
[29]. While these loci were found to be highly discriminate in our Malagasy strains, combina-
tions of varied MIRU-VNTR loci individualized to each spoligotype family and based on
HGDI were found to be more discriminative than a fixed set of MIRU-VNTR loci. Another
study conducted to genotype MTBC population in Ghana proposed the customized Ghanaian
lineage-specific set of MIRU10, MIRU40, ETR-A, Qubl11b, Qub26 and Qub4156 to subtyping
the lineage 4 and 5 MTBC from this country [14]. The loci described from the Ghanaian study
were comprised of sets of loci for subtyping the Malagasy spoligotypes families. This study is
also consistent with a PHRANA (progressively hierarchical resolving analysis using nucleic
acid) scheme as described by P. Keim on the anthrax model [30]. The proposed combination
of both methods can thus be used to improve the discriminatory power to classify MTBC pop-
ulations in a wider range of MTBC population in different countries. Customized specific
reduced number of MIRU-VNTR loci could be proposed to subtype spoligotype families with-
out a loss in discrimination compared to the 15 loci MIRU-VNTR. The spoligotype specific
MIRU-VNTR loci identified by PCA were found in the set of loci proposed based on HGDI
method. A set of MIRU-VNTR loci identified by PCA can be typed and added to the other
more discriminant loci proposed by the HGDI method.

The present study revealed that, due to the strong phylogeographic structure exhibited by
MTBC, the most relevant MIRU-VNTR typing schemes will likely differ depending on the spe-
cific geographical setting. For example, in Northwest Russia, MIRU26 and ETR-A were pro-
posed for the Beijing family while, in South Africa, MIRU10, MIRU26 and MIRU39 were
proposed for the same family [31].

Due to the fact that the original selections of the 24 loci and the derived 15 loci widely used
for MIRU-VNTR were biaised toward some main lineages, the MIRU-VNTR technique may
be also biased depending on the most predominant strains in the country where the method is
performed. Combining the spoligotyping and MIRU-VNTR typing can avoid such a bias as
this combination can be performed independently from countries or regions from where the
strains were isolated.

The studied strains were representing only the major spoligotype families circulating in
Madagascar. The proposed customized combination has to be evaluated in multicentric
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studies in settings with different MTBC strain distributions to validate its resolution and ability
to discriminate MTBC in different settings. Indeed, to assess the whole typeability and variabil-
ity of loci, more samples by spoligotype family should have been taken in the present study.
Twenty strains by major spoligotype family were randomly selected here without taking
account Share-Type (ST); then the ability of these combination of loci proposed to distinguish
strains of the same ST was not evaluated. Moreover, this study was limited to 15 MIRU-VNTR;
while evaluating the 24 loci would have increased the chance of having more hypervariability.
This customized combination of genotyping methods should be evaluated as a first-line panel
for genotyping MTBC isolates in a particular setting. It is more cost effective than the full set of
15 loci for molecular epidemiological investigation of TB transmission in those resource-lim-
ited settings.

Conclusion

The use of combined spoligotyping and customized MIRU-VNTR loci proposed in this study
to subtype MTBC isolated in Madagascar offered a similar discriminatory power as the 15-loci
MIRU-VNTR typing used alone. The optimal combination of genetic markers proposed in
this study achieved an acceptable level of resolution for classifying MTBC strains during tuber-
culosis transmission surveys. This test proves to be less laborious and resource demanding
than MIRU-VNTR loci alone and would be particularly useful in low-resource settings.
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