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A B S T R A C T

In order to provide a global overview of genotypic, epidemiologic, demographic, phylogeographical, and drug
resistance characteristics related to the prevailing tuberculosis (TB) epidemic, we hereby report an update of the
6th version of the international genotyping database SITVIT2. We also make all the available information acces-
sible through a dedicated website (available at http://www.pasteur-guadeloupe.fr:8081/SITVIT2). Thanks to the
public release of SITVIT2 which is currently the largest international multimarker genotyping database with a
compilation of 111,635 clinical isolates from 169 countries of patient origin (131 countries of isolation, re-
presenting 1032 cities), our major aim is to highlight macro- and micro-geographical cleavages and phylogeo-
graphical specificities of circulating Mycobacterium tuberculosis complex (MTBC) clones worldwide. For this pur-
pose, we retained strains typed by the most commonly used PCR-based methodology for TB genotyping, i.e.,
spoligotyping based on the polymorphism of the direct repeat (DR) locus, 5-loci Exact Tandem Repeats (ETRs), and
MIRU-VNTR minisatellites used in 12–, 15–, or 24–loci formats. We describe the SITVIT2 database and integrated
online applications that permit to interrogate the database using easy drop-down menus to draw maps, graphics
and tables versus a long list of parameters and variables available for individual clinical isolates (year and place of
isolation, origin, sex, and age of patient, drug-resistance, etc.). Available tools further allow to generate phylo-
genetical snapshot of circulating strains as Lineage-specific WebLogos, as well as minimum spanning trees of their
genotypes in conjunction with their geographical distribution, drug-resistance, demographic, and epidemiologic
characteristics instantaneously; whereas online statistical analyses let a user to pinpoint phylogeographical spe-
cificities of circulating MTBC lineages and conclude on actual demographic trends. Available associated in-
formation on gender (n=18,944), age (n=16,968), drug resistance (n=19,606), and HIV serology (n=2673),
allowed to draw some important conclusions on TB geo-epidemiology; e.g. a positive correlation exists between
certain Mycobacterium tuberculosis lineages (such as CAS and Beijing) and drug resistance (p-value< .001), while
other lineages (such as LAM, X, and BOV) are more frequently associated with HIV-positive serology (p-value<
.001). Besides, availability of information on the year of isolation of strains (range 1759–2012), also allowed to
make tentative correlations between drug resistance information and lineages – portraying probable evolution
trends over time and space. To conclude, the present approach of geographical mapping of predominant clinical
isolates of tubercle bacilli causing the bulk of the disease both at country and regional level in conjunction with
epidemiologic and demographic characteristics allows to shed new light on TB geo-epidemiology in relation with
the continued waves of peopling and human migration.

1. Introduction

The current century has seen a tremendous growth in the amount and
complexity of microbiological data generated, and we are witnessing today
the advent of a new era in collection and treatment of information accu-
mulated. Like for many other infectious diseases, our knowledge on the

understanding of TB as a disease as well as on the evolutionary aspects of its
bacterium is improving day after day; nonetheless, the disease which is
probably at least as old as humanity (Comas et al., 2013; Rothschild et al.,
2001; Zink et al., 2003), remains a silent killer.Mycobacterium tuberculosis –
the etiologic agent in question – is still spread worldwide killing millions of
people each year, and represents a major threat for global public health.
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Indeed, despite significant advances occurring in the field of molecular di-
agnosis and epidemiology of tuberculosis (TB), the recent global TB Report
for 2017 from the World Health Organization (WHO) shows an overall
picture of high burden of disease and slow progress to make any major
headway in beating TB (WHO, 2017). Another deleterious development is
the emergence of drug-resistant TB, particularly the multiple drug resistant
(MDR) and extensively drug resistant (XDR)-TB, and more recently even the
onset of totally drug resistant (TDR) or “pan-resistant” TB (Velayati et al.,
2009), which are a significant threat to effective TB control. In such a
context, the positive association of TB with HIV/AIDS constitutes a sig-
nificant threat to public health in certain countries such as South Africa
(Dheda et al., 2010).

Bearing in mind that TB epidemic seems to be related to poverty,
promiscuity, poor living conditions, or other hard socio-demographic
aspects (Farmer et al., 2006; Keshavjee et al., 2008), monitoring of drug
resistant strains worldwide, especially in resource limited countries, is
urgently needed for TB control. The WHO and its partners developed
strategies such as the Green Light Committee to foster a better treat-
ment of MDR and XDR-TB particularly in resource limited countries
(Zignol et al., 2006; WHO 2017). Not abating the need of development
of better diagnostic tests, effective treatment, and effective vaccine
development, we are convinced that concerted and coordinated efforts
and strategies are also needed in parallel to focus on evidence-based
geographical mapping of predominant clones of tubercle bacilli causing
the bulk of the disease both at country and regional level.

Regarding the methodology, we decided to work on creation, devel-
opment and curation under an ongoing database program in development
in our laboratory for last>15 years (Sola et al., 2001; Filliol et al., 2002,
2003; Brudey et al., 2006). Right from the beginning, we selected robust
PCR-based genotyping methods instead of fingerprinting using IS6110-
Restriction Fragment Length Polymorphism (RFLP); even though it was
considered as the gold standard in molecular epidemiology of TB in the
nineties (van Embden et al., 1993). The complexity of this method and the
labor-intensive methodology led to its replacement by easier yet more
robust techniques by widely used PCR-based genotyping methods such as
spoligotyping (Kamerbeek et al., 1997) and 12, 15, or 24-loci MIRU-
VNTRs (Supply et al., 2006), which represent the current gold-standard for
TB genotyping surveillance. Despite some limitations (Comas et al., 2009),
their use to identify, track and characterize the M. tuberculosis clones has
been validated in various studies (as reviewed in: Rastogi and Sola, 2007;
García de Viedma et al., 2011; Jagielski et al., 2016). Other methods of
choice for evolutionary and phylogenetical studies include Single Nu-
cleotide Polymorphism (SNPs; Filliol et al., 2006), and Large Sequence
Polymorphism (LSP) / Regions of Difference (RD; Gagneux et al., 2006).

Vis-à-vis the management of huge collections of data generated, mi-
crobiological databases are undeniably useful to make comparisons within
isolates worldwide, and advances are obviously needed to offer improved
analyses and innovations in the comprehension of biological data (Howe
et al., 2008). In relation to the field of TB molecular or genomic epide-
miology, several databases/web tools were developed over last 10 years to
facilitate the comprehension and control of TB epidemics worldwide; ex-
amples include following online resources (list not exhaustive): SpolTools
(http://spoltools.emi.unsw.edu.au/) (Reyes et al., 2008; Tang et al.,
2008); MIRU-VNTRplus (http://www.miru-vntrplus.org/) (Allix-Béguec
et al., 2008; Weniger et al., 2010); TB-Lineage (http://tbinsight.cs.rpi.edu/
run_tb_lineage.html) (Shabbeer et al., 2012); SITVITWEB (http://www.
pasteur-guadeloupe.fr:8081/SITVIT_ONLINE) (Demay et al., 2012) My-
coDB.es (http://www.vigilanciasanitaria.es/mycodb/) (Rodriguez-
Campos et al., 2012); Mbovis.org (http://www.mbovis.org/) (Smith and
Upton, 2012); tbvar (http://genome.igib.res.in/tbvar/) (Joshi et al.,
2014); InTB (http://www.evocell.org/inTB) (Soares et al., 2013); PolyTB
(http://pathogenseq.lshtm.ac.uk) (Coll et al., 2014a); Genome-wide My-
cobacterium tuberculosis variation (GMTV) database (http://mtb.
dobzhanskycenter.org/) (Chernyaeva et al., 2014); CPLP-TB (http://cplp-
tb.ff.ulisboa.pt/) focusing on TB in Portuguese-speaking countries
(Perdigão et al., 2018); and SpolSimilaritySearch (http://www.pasteur-

guadeloupe.fr:8081/SpolSimilaritySearch), which allows to compare and
search similarities between spoligotypes (Couvin et al., 2017). Whenever
feasible, these resources are optimally exploited in conjunction with the
map library of WHO to conduct comparative analyses of TB in association
with multiple parameters such as drug resistance, HIV serology, or in-
cidence in respective countries (http://gamapserver.who.int/mapLibrary/
app/searchResults.aspx).

In the present study, we describe and publicly release SITVIT2
which is a MySQL-based multimarker database containing genotyping
information (spoligotyping, and 12, 15, or 24-loci MIRU-VNTRs) on
111,635 MTBC clinical isolates. In addition to the previously released
version (Demay et al., 2012), it combines phylogenetic description of
M. tuberculosis lineages in conjunction with detailed epidemiological
analyses of circulating clones based on available demographic, epide-
miologic, and drug resistance data of individual isolates. It therefore
substantiates the need conveyed in a recent WHO handbook entitled
“Understanding and using Tuberculosis Data” (WHO 2014), since in-
depth geographical mapping of strains and identification of circulating
clones within a broader sociodemographic and phylogeographic con-
text will allow to pinpoint prevailing disparities, helping to better
monitor, understand and control the TB epidemic worldwide.

2. Materials and Methods

2.1. Ethical statement and data collection

Collection and treatment of data was performed as described earlier
for SITVITWEB (Demay et al., 2012). A total of 111,635 isolates were
collected in the MySQL database SITVIT2 which is an updated version
of earlier databases developed at Institut Pasteur de la Guadeloupe,
namely: SpolDB1 to 4, and SITVITWEB. As for earlier versions, results
on genotyping and related epidemiological and demographic data were
collected from collaborating laboratories (details provided on the da-
tabase website), and anonymized prior to entry in SITVIT2. Note that
genotyping data contained in SITVIT2 database are from data received
until May 2013; year of isolation of strains ranged from 1759 (from
frozen cultures) – until 2012. Furthermore, most of the data contained
in SITVIT2 was previously published as independent bilateral colla-
borations; and data entered after May 2013 will be made available in a
future version of the database tentatively named SITVITEXTEND.

2.2. Genotyping

The genotyping data were limited to spoligotyping (Kamerbeek et al.,
1997), and 12, 15 and 24-loci MIRU-VNTRs, (Supply et al., 2006), as well
as a shorter 5-loci format of exact tandem repeats (ETRs). The available
results correspond to 103,856 isolates with spoligotyping, and 23,919
with MIRU-VNTRs (split in: 12-loci MIRU n=19,311; 15-loci MIRU
n=4702; 24-loci MIRU n=1672; and 5-loci ETR n=10,294).
Throughout in this paper, the order of MIRU loci is as follows: 12-loci
MIRU patterns: MIRU 2, 4, 10, 16, 20, 23, 24, 26, 27, 31, 39 and 40; 15-
loci MIRU patterns: MIRU 4, 10, 16, 26, 31, and 40, ETR-A, ETR-C, QUB-
11b, QUB-26, QUB-4156, Mtub04, Mtub21, Mtub30, and Mtub39; and
24-loci MIRU patterns: classical 12-loci pattern followed by ETR-A, ETR-
B, ETR-C, QUB-11b, QUB-26, QUB-4156, Mtub04, Mtub21, Mtub29,
Mtub30, Mtub34, and Mtub39. Spoligotype International Type (SIT),
VNTR International Type (VIT), and 12–15 or 24-MIRU International
Type (12–15 or 24-MIT) designate identical spoligotypes, 5-locus ETRs,
12–15 or 24-loci MIRU-VNTRs patterns respectively, that are shared by 2
or more patient isolates. Table 1 recapitulates the available genotyping
information based on various molecular markers included in SITVIT2.

2.3. Statistical and bioinformatical analysis

STATA software version 12 was used for descriptive and univariate
analyses. Comparisons between different genotyping, demographic and
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epidemiological parameters were performed using Pearson's Chi-square
test and Fisher's Exact Test. Student's t-test was used to compare con-
tinuous variables such as the age of patients. A binary logistic regres-
sion model was used to see which patient characteristics were poten-
tially associated to drug resistant TB; drug resistance variable (meaning
pansusceptible or drug-resistant TB) was used as dependent variable;
and sex, age, lineage, and HIV serology were used as independent
variables. Odds Ratios (OR) and 95% Confidence Intervals (CI) were
calculated to assess the significance of the statistical tests. P values
of< 0.05 were considered as statistically significant. Mean and stan-
dard deviation (SD) were also calculated for age of the patient.

Minimum Spanning Trees (MSTs) were constructed based on MIRU-
VNTRs and spoligotyping patterns using BioNumerics software version
6.6 (Applied Maths, Sint-Martens-Latem, Belgium) and MLVA Compare
(Ridom GmbH, Münster, Germany / GenoScreen, Lille, France). MSTs
are connected undirected graphs in which all of the patterns are linked
together with the fewest linkages between nearest neighbors. SpolTools
software was used to draw Spoligoforests trees based on a Hierarchical
Layout or the Fruchterman-Reingold algorithm (Reyes et al., 2008;
Tang et al., 2008). Contrary to the MSTs, Spoligoforests are directed
and not necessarily connected graphs, and permit to highlight the
evolutionary relationships between ascendant and descendant spoligo-
typing patterns.

2.4. Web development and online access of the database

SITVIT2 was developed using the MySQL relational database
management system (RDBMS). Perl language was employed to im-
prove database entry, adding relevant information fields (demo-
graphic, drug resistance, HIV serology) from condensed data extracted
from Excel files (Fig. 1). Tools and n-tier architecture of the Web ap-
plication were implemented with Java technology or other web lan-
guages such as Java Server Pages (JSP), JavaScript, jQuery, Ajax,
DHTMLX, and Google Application Programming Interface (API). Ja-
vaScript activation is recommended in order to launch SITVIT2 which
brings new functionalities to interrogate the database for various
added parameters. The graphical user interface (GUI) of SITVIT2 was
deployed on the Apache Tomcat server (version 6), and the web pages
were developed using Eclipse software (www.eclipse.org/). The
SITVIT2 web application was successfully tested on Firefox and
Google Chrome web browsers. SITVIT2 is freely accessible at: http://
www.pasteur-guadeloupe.fr:8081/SITVIT2 (in case of problems to
access this website, users are requested to verify with their network
administrator to make sure that no restrictive firewalls were installed
to block outbound connections to port 8081). If a troubleshooting is
needed despite user guide provided (see Supplemental File 1), users
may email the Web Content Manager.

Table 1
Quantitative description of genotyping markers contained in SITVIT2.

Genotyping marker Number of distinct
patterns

Number of
strains

Number of International
Types (IT)

Number of ITed
strainsa

Number of
orphan strains

Percentage of orphan
strains

Number of countries
of isolation

Spoligotype 9658 103,856 3851 98,049 5807 5.6 131
5-locus ETRs

(VNTR)
812 10,294 424 9539 755 7.3 39

12-loci MIRU 4773 19,311 1632 14,777 4534 23.5 53
15-loci MIRU 2327 4702 430 1827 2875 61.1 18
24-loci MIRU 876 1672 178 765 907 54.2 17

a This heading means number of strains having an IT number.

Fig. 1. Diagram representing the process of improvement of the new interface of our database, implementing a new MySQL architecture and adding new char-
acteristics of patients.
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2.5. Drug resistance data

Drug susceptibility testing (DST) was performed using classical
methods endorsed by the WHO, identifying first line and/or second-line
anti-TB drugs. Recording of drug resistance information in SITVIT2
database was done as follows:

- DST code 1 designates pansusceptible strains (no drug-resistance).
- DST code 2 designates multidrug-resistant tuberculosis (MDR-TB),

i.e., combined drug resistance to isoniazid (INH) and rifampin (RIF),
with or without resistance to other drugs.

- DST code 3 designated resistance to any drug(s) excluding MDR or
Extensively drug-resistant tuberculosis (XDR-TB, see below for definition).

- DST code 4 designates XDR-TB, defined as MDR-TB with additional
resistance to any fluoroquinolone, and to at least one of the three fol-
lowing injectable drugs used in anti-TB treatment: capreomycin, ka-
namycin and amikacin.

Note that for analyses comparing drug-susceptible vs. drug-resistant
strains, isolates corresponding to DST code 1 (pansusceptible) were
compared against strains corresponding to DST codes 2 to 4 that were
pooled collectively as drug-resistant isolates.

2.6. Geographical distribution

The worldwide distribution of M. tuberculosis complex strains was
studied both country wise (2 or 3 letter country codes according to
http://en.wikipedia.org/wiki/ISO_3166), and at macro-geographical
level in subregions defined according to United Nations (available at
http://unstats.un.org/unsd/methods/m49/m49regin.htm) as follows;
Regions: AFRI (Africa), AMER (Americas), ASIA (Asia), EURO (Europe),
and OCE (Oceania), subdivided in: E (Eastern), M (Middle), C (Central),

N (Northern), S (Southern), SE (South-Eastern), and W (Western). In this
classification scheme, CARIB (Caribbean or West Indies) belongs to
Americas, while Oceania is subdivided in 4 sub-regions, AUST
(Australasia), MEL (Melanesia), MIC (Micronesia), and POLY (Polynesia).
Note that Russia was attributed a new sub-region by itself (Northern
Asia) instead of including it among the rest of Eastern Europe.

3. Results and Discussion

3.1. HIV serology and associated parameters

The HIV serology was known for 2673 patients: 607 (22.71%) being
HIV-positive and 2066 (77.29%) being HIV-negative. Isolates from HIV-
positive cases were predominantly reported from Russia, South America
and East Africa (at respective proportions of 67.74%, 40.23% and
33.25%). Among 16.67% to 18.89% strains submitted to SITVIT2 from
West Indian, Southern European and West African populations were iso-
lated from HIV-positive patients as compared to<5% strains submitted
from the Southern (Indian subcontinent) and Central Asia. HIV serology
was not available for remaining subregions. Mean age of both HIV-nega-
tive and HIV-positive groups of patients was similar, representing re-
spectively 34.36 yrs. (with a standard deviation of 15.62) and 33.88 yrs.
(with a standard deviation of 8.69); nevertheless, age of patients varied in
considerable proportions depending on the region of isolation (Fig. 2). For
data submitted to SITVIT2, HIV-positive patients between 0 and 20 yrs.
were essentially reported in Peruvian, Spanish, Mozambican and Nigerian
populations. Nevertheless, the sex-ratio significantly differed between
HIV-negative (1279/733=1.74 male/female sex ratio) and HIV-positive
(438/155=2.83 male/female sex ratio) cases, with a p-value< .0001
(OR=1.62; 95% Confidence Interval [1.32; 1.99]).

Fig. 2. Global Distribution of HIV-positive and negative patients in SITVIT2, based on spoligotyping phylogenetic lineages. The number within this pie chart shows
the number of strains having information on HIV serology.
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Regarding the whole dataset, when we compared the distribution of
lineages among HIV-negative and HIV-positive patients (taking into ac-
count the ubiquitous T-family to make the comparison), we noticed that
the LAM, X, and BOV lineages were significantly found at higher pro-
portions among HIV-positive patients, with Odds ratios of 2.29 (95%CI
[1.65; 3.18], p-value< .0001), 2.20 (95%CI [1.13; 4.24], p-value<
.02), and 10.16 (95%CI [3.15; 42.97], p-value< .0001) respectively. On
the other hand, Beijing and CAS lineages were not significantly asso-
ciated with HIV-positive patients globally (p-value< .0002); one must
however note a recent data entry of nearly 200 Beijing strains from a
Peruvian study (Iwamoto et al., 2012) which could explain the high
proportion of HIV-negative patients among Beijing isolates in South
America. Conversely, LAM lineage was significantly associated with HIV-
positivity in this area: representing 32.13% of all HIV-positive isolates vs.
9.80% of all HIV-negative isolates; X and S lineages were also more often
isolated from HIV-positive patients.

The male/female sex-ratio among HIV-positive and HIV-negative
patients of East Africa (1.25 vs. 1.76) did not differ significantly from
that recorded in West Africa (1.31 vs. 1.72). Furthermore, unlike in
South America, the proportion of LAM lineage was not significantly
different among HIV-positive versus HIV-negative patients in East-Africa
(16.41% vs. 17.12% respectively). T, CAS, and Haarlem lineages were
more often present in isolates from HIV-negative patients, whereas EAI,
Beijing, X, Manu, and S lineages were more frequent in strains from HIV-
positive patients. As opposed to the AFRI lineage in West Africa, the
Cameroon lineage (previously labeled LAM10-CAM) was more fre-
quently isolated from HIV-positive patients (75.61% vs. 66.48%). LAM
and BOV lineages were more commonly found among HIV-positive pa-
tients in Southern Europe; while Beijing and Ural lineages prevailed
among HIV-positive patients of Russia. Although isolates submitted from
Southern Asia corresponded to a low HIV-positivity rate, the proportion
of EAI and Beijing lineages was relatively higher among HIV-positive
patients. A single case of HIV-positive female patient from Western Asia
(a 39 yrs. old patient from Turkey) corresponded to the ubiquitous
SIT53/T1 genotype. Thus, the adaptability of the pathogen to the host
could depend both on specific lineages but also to the geographic var-
iations in host immunity. Nonetheless, utmost caution is needed before
drawing definitive conclusions because of the lack of available data for
all subregions (see the website for detailed comparisons).

Last but not least, a study of correlation between HIV serology and
drug resistance (see subsection 3.2 below), did not show any definite
correlation between HIV serology and drug resistance. Although this
association may vary depending on the regions studied, data submitted
to SITVIT2 suggests that drug resistant TB is not significantly associated
with HIV-positivity at a global scale.

3.2. Drug resistance, genotypic lineages and associated parameters

Among the 19,606 available isolates containing information on drug
resistance, we considered a sub-sample of 16,464 isolates from 142 coun-
tries of origin of patients for a deep analysis for which associated demo-
graphic and/or epidemiologic data were available (individualized analyses
are possible by questioning the SITVIT2 web interface directly by users).

Regarding geographical distribution of drug resistance, of 16,464
isolates, a total of 5640 isolates were drug resistant (pooled DST codes 2
to 4). Among these, 2105 (37.32%) corresponded to DST code 3 (any
drug resistance excluding MDR/XDR-TB); 3353 (59.45%) corresponded
to DST code 2/MDR-TB, and 182 (3.23%) to DST code 4/XDR-TB. In our
database, MDR strains were predominantly from countries that specifi-
cally undertook studies on characterization of MDR-TB, and hence not
fully representative of the real snapshot of prevailing drug-resistance
worldwide. DST code 2/MDR-TB isolates corresponded to 558 (62.42%)
from India, 356 (29.67%) from Spain, 182 (42.42%) from China, 181
(47.01%) from Mexico, 151 (56.77%) from Russia, 147 (34.11%) from
Turkey, 59 (80.82%) of strains from Kazakhstan, 55 (41.98%) from
Venezuela, 39 (33.33%) from Poland, 37 (43.02%) from Dominican

Republic, 18 (20%) from Guyana, and 16 (30.19%) from Kyrgyzstan.
Furthermore, exclusively MDR-TB isolates were submitted to SITVIT2
from South Africa (n=785), Ethiopia (n=74) and Panama (n=37). In
this context, a recent study showed that MDR-TB in Panama is driven by
clonal expansion and ongoing transmission of several strains of the LAM
family, in which a specific strain (LAM9-c1) was shown to be closely
related to an XDR strain identified in KwaZulu-Natal (KZN), South Africa
(Lanzas et al., 2013). Lastly, in the remaining countries of isolation, the
proportion of MDR-TB strains was lower than 20%, or not significant due
to a smaller number of isolates (< 30 strains; Supplemental File 2).

We also looked if certain genotypes/lineages were more frequently
concerned by drug resistance. Spoligotyping based MTBC lineages were
used to underline certain geo-specificities with regard to the ability of
specific lineages of being more resistant to anti-TB drugs than other
lineages (Fig. 3). Globally, CAS, Beijing, Turkey, Bovis, and Manu
lineages were more likely to be drug resistant (DST codes 2–4) to anti-TB
drugs; while AFRI, Haarlem, T, and Ural lineages were associated with
pansusceptible MTBC (p-value< .0001). Conversely, the remaining X, S,
EAI, LAM, and Cameroon (formerly LAM10-CAM) lineage proportions
were almost similar in both Pansusceptible and drug resistant groups.
Nonetheless, if one focuses on individual subregions, a same lineage can
act differently depending on the geographical region of isolation, e.g.:

(i) LAM and Haarlem (which are usually related to pansusceptible-TB
in other regions), were found to be significantly associated to drug
resistant-TB strains in the Caribbean;

(ii) As recently shown for Beijing lineage (Couvin and Rastogi, 2015),
the association of Beijing isolates to drug resistance varied sig-
nificantly depending on the region of isolation.

(iii) As opposed to the AFRI lineage, the Cameroon lineage was linked
with drug resistant-TB in West and Central Africa;

(iv) EAI lineage was significantly associated to drug resistant-TB in
North Africa, whereas this was not the case in Western and
Southern Asia, the Caribbean, South America, and Western Europe;

(v) CAS lineage which could be the ancestor of Beijing family (Rastogi
and Sola, 2007), was significantly associated with drug resistant-
TB in Southern Asia, North Africa, and East Africa (specially
Ethiopia); but not in Western Asia and Northern Europe.

(vi) Although isolates belonging to the S lineage constituted a very low
proportion of strains in present study, we noticed that these iso-
lates were more frequently associated to drug-resistance in the
Caribbean and in Central America.

MSTs were drawn in order to highlight which patterns/lineages
were more frequently concerned by drug resistance (DST codes 2 to 4)
in SITVIT2 (note that supplemental MST Figures are accessible directly
on the web tool).

Concerning gender and age of patients with drug resistant strains, the
difference between the mean age of the patients infected with pansus-
ceptible strains (44.87 yrs.; 95% Confidence Interval [44.29; 45.46]) vs.
drug resistant strains (37.12 yrs.; 95% Confidence Interval [36.55; 37.68])
was significant regarding the whole study. Thus, TB patients with drug
resistant strains were younger than TB patients with pansusceptible strains
(p-value< .0001). However, this trend in mean age varied according to
subregions; e.g., the difference between mean age of pansusceptible (P)
versus drug-resistant (D) TB patients was significant in AFRI-N, ASIA-E,
ASIA-S, ASIA-W, EURO-N, AMER-C (with p-values in the range
of<0.0001 to 0.026), but not in AFRI-W, AFRI-E, ASIA-W, EURO-S,
EURO-W, CARIB, and AMER-S subregions. Furthermore, although the
male/female sex-ratio was almost similar among pansusceptible and drug
resistant cases at a global scale (1.84 vs. 1.87 respectively), significant
variations were observed depending on the subregions studied (Fig. 3).

Considering HIV serology and drug resistance, results on HIV ser-
ology and drug resistance should be interpreted very cautiously since
combined information on drug resistance and HIV serology was avail-
able for a limited number of countries/regions. In our sample, HIV-
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positive serology was globally more often recorded for pansusceptible
strains (23.21% vs. 8.65% within drug resistant group, p-value<
.0001; OR 3.19, 95%Confidence Interval [2.15; 4.73]). At the level of
subregions (number of HIV-positive/HIV-negative patients: East Africa,
7/0; Northern Asia, 57/30; South America, 0/3; Southern Asia, 14/622;
West Africa, 30/125; and West Indies, 3/15); the difference in the
proportion of HIV+ or HIV- serology was similar in pansusceptible or
drug resistant-TB in West Africa and Northern Asia, HIV+ serology was
linked to drug-resistant strains in the Caribbean, and HIV- serology
among pansusceptible strains in Southern Asia.

Since SITVIT2 provides information on main MTBC lineages and the
geographic origin of the patients, we also attempted to trace the po-
tential pathways of transmission of drug resistantM. tuberculosis strains.
Based on data available for 12,243 isolates with origin of patients and
4035 strains with drug resistance (DST codes 2, 3, or 4), Fig. 4 high-
lights the main subregions of origin of patients having a high proportion
of drug resistant isolates, and potential migratory pathways as deducted
from international migration flows (Abel and Sander, 2014) and United
Nation's international migration report 2017 (https://www.un.org/
development/desa/publications/international-migration-report-2017.
html). In this figure, the thickness of the arrows roughly indicates the
proportion of drug resistant strains, suggesting that a high proportion of
patients carrying drug-resistant strains may came mainly from East–,
North–, and West Africa; Southeastern–, Southern–, and Western Asia;
Eastern Europe; and South America; and in direction of Northern–,
Western–, and Southern Europe, and North America. Readers may
consult the web version of the database for an overview on the dis-
tribution of drug-resistant TB by country, as well as in function of the
lineages.

3.3. Genotyping data, lineages, demographics and phylogeny

3.3.1. Genotyping data and potential cleavages
SITVIT2 provides data recorded in 131 countries of isolation (con-

taining 1032 cities of isolation) derived from 169 countries of origin of
patients, as follows: spoligotyping for 103,856 isolates (3851 SITs
containing 98,049 isolates +5807 orphans); 5-locus ETRs for 10,294
isolates (424 VITs containing 9539 isolates +755 orphans); 12-loci
MIRU-VNTRs for 19,311 isolates (1632 12-MITs containing 14,777
isolates +4534 orphan isolates); 15-loci MIRU-VNTRs for 4702 isolates
(430 15-MITs containing 1827 isolates +2875 orphans); and 24-loci
MIRU-VNTRs for 1672 isolates (178 24-MITs containing 765 isolates
+907 orphans) (Table 1). Note that strains with incomplete MIRU-
VNTRs loci information were considered as orphan in the database.
Detailed information about the genotyping markers and the worldwide
distribution of specific genotypes, and lineages/sub-lineages is acces-
sible by interrogating the online database. Furthermore, regarding
correspondence with MIRU-VNTRplus nomenclature, all our 15- and
24-loci MIRU-VNTRs (having a MIT number were entered in MIRU-
VNTRplus database, and were assigned an identifier based on
MtbC15–9 Nomenclature. The files describing these MIRU-VNTRs pat-
terns are available online (http://www.pasteur-guadeloupe.fr:8081/
SITVIT2/tools.jsp). Lastly, the SITVIT2 data was linked to SITVIT-
KBBN lineages using the SITVIT-KBBN tool (Aminian et al., 2014), ex-
plicitly developed to improve our expert-based classification of the
genotypes, using a Bayesian network. This project was conjointly per-
formed by Institut Pasteur de la Guadeloupe and Rensselaer Polytechnic
Institute (RPI), and is consultable at: http://tbinsight.cs.rpi.edu/run_tb_
lineage.html (select the option “SITVIT Clade by KBBN”).

Fig. 3. Distribution of phylogenetic lineage and other parameters of the patients (age and sex) based on drug resistant (denoted by letter “D”, corresponding to DST
codes 2 to 4) vs. pan-susceptible strains (denoted by letter “P”, corresponding to DST code 1) according to the UN sub-regions (A), and at the worldwide level (B).
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Supplemental File 3 provides a global snapshot of geographical
cleavages that may exist between various geographical areas in function
of sex-ratio and age-groups of the patients. Age range of 0–20 yrs. was
predominantly found among patients from Latin America (Central and
South America) and Indian sub-continent (reaching almost 20% of pa-
tients); age range of 21–40 yrs. was predominant (around 60%) in Africa
(West, North and East Africa); while patients were older in Eastern Asia
(especially Japan), and European countries, as opposed to African
countries. Some lineages/sub-lineages were more common among
younger patients (0–20 yrs) at the macro-geographical level, e.g., BOV_1
(22.22%), CAS1-Delhi (18.53%), CAS1-Kili (20.00%), LAM3 (16.58%),
LAM6 (15.32%), Turkey or former LAM7-TUR (14.02%), T2-Uganda
(17.65%), T3-ETH (18.92%), T5-Madrid2 (24.24%), LAM-RUS (14.04%),
Ural-1 (14.88%), X1 (15.70%), and X3 (15.87%). Regarding the mean
age characteristics, significantly lower mean age of 32.05 yrs. was ob-
served for patients with CAS1-Kili lineage, followed by 32.77 yrs. for
AFRI_1 lineage. Lastly, despite an overall higher proportion of male than
female patients globally, some lineages/sublineages were well re-
presented among female patients. As regards to the global sex-ratio dis-
tribution in function of lineages, the male/female (M/F) sex-ratio was
significantly lower for T3-ETH, Ural-2, Manu1, AFRI_2, EAI2-Manila,
BOV_1, T4, and LAM4, with M/F sex-ratios between 1.03 (38/37) to 1.39
(152/109). Note that detailed information is accessible by querying the
database online.

The MST in Supplemental File 4 shows all spoligotypes recorded in
SITVIT2, according to their phylogenetic lineages (color nodes) and their
distribution in the various subregions (separations inside nodes). We note
that all major lineages were relatively well distinguishable. The patterns
belonging to the “Euro-American” lineage (T, S, LAM, X, Haarlem, Ural,

Cameroon, Turkey) were found primarily in the upper and central parts
of the tree, while some outlying clusters of the tree concerned isolates of
ancestral lineages (AFRI, BOVIS, CAS, EAI). Groups of spoligotypes be-
longing to AFRI and BOVIS lineages were particularly close. We also
noticed that patterns carrying “unknown” lineage signatures were often
positioned adjacent to the “Euro-American” spoligotypes; while a smaller
yet significant number of strains was placed close to the Manu family.
The spoligotypes belonging to the Cameroon lineage (formerly known as
LAM10-CAM) were closer to the genotypes of the T lineage. The MST
constructed in Supplemental File 5 shows genetic diversity of all 12-loci
MIRU patterns recorded in SITVIT2. This figure highlights predominant
12-MITs which are well visible in the tree as “central nodes” and identify
main 12-loci phylogenetical lineages described in a recent work (Hill
et al., 2012). Recently updated Ethiopian lineage (see subsection 3.4
below) was not visible in the MST trees. Lastly, Table 2 briefly indicates
the predominant 12-MITs in our database (containing 50 or more iso-
lates), associated spoligotyping based major lineages in SITVIT2, and
corresponding lineages attributed by the MIRU-VNTRplus web tool
(Allix-Béguec et al., 2008; Weniger et al., 2010). Despite some rare di-
vergences (highlighted in gray in Table 2), lineages attributed by
SITVIT2 matched well with those attributed by MIRU-VNTRplus. Thus
additional comparisons could be performed to link the data between the
two databases thanks to SITVIT2.

3.3.2. Trends over time and potential movements of strains
Comparison of lineage distribution in SITVITWEB vs. SITVIT2 may

underline the movement of certain patient populations carrying a spe-
cific lineages. For example, one can observe a relative progression of
the recently defined Turkey lineage into areas surrounding Turkey in

Fig. 4. Map representing the potential main migrations of drug resistant-TB strains. Thickness of the arrows roughly indicates the number of drug resistant strains
originating from one region of origin to the region of isolation. Number of drug resistant strains between 5 and 10, between 10 and 20, and>20 were represented by
thin, medium, and large arrows respectively.
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Table 2
Main 12-MITs (containing at least 50 isolates) and their associated lineages based on SITVIT2 and MIRU-VNTRplus databases.

12-MIT MIRU-VNTRs Nb in DB Predominant Spoligotyping based Lineages in SITVIT2 (%)* Lineage in MIRU-VNTRplus
17 223325173533 479 Beijing (97.09) Beijing

45 225325153323 447 H3 (44.6), H1 (37.77) Haarlem

16 223325153533 331 Beijing (97.61) Beijing

33 224325153323 272 X2 (54.37), T1 (17.5), H3 (12.5) ?

68 225425173533 226 CAS1-Delhi (52.94), CAS (32.35) ?

8 223125153324 221 T1 (74.36) ?

42 225313153323 217 H3 (63.76), H1 (13.42), H2 (11.41) Haarlem

43 225323153323 207 H1 (52.24), H3 (28.36), H2 (5.97) Haarlem

34 224325153324 173 X1 (32.26), X3 (26.88), X2 (15.05), T1 (11.83) ?

40 225125113322 155 T1 (65.71), T3-ETH (17.14), T2 (7.14) TUR

56 254326223432 154 EAI2-Manila (69.15), EAI2-nonthaburi (14.89) EAI

25 224226153321 147 LAM9 (54.33), LAM5 (23.62), LAM4 (5.51) LAM

213 224326153323 144 LAM3 (86.52) LAM

190 124326153220 106 LAM9 (95.19) LAM

144 224325153314 103 X1 (50.0), T1 (31.82) ?

163 224126152321 100 LAM11-ZWE (62.5), LAM9 (15.63) LAM

246 124326153324 96 LAM4 (86.96), LAM9 (6.52) LAM

157 223425153322 95 T1 (70.0), T3 (8.0), H3 (8.0) ?

261 227425113434 95 CAS1-Kili (90.0), CAS (10.0) ?

104 222325173543 88 Beijing (100.0) Beijing

224 223326153321 86 T1 (85.71), T2 (5.71) LAM

128 223226153321 85 LAM1 (67.44), LAM9 (18.6) LAM

271 226425153533 84 CAS1-Delhi (86.36), EAI5 (9.09) ?

46 225325153324 83 H1 (46.0), H3 (22.0), X3 (14.0), T1 (8.0) Haarlem

7 222325153323 82 Ural-2 (22.0), T1 (20.0), H3 (18.0), H1 (16.0) ?

69 254326223434 82 EAI3-IND (100.0) EAI

318 226425173533 81 CAS1-Delhi (76.92), CAS2 (7.69), CAS (7.69) Delhi/CAS

117 224325143324 80 T4-CEU1 (47.06), X2 (17.65), T1 (11.76), X1 (9.8) ?

15 223325153322 79 T1 (72.73), T2 (7.27) ?

310 215125113322 78 Tukey (57.97), T1 (21.74), T3-OSA (18.84) TUR

152 225325153322 77 H3 (45.16), H1 (32.26), T1 (6.45) Haarlem

194 214125113322 77 Turkey (92.11) TUR

633 224315153324 76 T2 (89.19) Cameroon

156 223125153322 74 T1 (44.0), T5 (32.0), T3 (8.0), T2 (8.0) ?

374 226425173423 73 CAS1-Delhi (83.33) Delhi/CAS

83 223325163533 72 Beijing (100.0) Beijing

32 224325153322 71 X1 (38.1), X2 (16.67), T1 (9.52), X3 (7.14) Haarlem

12 223315153323 69 Cameroon (89.19) Cameroon

135 221325173533 68 Beijing (100.0) Beijing

140 124326153224 67 LAM9 (20.93), T1 (18.6), LAM-RUS (9.3), T-Tuscany (6.98), LAM6 (6.98) LAM

30 224325143323 63 X2 (30.77), T1 (15.38), LAM (11.54), H1 (11.54), LAM5 (7.69) ?

1211 225425183324 61 H3 (93.44), H1 (6.56) ?

116 223325153323 60 T1 (31.43), X2 (20.0),H3 (14.29), X1 (11.43), H1 (5.71), T2 (5.71) ?

64 254326223513 57 EAI1-SOM (59.26) EAI

26 224226163321 54 LAM2 (51.85), LAM1 (27.78), LAM9 (11.11) LAM

112 223325143324 53 X1 (36.85), T3 (21.05), T1 (18.42), T4 (5.26), T2 (5.26) ?

237 223126152321 53 LAM11-ZWE (36.36), LAM4 (36.36), LAM9 (27.27) LAM

396 223125153323 53 T1 (52.17), LAM3 (43.48) ?

456 224315153321 53 Cameroon (66.67), T2 (33.33) Cameroon

212 233325153324 51 S (82.5), LAM3 (5.0) S

35 224325153325 50 H3 (27.78), Ural-2 (22.22), T1 (11.11), X1 (11.11), X3 (8.33), LAM9 (5.56), T2 (5.56) X

231 223125143324 50 T1 (71.43), T (14.29), H2 (7.14) ?

*Differences between lineages attributed by SITVIT2 as compared to MIRU-VNTRplus are highlighted in gray.
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Western Asia (such as Eastern Europe). Drifts of evolution of lineages or
groups of lineages over time may give us an overview of trends over
time and space, similar to what was shown recently regarding the
worldwide increase of MDR/XDR strains associated to the Beijing
lineage (Couvin and Rastogi, 2015). Similar trends of evolution of
lineages in function of drug resistance and/or over time, can be vi-
sualized on our web page (http://www.pasteur-guadeloupe.fr:8081/
SITVIT2/stata.jsp). Another tool allows users to get a global overview
on what is happening through time and space concerning the lineages
contained in SITVIT2, as well as the evolution of isolates in function of
drug resistance information, sex or age groups of patients. Thus data
discernable by navigating on thumbnail “Other Statistics” (on the
SITVIT2 website) allows to know which lineages might be progressing
in specific regions. By observing evolution of strains in function of
lineages, age, sex and associated demographic characteristics in dif-
ferent geographic areas, one can easily estimate if TB incidence is
progressing, and identify the priority subpopulations concerned
(gender, age groups, origin, etc.).

Information on the origin of patients is frequently available in
SITVIT2 which allows to have an insight on the impact of migration of
population on worldwide TB distribution and population structure. For
example, the distribution of lineages of autochthones vs. foreign born
patients (Fig. 5) provides with an overview of the global imported cases
of TB (mainly in regions/countries in which TB has a low incidence). As
underlined earlier, the persistence of the TB epidemic in most of the low
incidence countries today is largely attributable to imported cases from
patients originating from high TB incidence areas (García de Viedma
et al., 2011). One may notice that the EAI lineage was often observed
from foreign-born patients in Northern, Western and Southern Europe,
as well as in North Africa, Western Asia, and North America. One may

also note the presence of strains belonging to CAS lineage among for-
eign-born patients in Northern, Western, and Eastern Europe. Haarlem
and X lineages were the most visible lineages prevailing among foreign-
born patients from the Caribbean, South America and Austral Africa.
LAM lineage was widely spread among autochthonous patients from
South America, but linked to foreign-born patients in Austral Africa; the
latter observation underlines migration of people from countries such
as Zimbabwe within Africa, where LAM lineage predominates (Zim-
babwe is characteristic for having a high proportion of strains be-
longing to LAM11-ZWE sub-lineage). Lastly, a noticeable presence of
strains belonging to BOVIS lineage was visible among autochthonous
patients from Northern, Western and Southern Europe, as well as
among patients from South America and Australasia (Fig. 5).

Knowing the patient origin of M. tuberculosis genotypes may also
help to deduce history underlying the impact of migration, wars and
colonization on prevailing population structure. One can take the ex-
ample of controversial SIT4 (“undefined” lineage in SITVITWEB) mostly
found in Southern Europe (predominantly in Italy; n=33), to delineate
a potential pathway of its spreading through a cycle of displacement of
populations. In the supplemented SITVIT2 version, this genotype is
found in Western Asia (particularly in Turkey, n=29), East and Austral
Africa, South and North America, as well as the rest of Europe (Western,
Eastern and Northern), but not in Central America, and only spor-
adically in the Caribbean and the rest of Africa and Asia. This dis-
tribution may underline a cycle of displacement of populations ani-
mated by successive waves of exploration, trade, or colonization, such
as Italian colonialism in Africa of the present day countries of Libya,
Ethiopia, Eritrea, and Somalia, that lasted from 1890 to 1941, or even
earlier during the height of Roman Empire. Furthermore, the high rate
of SIT4 genotype observed in Turkey is probably due to the

Fig. 5. Phylogeographical distribution of lineages in function of origin of patients (autochthones vs. foreign-born). The number included inside rings represents the
number of strains involved in each group of patients. Lineages representing> 1.5% of isolates in a given sub-region were taken into account.
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relationships existing between the two countries since the times of the
Ottoman Empire. Nonetheless, this hypothetical scheme is yet based on
spoligotyping alone, and should be corroborated using MIRU-VNTRs
and New Generation Sequencing (NGS).

3.4. Revised rules of prototype lineages, and other analyses

Thanks to the phylogenetical analyses and the visualization tools, we
were able to redefine certain binary spoligotyping rules (Supplemental File
6). Furthermore, recent newly-defined sub-lineages such as Ural-1 and
Ural-2 (Mokrousov, 2012), Turkey family (Abadia et al., 2010; Kisa et al.,
2012), and Cameroon lineage (Koro Koro et al., 2013) were included. The
designation of the EAI1-MYS lineage that was recently proposed to identify
a genotypic family specific to Malaysia (Ismail et al., 2014), was added in
the revised spoligotyping rules. These updated rules (Supplemental File 6),
were subsequently implemented on all spoligotype patterns with a well
defined lineage in SITVIT2. The study of the overall frequency, based on
the schematic representations of spoligotypes as “SpoligoLogos” (Driscoll
et al., 2002), and the presence or absence of different spacer according to
the sublineages, allowed us to issue new hypotheses about the spacers
generally present or absent. Black squares and red squares (filled or empty),
designating the 43 spacers of spoligotypes, have the samemeaning as in the
previously described rules (Demay et al., 2012). However, blue squares
(empty or filled) denote spacers that were respectively absent or present
according to the lineages. These new rules could facilitate interpretation of
spoligotypes and assignment to specific lineage. Nevertheless, we must
admit that there are still unavoidable uncertainties in the interpretation of
spoligotypes with long deletions of spacers (Mokrousov et al., 2014). We
are aware that spoligotyping based lineages may be imperfect. Some
changes between SITVITWEB and SITVIT2 lineage assignation are visible in
Table 3 (a regularly updated list of spoligotypes will be available on the
website; changes will be highlighted in red). An exhaustive list of differ-
ences that occurred between SITVITWEB and SITVIT2 (regarding spoligo-
typing lineage assignation) is reported in Supplemental File 7. In this new
version (SITVIT2), corrections have been made according to recent sug-
gestions by Mokrousov, 2018. We are also aware that the use of spoligo-
typing alone is not enough to accurately discriminate various TB strains (as
mentioned earlier). In SITVIT databases, LAM9 sub-lineage can be con-
sidered as representing the general LAM lineage. Similarly, EAI5 sub-
lineage can represent the general EAI lineage. SIT127 which was classified
as belonging to H4 in SITVITWEB has then been reclassified as Ural-2 in
SITVIT2. It could now be reclassified as Ural-2 (NEW-1). One may notice
that H4 sub-lineage is no more visible in the updated SITVIT2 (Supple-
mental File 7). Further corrections will be applied to the new lineage
named NEW-1. Spoligotyping patterns belonging to Ethiopian lineage
(known as L7) (Firdessa et al., 2013) have been added to SITVIT2 ac-
cording to recent research (Tulu and Ameni, 2018). The spoligotyping

binary rule corresponding to this lineage has also been added in the up-
dated rules (Supplemental File 6). Spoligotypes of this family could be
easily searched from SpolSimilaritySearch using the pattern
“■■■□□□□□□□□□□□□□□□□□□□□□■..□□......■.......” (i.e.
presence of spacers 1–3, 25, 36, and absence of spacers 4–24, 28–29; dots
could be replaced by dashes representing uncertainty on the web tool).

We can easily notice that certain genotypes were geographically
more confined than others. This is why we attempted to develop an
algorithm allowing the highlighting of rare identified genotypes
(http://www.pasteur-guadeloupe.fr:8081/SITVIT2/tools.jsp).
SIT1044/BOV_1, SIT566/T2, and SIT219/T1, are some examples of
confined genotyping patterns in SITVIT2 database, they have been re-
trieved when looking for spoligotypes accounting for at least 50 isolates
in our database and being present in at most 2 sub-regions. Some
questions regarding rare genotypes remain unanswered. We can
wonder, for example, why SIT14/X3 is predominant among isolates
from Guadeloupe (Ferdinand et al., 2013; Millet et al., 2014). More-
over, SIT14 is exclusively found among strains isolated in the Americas.
The spread of this particular profile could be due to the history of the
Caribbean colonization, notably the conflicts that occurred during the
1700s, between French and English settlers. For example, in 1700,
Guadeloupe belonged to French, whereas it belonged to Great Britain in
1759 (http://en.wikipedia.org/wiki/History_of_the_Caribbean). Further
investigations could be necessary to assess whether this specific geno-
type is well represented in neighboring islands. Supplemental File 8 is a
spoligoforest, drawn as a “Hierarchical Layout” (using SpolTools soft-
ware), showing potential evolutionary scenarios of X lineage strains
being available in SITVIT2 and having a SIT number (n=4540 strains
grouped into 147 SITs). When focusing on the Caribbean region, we
have noted that certain SITs belonging to X3 sublineage appeared to be
specific to 2 territories of the Caribbean: (i) SIT14 was predominantly
found in Guadeloupe (n=27/403 or 6.7%), (ii) SIT70 was pre-
dominantly found in the Bahamas (n=8/28 or 28.57%). Pending
complementary analysis, we suggest that (a) SIT14/X3 could be re-
classified as SIT14/X3-GLP (characterized by the absence of spacer 2),
and (b) SIT70/X3 as SIT70/X3-BHS (characterized by the absence of
spacer 39). Interestingly, SIT13/X3-GLP (characterized by absence of
spacers 2 and 15) is a descendant of SIT14 in the spoligoforest (Sup-
plemental File 8). When querying all available X3 lineages strains
containing both spoligotypes and 12-loci MIRU-VNTRs (http://www.
pasteur-guadeloupe.fr:8081/SITVIT2/query), we noted that unlike
other spoligotypes associated with X3 lineage group, SIT14 was rather
linked with 12-MIT28 (value: 224325133325).These observations
could suggest that there exist X3 lineage isolates that could be specific
to the Caribbean region, e.g. SIT1366 – a descendant of SIT70 (Sup-
plemental File 8) – is present in Panama (n=4/179 or 2.23%). How-
ever, further investigations are obviously needed to endorse these ob-
servations. Note that many other similar queries are consultable by
questioning the online web interface.

Of interest, the Haarlem lineage, firstly described in the Netherlands
(Kremer et al., 1999) and highly prevailing in Europe, was significantly
associated to drug resistance in the Caribbean, (and to a lesser extent in
Western Asia). Haarlem is believed to have been introduced in Central
Africa during European colonization (Filliol et al., 2003); in our study,
this last lineage was globally prevalent among pansusceptible TB strains.

As underlined recently (Stucki and Gagneux, 2013; Kohl et al.,
2014;van Soolingen, 2014; Coll et al., 2014b), multidisciplinary ap-
proaches and epidemiology based on multiple genetic markers and
techniques are revolutionizing and becoming the new era of “gold
standard” for studying evolutionary relationships, epidemiological links
and transmission pathways of members ofM. tuberculosis complex. Even
though SNPs might be ideal for defining deep phylogenetic groupings,
they offer insufficient discriminatory power for routine molecular epi-
demiological investigation in genetically monomorphic bacterial pa-
thogens (Achtman, 2008; Comas et al., 2009). CRISPR-, VNTR-, and
other related genotyping methods could thus likely remain important

Table 3
Reclassification of some spoligotyping lineage in SITVIT2 as compared to SIT-
VITWEB.

SITa SITVITWEB Former classification
(In-house SITVIT2)

Correction
(Final SITVIT2)

125 T2/LAM3 (controversial
signature)

T2/LAM3 (controversial
signature)

S

127 H4 Ural-2 Ural-2 (NEW-1)
159 T1 Unknown T-Tuscany
254 T5-RUS1 T5-RUS1 LAM-RUS
266 T1 T1 LAM-RUS
343 Unknown Unknown Ethiopian
910 Unknown Unknown Ethiopian
1729 Unknown Unknown Ethiopian
3099 Not defined EAI5 LAM9
3336 Not defined Unknown Ethiopian
3364 Not defined Unknown Ethiopian

a Please note that SITs 3099, 3336, and 3364 were missing in SITVITWEB.
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genotyping tools for epidemiological purposes (García de Viedma et al.,
2011; Jagielski et al., 2016). Therefore, the development of web ac-
cessible databases for global TB surveillance based on various classical/
conventional and/or Whole Genome Sequencing (WGS) genotyping
data remains highly relevant.

In the above context and despite its known limitations (see below), the
SITVIT2 database accumulates a considerable amount of data on world-
wide MTBC genotypic diversity in conjunction with available epidemio-
logical and demographic information and drug resistance, thanks to the
huge amount of information generated by scientists from all over the
world. It exclusively includes data generated by PCR-based spoligotyping
and MIRU-VNTR techniques which were previously considered the most
easily applicable, simple and widely affordable techniques allowing study
of large populations of samples (Blouin et al., 2012). Although the relia-
bility of spoligotyping and MIRU-VNTRs typing techniques to identify
circulating MTBC isolates has been underlined (Oelemann et al., 2007;
Alonso-Rodriguez et al., 2009; Yuan et al., 2013), additional markers such
as single nucleotide polymorphisms (SNPs) and Large sequence poly-
morphisms (LSPs) are helpful to exhaustively distinguish all patterns/
lineages involved in TB transmission (Comas et al., 2009). Nevertheless,
some limitations of our study could be the fact that MIRU-VNTRs patterns
were not available for all strains, and the data collected is not truly re-
presentative of the global MTBC diversity and there may exist a potential
bias in comparative analysis based on distribution of genotypes in function
of: (i) HIV serology, (ii) drug resistance, and (iii) distribution of gender and
age groups of patients. Nonetheless, a great effort was made to add data
covering significantly more countries/regions as compared to the previous
versions of the database. The establishment of a WHO-sponsored con-
sortium of researchers working on MTBC genotyping around the world
could be one of the ways to improve the representativeness of this data-
base in the future.

In conclusion, even though the information available in SITVIT2
cannot be expected to provide robust enough phylogenetic support to
classify each and single MTBC isolate, it does offer a high level of dis-
crimination as well as correct and unbiased clustering assignment based on
user's data. Data export as excel (XLS) file is possible through this web
application. Thus despite generation of massive “omics” data in conjunc-
tion with efficient platforms associated with NGS techniques presently,
classical methods of analysis should remain useful thanks to the SITVIT2
repository and web-tool. More significantly, SITVIT2 database will allow
that huge amount of data generated using older genotyping methods are
not simply deprecated but instead are useful to establish a more complete
picture and knowledge on DNA based data by establishing useful links
between the “older” and “newer” methodologies, and could be correlated
to/with these new techniques, in order to provide a more complete picture
and knowledge on DNA based data, thus facilitating a more comprehen-
sive global overview on TB molecular epidemiology.

4. Conclusion

SITVIT2 database represents a huge collection of epidemiologic,
demographic and clinical data on MTBC allowing an overview of
worldwide distribution of Mycobacterium tuberculosis complex isolates.
Our research is focused to improve in-depth phylogenetic character-
ization of MTBC lineages in conjunction with epidemiological analysis
of circulating clones to generate evidence-based geographical mapping
of predominant clinical isolates of tubercle bacilli causing the bulk of
the disease both at country, regional and local level. Further super-
imposition of these maps with socio-political, economical, and demo-
graphical characteristics available through Geographic Information
Systems (GIS) allows to have a precise view of prevailing disparities as
seen at the level of United Nation's sub-regional stratification. An in-
depth comprehension of these disparities and drawbacks is important to
take appropriate actions by decision-makers and public health autho-
rities alike, in order to better monitor, understand and control the tu-
berculosis epidemic worldwide.
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