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Because of its portable data, discriminatory power, and recently proposed standardization, mycobacterial
interspersed repetitive-unit-variable-number tandem-repeat (MIRU-VNTR) typing has become a major
method for the epidemiological tracking of Mycobacterium tuberculosis complex (MTBC) clones. However, no
public MIRU-VNTR database based on well-characterized reference strains has been available hitherto for
easy strain identification. Therefore, a collection of 186 reference strains representing the primary MTBC
lineages was used to build a database, which is freely accessible at http://www.MIRU-VNTRplus.org. The
geographical origin and the drug susceptibility profile of each strain were stored together with comprehensive
genetic lineage information, including the 24-locus MIRU-VNTR profile, the spoligotyping pattern, the single-
nucleotide- and large-sequence-polymorphism profiles, and the I1S6110 restriction fragment length polymor-
phism fingerprint. Thanks to flexible import functions, a single or multiple user strains can be analyzed, e.g.,
for lineage identification with or without the use of reference strains, by best-match or tree-based analyses with
single or combined marker data sets. The results can easily be exported. In the present study, we evaluated the
database consistency and various analysis parameters both by testing the reference collection against itself and
by using an external population-based data set comprising 629 different strains. Under the optimal conditions
found, lineage predictions based on typing by 24-locus MIRU-VNTR analysis optionally combined with
spoligotyping were verified in >99% of the cases. On the basis of this evaluation, a user strategy was defined,
which consisted of best-match analysis followed, if necessary, by tree-based analysis. The MIRU-VNTRplus
database is a powerful tool for high-resolution clonal identification and has little equivalent in terms of
functionalities among the bacterial genotyping databases available so far.

Mycobacterium tuberculosis is among the most successful hu-
man pathogens worldwide and is responsible for extensive
morbidity and mortality, with approximately 2 million deaths
each year (51). The importance of tuberculosis (TB) as a major
public health problem has been dramatically reinforced due to
the human immunodeficiency virus coepidemic and the emer-
gence of (multi)drug-resistant M. tuberculosis strains.

Methods for genotyping of clinical M. tuberculosis complex
(MTBC) strains have proven to be valuable tools for TB con-
trol. At the individual clinical management level, the applica-
tion of genotyping enables the detection (1) or exclusion (25)
of laboratory errors and the follow-up of relapse cases to iden-
tify treatment failures, reactivations of latent disease, and ex-
ogenous reinfections (46). At the public health level, genotyp-
ing enables the detection of unsuspected outbreaks and the
identification of transmission chains and secondary cases of
infection (4, 46).

Furthermore, the application of genotyping has unraveled

the clonal population structure of MTBC, which comprises
distinct phylogenetic lineages characterized by differences in
their geographical distributions, immunogenicities, virulence,
and associations with multidrug-resistant TB (10, 14, 19, 32, 37,
42, 47). Therefore, the recognition of specific M. tuberculosis
clones (e.g., some clones of the W/Beijing lineage) can be
predictive of (multi)drug-resistant TB in certain contexts and
can provide indications of the TB case source (which is impor-
tation for differentiation between an infection acquired abroad
and local transmission). Quantitative analysis of genotyping
data may also help with the identification of emerging strains
(44). From a research perspective, the accurate identification
and study of specific clones worldwide may contribute to the
development of new diagnostic, prophylactic, and therapeutic
tools for TB control (14; T. Wirth, F. Hildebrand, C. Allix-
Béguec, F. Wolbeling, T. Kubica, K. Kremer, D. van Soolin-
gen, S. Riisch-Gerdes, C. Locht, S. Brisse, A. Meyer, P. Supply,
and S. Niemann, submitted for publication).

These objectives require powerful genotyping methods that
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are phylogenetically informative and standardized and that
generate easily comparable data. Multilocus sequence typing is
used to genotype many bacterial pathogens but is not applica-
ble to MTBC isolates because of their highly restricted gene
sequence variation (37). IS6170-based restriction fragment
length polymorphism (IS6710 RFLP) analysis, which has been
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the “gold standard” for the genotyping of M. tuberculosis for
more than a decade, does not meet the conditions of speed and
having an easily exchangeable format of fingerprinting data
(45). In contrast, the more recently introduced PCR-based
method of mycobacterial interspersed repetitive-unit—variable-
number tandem-repeat (MIRU-VNTR) typing allows the
high-throughput and discriminatory analysis of clinical isolates
(12, 38-41). This method generates easily comparable numer-
ical genotypes, similar to other multilocus-VNTR typing meth-
ods used for other organisms (21-24, 30, 31). Recently, a
MIRU-VNTR typing scheme has been proposed for interna-
tional standardization on the basis of analysis of the clonal
stability and evolutionary rates of MIRU-VNTR markers in a
primary genetics lineage of tubercle bacilli collected worldwide
(38). This format includes 24 loci, 15 of which were defined as
composing a discriminatory subset on the basis of their higher
degrees of variability within the different clonal complexes
studied. First reports have already shown the appropriateness
of its use for the population-based study of TB transmission (3,
29) and for MTBC strain lineage identification based on allelic
profiles (3) (Wirth et al., submitted). In addition to standard-
ized MIRU-VNTR typing, PCR-based spoligotyping (20) is
proposed as a quick and convenient secondary typing method.
Although it is much less discriminatory, this method is espe-
cially useful for the easy recognition of MTBC lineages on the
basis of the presence or the absence of some specific spacer
sequences in the target direct repeat locus and the availability
of large databases on the distribution of spoligotypes world-
wide (7, 9).

To date, published, freely accessible databases for strain
lineage identification have been developed only on the basis of
spoligotype signature matching (6, 7, 9, 48). Although they are
useful, these tools present significant limitations. The single-
locus nature of spoligotyping renders this marker more sensi-
tive to convergence (50), and the interpretation of patterns
with various degrees of similarity to prototypes often remains
arbitrary. Because of the highly clonal nature of M. tuberculosis
(19, 37, 42), the use of combinations of multiple phylogeneti-
cally informative markers is the best approach to the identifi-
cation of strain lineages. Here, we present and evaluate a novel
freely accessible database that combines standardized MIRU-
VNTR typing, spoligotyping, single-nucleotide-polymorphism
(SNP), and large-sequence-polymorphism (LSPs) profiles for
use for MTBC strain lineage identification.

MATERIALS AND METHODS

Bioinformatics. The bioinformatics tools developed for the MIRU-VNTRplus
database will be detailed in a separate report. Briefly, the MIRU-VNTRplus
Web application is implemented in Java programming language (Sun Microsys-
tems Inc., Santa Clara, CA). The user interface consists of pages in hypertext
markup language and is generated with JavaServer Faces (Sun) and the Rich-
Faces extension (http://www.jboss.com/; Red Hat Inc., Raleigh, NC) by using
Apache Tomcat (http://tomcat.apache.org/; The Apache Software Foundation,
Forest Hill, MD) as a servlet container. Asynchronous JavaScript and XML
(AJAX; http://www.openajax.org/; OpenAjax Alliance) technology is used to
increase the performance of the user interface by reloading only parts of a Web
page. The MIRU-VNTRplus database makes extended use of JavaScript, e.g.,
for generating the menus of the application or for using the AJAX technology.
Therefore, it is not possible to use the database without JavaScript activated in
the browser. Browser cookies are employed to store user settings, e.g., selected
distance measure and genotyping methods. However, it is possible to use the
service without cookies. The MIRU-VNTRplus database works with most
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modern Web browsers, as it was successfully tested with the Firefox 2 (http:
/[www.mozilla.com/en-US/; Mozilla Corporation, Mountain View, CA), Ex-
plorer versions 6 and 7 (http://www.microsoft.com/en/us/default.aspx; Mi-
crosoft Corporation, Redmond, WA), Opera 9 (http://www.opera.com/;
Opera Software ASA, Oslo, Norway), and Safari 3 (http://www.apple.com/fr
/safari/; Apple Inc., Cupertino, CA) Internet browsers. Eclipse (http://www
.eclipse.org/; IBM Corporation, New York, NY) was used as the integrated
development environment for the whole project. Extensive documentation
(online, Adobe PDF manual, and Flash tutorials) on the service and the
genotyping methods is available at the MIRU-VNTRplus website (http://www
.MIRU-VNTRplus.org).

Genetic relationship analysis. Five distance measures are available for strain
comparison: categorical distance for all types of data; Jaccard’s distance for
spoligotyping data; and D (chord distance), (3)?, and Dgy (stepwise weighted
distance) distance measures for MIRU-VNTR data only (8, 15, 35). As the most
straightforward distance, categorical distance is proposed by default. This dis-
tance simply scores the number of markers with a different allele divided by the
total number of markers used. It is identical to the D, distance of Nei and
colleagues, which is especially appropriate for phylogenetic analysis with VNTR
markers (26, 43). The other genetic distances are provided for exploration pur-
poses under different marker evolution models (for details, see the online help at
the MIRU-VNTRplus website). Missing data are ignored, in order to accommo-
date the incorporation of user strains with incomplete data. Calculated distances
for each typing method can be combined by using a weighting for each method.

Depending on the distance coefficient chosen, best matching identifies refer-
ence genotypes with the closest distance to the test isolate. The cutoff for
identification is adjustable. The distance cutoff of 0.17 proposed by default
corresponds to a tolerance of, at most, four locus differences or seven spacer
differences when 24-locus-based MIRU-VNTR typing or 43-spacer-based spoli-
gotyping is used alone, respectively. When 24-locus MIRU-VNTR typing and
43-spacer spoligotyping methods are combined with equal weights, the respective
tolerances are i loci and j spacers, with i equal to 0 to 8, j equal to 0 to 14, and [0.5 X
(i/24)] + [0.5 X (j/43)] = 0.17.

Phylogenetic trees are calculated and drawn by using either the unweighted
pair group method with arithmetic means (36) or the neighbor-joining (34)
algorithm.

Database reference strain collection. A collection of 186 well-characterized
strains representing the primary MTBC lineages, as defined by LSPs and spoli-
gotyping (5, 7, 13), was used to build the Internet-based database. This collection
was partly described by Supply et al. (38) and comprised 122 M. tuberculosis
reference strains (of the W/Beijing, Cameroon, Delhi/Central Asian, East Afri-
can-Indian, Ghana, Haarlem, Latin American-Mediterranean, Turkish, S,
Uganda I and II, Ural, and X lineages), 30 M. africanum reference strains (of the
West African 1 and 2 lineages), 10 M. bovis reference strains, 2 M. canettii (M.
prototuberculosis) reference strains, 11 M. caprae reference strains, 6 M. microti
reference strains, and 2 M. pinnipedii reference strains. In addition, the ATCC
type strains of M. tuberculosis H37Rv (ATCC 27294), M. bovis (ATCC 19210),
and M. africanum (ATCC 25420) were included. For each strain, information on
the country of isolation and the drug susceptibility profile (if one was available)
was collected along with genotype information. The latter comprised the num-
bers of repeat copies of 24 MIRU loci (38); spoligotypes (20); reference region-
of-difference (RD)/LSP profiles, as identified by Brosch et al. (5) and Gagneux
et al. (13); SNPs in gyrB (27) and katG (37); and 1S6110 RFLP fingerprints (45).
The correspondence between different strain lineage nomenclatures (7, 9, 13)
was included in the database.

Evaluation strain panel. The self-consistency of the database was evaluated by
testing the genotyping data for the 186 isolates of the reference collection against
the collection itself. Additionally, an external panel of strains from an indepen-
dent population-based study was used for further assessment. This panel, re-
ferred to as the Brussels study panel, included 807 isolates from different notified
TB cases in the Brussels-Capital Region of Belgium from 1 September 2002 to
31 December 2005 (3). For the present database evaluation, all the different
strains based on 24-locus MIRU-VNTR typing and spoligotyping, corresponding
to unique or clustered genotypes, were retained (n = 629). This panel was
separated into two groups, with one containing preidentified lineage isolates (n =
442) and the other containing nonpreidentified lineage isolates or phylogeneti-
cally poorly informative spoligotypes (i.e., T spoligotypes) (n = 187).

Phylogenetic identification. The genetic lineages within the external evalua-
tion strain panel were preidentified by using the Bionumerics package (Applied
Maths, St-Martin-Latem, Belgium). Dendrograms based on the 24-locus MIRU-
VNTR typing patterns were generated by using the categorical coefficient and
the neighbor-joining algorithm and were rooted by using an M. canetti (M.
prototuberculosis) strain of the C/D genotype (17). Genetic lineages were pre-
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FIG. 1. Typical output of a best-match analysis. Visualization of the MIRU-VNTR copy numbers and spoligotype patterns of a test isolate and
its best matches among the reference strain collection is presented along with information on the best-match reference strains, including the strain
lineage, country of isolation, MIRU-VNTR type, SNP and RD types, and SpolDB4 shared type and lineage classification. Differences in genotype
profiles between the test strain and strains in the reference database are highlighted in red for better recognition.

dicted on the basis of the congruence of the MIRU-VNTR groupings and the
corresponding spoligotypes determined by using the existing nomenclatures (9,
14). These predictions were then tested as described in Results by comparison
with the reference strains in the MIRU-VNTRplus database, whose lineages
were additionally identified by their RD/LSP and SNP profiles.

RESULTS

Database organization and main functionalities. The func-
tionalities of the MIRU-VNTRplus database will be detailed in
a separate report. Briefly, the database allows users to analyze
genotyping data for MTBC strains online. The user interface is
dynamic and user-friendly, as it allows users to access different
functions from either menus or icons. The use of the MIRU-
VNTRplus database is intuitive, and in addition, online help
and step-by-step tutorials are available at different levels.

Genotyping data for user strains can be uploaded either
manually strain by strain or uploaded from Excel (Microsoft)
files or files with comma-separated values. In the latter case,
sets of data for up to 500 strains are accepted. Corresponding
template importation files are downloadable. Depending on
the genotyping method, various commonly used genotyping
formats are accepted (e.g., binary or octal formats for spo-
ligotyping and variant and double alleles for MIRU-VNTR
typing).

In principle, two analysis options can be used. Genotyping
data for user strains can be compared with those for the ref-
erence collection, which comprises 186 isolates representative
of the main principal MTBC lineages, in order to identify the
corresponding strain lineages. Alternatively, the user’s strain
genotyping data can be analyzed without using the database
content.

Two analytical modes can then be chosen. A first mode relies
on the identification of the best matches among genotypes
from strains of the reference collection, based on an adjustable
distance cutoff (Fig. 1). A second mode proposes dendrogram-
based analysis, based on a selected distance coefficient and use
of the unweighted pair group method with arithmetic means or
the neighbor-joining algorithm. The distance coefficients that
are available include Jaccard’s and categorical coefficients. In
both modes, comparisons can be based on the results of a

single genotyping method (any MIRU-VNTR locus combina-
tion or spoligotyping, LSP, or SNP data) or on any combina-
tion of different data sets.

A summary statistics window displays the resulting clustering
rates, allelic diversities, and distribution of the lineages iden-
tified. Different modes of visualization of the results can be
chosen; for instance, the user can show or hide selected marker
profiles corresponding to individual isolates on trees or in
best-match groups. Dendrograms or best-match results (in-
cluding lineage identification for the user’s strains) can be
exported in various data formats (e.g., MEGA, Newick, SVG,
or Microsoft Excel).

Internal database evaluation. The self-consistency of strain
lineage identification was first evaluated by testing the best
matches of the genotyping data for the 186 isolates of the
reference collection against the collection itself (Table 1). Best
matching is a method which, depending on the distance coef-
ficient chosen, identifies reference genotypes with the closest
distance to the test isolate. In essence, it is a simple parsimony-
like method because it uses an optimality criterion, defined as
a minimal number of differences in allelic profiles reflected by
the calculated distances. This analysis was performed by using
the categorical distance with 24-locus MIRU-VNTR typing
data alone or in combination with spoligotyping data, while the
SNP, LSP, and 1S6110 RFLP profiles were used only as con-
firmatory markers. Under these conditions, each isolate sub-
mitted trivially best matched first against itself (data not
shown). The objective was thus to determine which proportion
of the isolates had a correct result of a second best match with
another isolate of the same lineage, depending on the distance
cutoff selected. Therefore, the sensitivity and the specificity for
lineage detection were defined here as the proportion of cor-
rect best matches identified among the test samples and the
proportion of correct best matches found among the total best
matches identified, respectively.

A stringent distance cutoff of 0.17 was initially selected (Ta-
ble 1) and corresponds to a tolerance of, at most, a four-locus
difference when MIRU-VNTR typing is used alone. Under
these conditions, a second-best-match result was obtained for
147 and 170 of the 186 strains for MIRU-VNTR typing alone
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TABLE 1. Internal database evaluation”

No. (%) of isolates with the indicated result by the following method(s) with the indicated cutoff

24-locus MIRU-VNTR

Result 24-locus MIRU-VNTR typing typing + spoligotyping Spoligotyping
0.17 0.3 0.17 0.3 0.17 0.3
Lineage confirmation® 147 (79.0) 177 (95.1) 170 (91.4) 183 (98.4) 175 (94.1) 178 (95.7)
No match 39 (21.0) 7(3.8) 16 (8.6) 1(0.5) 4(2.2) 0(0.0)
Conflict® 0(0.0) 2(1.1) 0(0.0) 2(L.1) 7(3.8) 8(4.3)

“ The self-consistency of the strain lineage identification was evaluated by testing the best matches of the genotyping data for the 186 isolates of the reference

collection against the collection itself.

® For lineage confirmation data, percentages correspond to sensitivity of lineage identification, defined here as the proportion of correct best matches identified

among the test samples.

¢ The specificity for lineage identification equals 100 — conflict (in percent). Specificity is defined here as the portion of correct best matches found among the total

best matches identified.

and MIRU-VNTR typing combined with spoligotyping, re-
spectively. In both cases, these best matches always correctly
occurred with another isolate from the same lineage, thus
resulting in a specificity of 100% and sensitivities of 79.0 and
91.4%, respectively.

When the distance cutoff was relaxed to >0.3 (i.e., a toler-
ance of up to seven loci of difference when MIRU-VNTR
typing was used alone), further best matches were detected,
resulting in a sensitivity of 95.1% for MIRU-VNTR typing
alone and a sensitivity of even 98.4% when MIRU-VNTR
typing was combined with spoligotyping. However, two appar-
ent mismatches were then observed in both cases, resulting in
a specificity of 98.9%. For MIRU-VNTR typing alone, the two
mismatches were a strain of the so-called New 1 genotype with
a Haarlem strain and, less unexpectedly, another X-genotype
strain with a Haarlem strain. When MIRU-VNTR typing was
combined with spoligotyping, the two mismatches detected
involved a Cameroon isolate with a Haarlem isolate and, to a
lesser degree, an X-genotype strain with a Haarlem strain.

The use of spoligotyping alone with cutoffs of >0.3 and 0.17
resulted in more mismatches and, thus, lower specificities,
which ranged from 95.7 to 96.2% (Table 1).

When 24-locus MIRU-VNTR typing data were used for
tree-based analyses of the reference collection by using, e.g.,
the neighbor-joining algorithm and the categorical distance
coefficient, consistent intralineage groupings were systemati-

cally obtained (by using the corresponding analysis parame-
ters; see http://www.miru-vntrplus.org). The lineages were all
monophyletic or, in the case of the Haarlem strains, singly
paraphyletic by expectedly comprising a distinct subgroup of X
genotypes (see Discussion). In tree-based analyses, the use of
spoligotyping alone or in combination with MIRU-VNTR typ-
ing data resulted in more conflicting groupings (data not
shown).

External database evaluation. MIRU-VNTR typing and
spoligotyping data for 629 different strains from the popula-
tion-based Brussels-Capital Region collection were used to
externally evaluate the database. This data set comprised 442
different strains with a preidentified lineage determined on the
basis of the congruence of both typing methods (Table 2).

First, the same best-match-based analyses described above
were performed with these 442 genotypes, except that 15-locus
MIRU-VNTR typing data were additionally considered. As for
the internal evaluation, the specificity was almost perfect at a
stringent distance cutoff of 0.17, with values ranging from
99.3% to 100%, regardless of the method(s) used (15- or 24-
locus-based MIRU-VNTR typing combined or not combined
with spoligotyping). However, the combination of 24-locus
MIRU-VNTR typing and spoligotyping again offered the best
results by combining a specificity of 100% and a sensitivity of
72.2%, corresponding to 319 of the 442 strains with a detected
best match that systematically met the previous independent

TABLE 2. External evaluation with isolates whose lineages were preidentified”

No. (%) of isolates with the indicated result by:

Cutoff and result

24-locus MIRU-VNTR 15-locus MIRU-VNTR 24-locus MIRU-VNTR 15-locus MIRU-VNTR

typing + spoligotyping typing + spoligotyping typing typing

Cutoff of 0.17

Lineage confirmation” 319 (72.2) 278 (62.9) 240 (54.3) 160 (36.2)

No match 123 (27.8) 163 (36.9) 199 (45.0) 282 (63.8)

Conflict® 0(0.0) 1(0.2) 3(0.7) 0(0.0)
Cutoff of 0.3

Lineage confirmation” 419 (94.8) 403 (91.2) 392 (88.7) 327 (74.0)

No match 8 (1.8) 32(7.2) 36 (8.1) 106 (24.0)

Conflict® 15 (3.4) 7 (1.6) 14 (3.2) 9(2.0)

“ Best-match-based analyses were performed with the 442 isolates with a preidentified lineage from the Brussels-Capital Region collection.

® For lineage confirmation data, percentages correspond to sensitivity of lineage identification, defined here as the proportion of correct best matches identified
among the test samples.

¢ The specificity for lineage identification equals 100 — conflict (in percent). Specificity is defined here as the portion of correct best matches found among the total
best matches identified.
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TABLE 3. External evaluation with unknown or T-spoligotype
isolates”

No. (%) of isolates with the indicated result by:

24-locus 15-locus

Cutoff and 24-locus 15-locus
result 1\\/;11\?1‘1}}{ D\/}ll\]lgrl}; MIRU- MIRU-
. . VNTR VNTR
typing + typing + . .
spoligotyping  spoligotyping typing typing
Cutoff of 0.17
Best match 62(33.2) 21 (11.2) 16 (8.6) 8(4.3)
No match 125 (66.8) 166 (88.8) 171 (91.4) 179 (95.7)
Cutoff of 0.17
Best match 179 (95.7) 172 (92.0) 164 (87.7) 57 (30.5)
No match 8(4.3) 15 (8.0) 23 (12.3) 130 (69.5)

“ Best-match-based analyses were performed with the 187 unknown or T-
spoligotype isolates from the Brussels-Capital Region collection.

strain identification. Again, the sensitivity could be significantly
improved to 94.8% by relaxing the distance cutoff to 0.3, but at
the cost of 15 mismatches, which reduced the specificity to
96.6%.

We then examined how tree-based analysis could comple-
ment these best-match results. When 24-locus MIRU-VNTR
typing data were used together with the neighbor-joining algo-
rithm and categorical distance coefficient, consistent groupings
within the expected reference lineages were obtained for 439
of the 442 test genotypes (data not shown). The three isolates
grouped with unpredicted references were one West African 2
lineage isolate grouped with seal isolates, one Cameroon lin-
eage isolate grouped with LAM isolates, and one X-lineage

M. p.‘nn.‘ped.‘.‘

M. microti

West Afri 2
2 West Afri1

M. caprae

M. bovfs

Manu

&&\

“M. pmtatubercu.l'osxs-M. canettii”

T-specific lineages
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isolate grouped with New 1 isolates. Less unexpectedly, one
X-lineage isolate was found to be grouped with Haarlem iso-
lates. As for the tree-based analysis described above, the use of
spoligotyping alone or in combination with MIRU-VNTR typ-
ing resulted in more conflicting groupings (data not shown).

When the 187 isolates for which no lineage or only T spoli-
gotypes (including variants) were preassigned were considered,
either no best match was found or the best matches found were
distributed among the different lineages represented in the
database, as expected (Table 3). For these isolates, the pro-
portion of best matches found again increased by relaxing the
distance cutoff from 0.17 to 0.3, e.g., from 33.2 to 95.7% for
24-locus MIRU-VNTR typing and spoligotyping combined. In
any case, all best matches detected for these isolates were
found among lineages that all belonged to the Euro-American
superlineage of M. tuberculosis. Consistently, tree-based anal-
ysis by 24-locus MIRU-VNTR typing distributed all these iso-
lates among the same Euro-American branches. However, a
large set of isolates (which had T spoligotypes and which were
in the majority) for which no best matches were detected was
grouped into a large cluster that appeared to be distinct from
the other Euro-American branches (Fig. 2).

DISCUSSION

In this report, we evaluate the first multifunctional Web-
based database for the combined analysis of bacterial genotyp-
ing data obtained by up to five different typing methods (al-
though reference 1S6110 RFLP patterns are provided only for
visual comparison). This tool allows the genotype/phylogenetic
lineage classification of MTBC isolates online by comparison

Deihi.‘CAS

hana

HaarlenJG X

T-aspecific
lineages

Euro-American
super lineage
(PGG 2-3)

FIG. 2. Phylogenetic distribution of isolates with unassigned or T spoligotypes. A radial tree was constructed by using the 24-locus MIRU-
VNTR typing data for the reference strains in the MIRU-VNTRplus database and 187 genotypes with unassigned or T spoligotypes from the
Brussels population-based collection by using the neighbor-joining algorithm and categorical distance coefficient. The positions of Brussels
genotypes with unassigned or T spoligotypes are indicated by yellow circles. Lineages containing exclusively T-spoligotype strains or lineages
corresponding to well-characterized, classical clades of the Euro-American superlineage (such as the Haarlem lineage) comprising T-spoligotype
strains are denoted T-specific and T-aspecific, respectively. EAI, East African-Indian; West Afri 2, West African 2 (M. africanum 2); West Afri 1,
West African 1 (M. africanum 1); Tur, Turkish; BJ, Beijing; CAS, Central Asian; LAM, Latin American-Mediterranean.
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with a reference strain collection covering the primary
branches of this bacterial complex, as defined by LSP analysis
(5, 13) and the global distribution of spoligotype families in
SpolDB4 (7). All the reference strains have been character-
ized by quality-controlled, state-of-the-art 24-locus MIRU-
VNTR typing and spoligotyping, which together tend to
replace IS6110 RFLP as the internationally standardized gold
standard for molecular epidemiological studies (1, 29, 38).
These strains have additionally been characterized by the use
of reference SNP and LSP markers, which collectively ensures
their accurate MTBC “species” and lineage identification (5,
13, 14, 27).

We have chosen to construct this reference database in a
closed format; i.e., users can freely submit their genotypes for
identification, but these genotypes are not added to the refer-
ence database. This simplifies maintenance of the database by
the authors and ensures the reliability of the reference data set
by avoiding the need to curate externally submitted data.

The database distinctively offers user-friendly interfaces, tu-
torials and help, and multiple convenient tools for clustering
and phylogenetic analysis of users’ isolates as well as for data
import and export. In all analysis modes, the database can be
used to visualize supplementary information, in addition to
primary genotyping profiles, which can guide additional anal-
yses (e.g., by using lineage-specific LSPs) to confirm the initial
classification, if necessary. Therefore, the use of this database
provides many functionalities of expensive commercial soft-
ware packages such as the Bionumerics package beyond just
the classical report of matching “genotype” codes. Never-
theless, it also includes functionality for automated online
SpolDB4-based spoligotype sequence type and spoligotype
clade assignation, as well as for MIRU-VNTRplus database-
based MIRU-VNTR type codification. This standardized
MIRU-VNTR type classification relies on the juxtaposition of
two codes, corresponding to types based on 15 more discrim-
inatory loci and 9 ancillary loci, respectively. This dual-code
scheme thus accommodates the classification in a single system
of genotypes obtained with either the 15-locus-based discrim-
inatory subset or the complete 24-locus format (38). In addi-
tion, this codification system leaves the door open for the
inclusion of an additional code based on a few other MIRU-
VNTR loci that may prove specifically necessary for the dis-
crimination of M. bovis strains (2, 33) and, perhaps, W/Beijing
strains (18, 28, 49).

In contrast to other available MTBC genotyping databases,
the multimarker basis of the MIRU-VNTRplus database also
allowed us to test optimal parameters and define predictive
values for phylogenetic identification. Evaluations were per-
formed by simulating the most frequent utilization conditions,
i.e., by basing comparisons on MIRU-VNTR typing data alone
or in combination with spoligotyping data, and independently
by using the SNP and LSP profiles of reference strains for
confirmation. Both an internal evaluation (with the reference
strains themselves) and an external evaluation were per-
formed. The external evaluation made use of the largest pop-
ulation-based standardized MIRU-VNTR data set available so
far. The corresponding study included 807 TB patients from
the Brussels-Capital Region, 76% of whom were foreign born
and were from 69 different countries. As a reflection of the
MTBC phylogeography, 12 spoligotype families, including all
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the major strain lineages, were identified among the patient
isolates. This population thus offered an opportunity to test the
consistency of the MIRU-VNTRplus predictions with a wide
range of strain lineages of diverse geographical origins (3).

Both the internal and the external evaluations indicated the
self-consistency and the usefulness of the database. Consistent
with the fact that parsimony-based methods generally perform
well on restricted genetic perimeters, best-match analysis with
a stringent distance cutoff was found to provide highly specific
identifications when it was performed with strains with pre-
identified lineages. The selected cutoff of 0.17, equivalent to, at
most, a four-locus difference among 24 MIRU-VNTR loci by
using categorical distance, approximately corresponds to the
most conservative definition of clonal complexes by multilocus
sequence typing, based on the sharing of identical alleles at six
of the seven gene sequence targets studied. Best-match results
met expectations in 99.3 to 100% of the cases for MIRU-
VNTR typing alone and in 100% of the cases when MIRU-
VNTR typing was combined with spoligotyping. The use of
these methods in combination also logically provided the high-
est sensitivity (defined as the proportion of predictions among
the isolates tested), which, however, did not exceed 91.4% and
72.2% in the internal and external evaluations, respectively.
This level of sensitivity is explained by the fact that the differ-
ent lineages in the current database do not yet systematically
include very closely related clones that could best match any
test strain at this stringent distance cutoff. Relaxing the dis-
tance cutoff to 0.3 improved the sensitivity to 98.4% and 94.8%
in the internal and external evaluations, respectively, but not
surprisingly, this cost up to 15 mismatches in the external
evaluation. However, it is noteworthy that these mismatches
reflect just a lack of fine-tuning at this cutoff rather than true
inconsistencies, as virtually all of these mismatches were con-
centrated among strains from different branches that all con-
sistently belong to the Euro-American superlineage (14).

In order to maximize predictions and minimize fine-tune
mismatching, a better compromise was obtained by using tree-
based methods based on 24 MIRU-VNTR loci. In the internal
evaluation, the groupings of the reference strains were fully
consistent. All lineages except Haarlem were monophyletic;
the Haarlem lineage included an distinct lineage X subgroup.
However, this result was expected, as this branching is also
recognized by other analytic methods (10, 16). In the external
tree-based tests with strains of preidentified lineages, group-
ings within expected reference lineages were obtained for 439/
442 (99.3%) test genotypes. It is noteworthy that in contrast to
the results of best-match analysis, the use of spoligotyping in
combination with MIRU-VNTR typing data (or alone) re-
sulted in more conflicting groupings (data not shown). This
reflects the approximation from the use of simple spoligotyping
spacer number differences in distance-based methods, al-
though this monolocus marker can evolve by the loss of a single
spacer or a spacer block in a single event.

In the external evaluation, 30% of the isolates had no pre-
assigned lineage, and the external evaluation included a ma-
jority of T-spoligotype strains and variants thereof, which are
known to be poorly phylogenetically informative (10). They
were considered separately, since their precise classification by
MIRU-VNTR typing (possibly combined with spoligotyping)
could not be extrinsically confirmed. Nevertheless, their broad
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Best match analysis, 24-locus MIRU-VNTR

(Distance cut-off 0.17) (optionally combined spoligotyping)

Best match: lineage predicted No match

Confirmation
a

NJ tree-based analysis, 24-locus MIRU-VNTR

(categorical distance, rooting with M. prototuberculosis/M. canettii)

FIG. 3. Strategy for use of phylogenetic identification. If no match
is detected after an initial best-match analysis with a stringent distance
cutoff of 0.17, tree-based analysis is preferred upon best-match analysis
with a relaxed distance cutoff of 0.3 as a second step, because the
former method minimizes the fine-tuned mismatching that can occur
as an exception among strains belonging to the Euro-American super-
lineage (see text). NJ, neighbor-joining.

classification met expectations on the basis of previous knowl-
edge. Except for two isolates with a full 43-spacer MANU
spoligotype (7, 11), both best-match analysis (when isolates
were detected) and tree-based analysis classified all the isolates
in the Euro-American superlineage of M. tuberculosis, which
corresponds to principal genetic groups 2 and 3 (10, 14, 16, 37).
Consistent with SNP-based analyses, a number of these T-
spoligotype strains were associated with well-characterized lin-
eages, such as Haarlem and Cameroon, while a large set of
strains appeared to form a distinct T-spoligotype-specific
group (Fig. 2), likely corresponding to SNP-defined cluster 6b
or VIII (10, 16).

In conclusion, on the basis of these evaluations, we propose
the following strategy for the use of optimal phylogenetic iden-
tification (Fig. 3). This scheme integrates best-match analysis
at a high stringency based on MIRU-VNTR typing optionally
combined with spoligotyping, followed by tree-based analysis
based on 24 MIRU-VNTR loci to maximize the predictions, if
necessary. This strategy blends the specificity and straightfor-
ward interpretation of best-match analysis with the sensitivity
of tree-based identification. In our tests, preidentified lineages
of strains were thereby verified in >99% of the cases. On the
basis of these results and the consistency of the results with the
SNP-based results (see above), we think that predictions of the
phylogeny of M. tuberculosis strains with unknown or weakly
informative spoligotypes such as the T spoligotype will reflect
their true lineage connection. Depending on the cases, these
strains will most often be classified with reference strains from
different well-identified lineages or in a distinct group within
the Euro-American superlineage. The upcoming inclusion of
additional reference strains, including those with the T spoli-
gotype, will further ensure these predictions and will concom-
itantly increase the sensitivity of best-match analysis at the
stringent distance cutoff. In addition to the expansion of the
reference strain database, we envision opening of a second,
open database to which users would be allowed to add their
strain genotypes. However, such an open database will require
the development of efficient quality control algorithms. Re-
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gardless, on the basis of the results of the present evaluation,
we believe that the current version of the MIRU-VNTRplus
database already constitutes a powerful tool for the clonal
identification of MTBC isolates. It particularly enables the
better exploitation of the advantages of MIRU-VNTR typing,
including its wide use and recently proposed international stan-
dardization. It may serve as a basis for the development of
multilocus-VNTR typing-based databases for the typing of
other species.
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