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Abstract 

Studies on the epidemiology and clinical relevance of Mycobacterium tuberculosis complex (MTBC) have immensely benefited from 

molecular typing methods, associated softw ar e applications, and bioinformatics tools. Ov er the last two decades, the Pasteur Insti- 
tute of Guadeloupe has developed a range of bioinformatic resources, including databases and software, to advance understanding 
of TB epidemiology . T r aditional methods, suc h as IS 6110 -RFLP, MIRU-VNTR typing, and spoligotyping, have been instrumental but are 
incr easingl y supplanted by mor e pr ecise and high-thr oughput techniques. These typing methods offer r elati v el y good discrimina- 
tion and r e pr oducibility, making them popular choices for epidemiological studies. However, the advent of whole-genome sequenc- 
ing (WGS) has r ev olutionized Mycobacterium tuberculosis complex (MTBC) typing, providing unparalleled resolution and data analysis 
de pth. WGS ena b les the identification of single nucleotide polymorphisms and other genetic variations, facilitating robust phyloge- 
netic reconstructions, and detailed outbreak investigations. This re vie w summarizes current molecular typing methods, as well as 
databases and software tools used for MTBC data analysis. A comprehensive comparison of available tools and databases is provided 

to guide future resear c h on the epidemiology of TB and pathogen-associated v aria b les (drug resistance or virulence) and public health 

initiati v es. 

Ke yw ords: Mycobacterium tuber culosis ; tuberculosis; epidemiology; software; database; drug resistance; family; genomics; genotyping; 
lineage 
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Introduction 

Tuber culosis (TB), caused b y Mycobacterium tuberculosis complex 
(MTBC), remains a critical global health issue. According to the 
World Health Organization (WHO) Global TB Report 2024, 10.8 
million people de v eloped TB in 2023, and 1.25 million people suc- 
cumbed to the disease. Encour a gingl y, 74 million lives have been 

saved since 2000 through WHO-guided worldwide TB control 
actions. TB is widespread throughout the w orld, y et it dispro- 
portionately affects low-income regions, including Sub-Saharan 

Africa and South Asia, in particular 30 high TB burden countries 
(HBCs), which accounted for 87% of the global TB burden in 

2023. Limited healthcar e infr astructur e certainl y exacerbates 
the epidemic in HBCs, since the disease has been linked to 
pov erty, malnutrition, pr omiscuity, poor living conditions, and 

other unfavor able socio-demogr a phic factors (Farmer et al. 2006 ,
Keshavjee et al. 2008 ). Furthermore, HIV infection and drug 
r esistance, whose pr e v alence has been particularly high in many 
HBCs, are major impediments to successful TB treatment, and 

hav e consider abl y contributed to the persistence of the global TB 

e pidemic. Drug-resistant Mycobacterium tuber culosis has r ecentl y 
been introduced into the WHO bacterial priority pathogens list,
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024 ( https:// www.who.int/ publications/ i/ item/ 9789240093461 ),
urther emphasizing the need to impr ov e TB contr ol and pr e v en-
ion, especially in resource-limited settings. 

The MTBC includes a group of closely related species (e.g. My-
obacterium tuberculosis sensu stricto , Mycobacterium africanum , My- 
obacterium bovis , Mycobacterium caprae , Mycobacterium pinnipedii ,
ycobacterium suricattae , Mycobacterium orygis , Mycobacterium mi- 

roti , Mycobacterium mungi , and pr obabl y other species) that are
otentially pathogenic for both humans and animals . T hese
pecies gener all y belong to one or more phylogenetic lineages
or clades/families). TB-dedicated genotyping databases and soft- 
ar e tools de v eloped in the Institut P asteur de la Guadeloupe are
ble to provide a holistic view of specific aspects of TB r esearc h
y aiding the analysis of data collected from numerous TB lab-
ratories worldwide (data available for > 128 000 MTBC strains
rom 160 countries; the most recent versions under develop- 

ent being SITVITEXTEND and SITVITGeno). Figure 1 displays 
 brief history of evolution of various SpolDB/SITVIT databases 
ver time in our laboratory (Sola et al. 1999 , 2001 , Filliol et
l. 2003 , Brudey et al. 2006 , Demay et al. 2012 , Couvin et al.
019 , 2022 ). 
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Figure 1. Brief histogram of SpolDB/SITVIT database evolution. 

 

I  

q  

i  

r  

t  

e  

a  

t  

T

C
t
S  

m  

l  

v  

t  

p  

h  

a  

s  

(
 

c  

s  

t  

a  

a  

h  

c  

i
 

n  

l  

s  

q  

2  

h  

n  

t
 

g  

e  

w

I
T  

e  

(  

u  

i  

e  

t  

T  

t  

H  

s  

e  

T  

p  

d  

a  

i  

o  

R  

l  

(  

l
 

l  

p  

v  

i  

t  

A  

i  

m
7  

J  

m  

g  

2  

w  

m  

i  

I  

s  
In this manuscript, we r e vie w se v er al molecular tools, such as
S 6110 -RFLP, spoligotyping, MIRU-VNTR, and whole-genome se-
uencing (WGS), that have revolutionized TB epidemiology, offer-

ng insights into genetic div ersity, tr ansmission patterns, and drug
 esistance mec hanisms . T his r e vie w e v aluates curr ent molecular
yping methods , WGS advancements , and bioinformatics tools,
mphasizing their potential to address critical gaps such as in-
dequate strain characterization, limited access to drug resis-
ance data, and challenges in tracing transmission dynamics in
B-endemic regions. 

hapter 1: an o vervie w of TB molecular 
yping techniques 

ince the early understanding of TB transmissibility and control,
onitoring and surveillance of the disease hav e tr aditionall y r e-

ied on conventional methods, such as contact tracing, which in-
olve human interviews and the collection and analysis of ex-
ensiv e demogr a phic and clinical data (Fox et al. 2013 ). Over the
ast three decades, the emergence of molecular epidemiology
as significantly enhanced our understanding of TB transmission
nd e volution, ther eby gr eatl y contributing to both public health
trategies and clinical management of this devastating disease
Jagielski et al. 2016 ). 

Molecular typing, or genotyping, of M. tuberculosis strains is a
ornerstone of molecular TB epidemiology. A fundamental as-
umption is that strains with identical or highly similar geno-
yping patterns form a “genotypic cluster,” which is considered
 proxy for cases arising from recent transmission. Despite vari-
tions in the criteria used to define genetic identity, genotyping
as pr ov en irr eplaceable in inv estigating outbr eaks, deciphering
 hains of tr ansmission or distinguishing between r ela pses and r e-
nfections. 

Furthermore, molecular typing has been crucial in phyloge-
etic and evolutionary studies of TB, allowing to identify major

ineages and emerging clones, which are often associated with
pecific geogr a phical r egions, incr eased tr ansmission r ates, or ac-
uisition of virulence and drug resistance traits (Mathema et al.
006 , Manson et al. 2017 , Dookie et al. 2018 ). Ov er all, genotyping
as become an essential tool for gaining deep insights into the ge-
etic div ersity, pr e v alence patterns, circulation, and e volution of
he pathogen. 

Both historical and contemporary methods of M. tuberculosis
enotyping wer e r e vie wed earlier (Mathema et al. 2006 , Jagielski
t al. 2014 , 2016 ). Here, we briefly describe and update the most
idely accepted and currently used modalities. 

S 6110 -RFLP typing 

he insertion sequence 6110 (IS 6110 ) was among the first genetic
lements used as a marker for strain typing of M. tuberculosis
Thierry et al. 1990 ). IS 6110 is a 1355 bp-long IS3 family sequence,
niquely found in MTBC. It usually occurs in multiple copies rang-

ng from 0 to 25 (five copies are presented), dispersed across the
ntire genome . T he copy number and their c hr omosomal loca-
ion determine the high le v el of marker’s pol ymor phism (Fig. 2 A).
he IS 6110 -RFLP was duly standardized, and se v er al local or in-
ernational databases were constructed (Van Embden et al. 1993 ,
eersma et al. 1998 , Crawford et al. 2002 ), leading it to be con-

idered as a gold standard for M. tuberculosis genotyping, as of the
arl y 2000s (Kr emer et al. 1999 , Clark et al. 2006 , Bifani et al. 2009 ).
he IS 6110 -RFLP technique is highly discriminatory and generates
rofiles that are stable over time, yet whose rate of change allows
etection of ongoing transmission events (Fang et al. 1998 , Yeh et
l. 1998 , de Boer et al. 1999 , Niemann et al. 2000 ). Apart from the
dentification of TB transmission chains and investigation of TB
utbr eaks (Val way et al. 1998 , Kubín et al. 1999 , Diel et al. 2004 ,
ud d y et al. 2004 , De v aux et al. 2009 ), it was IS 6110 -RFLP that al-

o w ed, for the first time, to differ entiate r ela pse fr om r einfection
Van Embden et al. 1993 , van Rie et al. 1999 ) or trace the source of
abor atory cr oss-contamination (Van Duin et al. 1998 ). 

Despite its utility, the IS 6110 -RFLP typing system has se v er al
imitations, including its labor-intensive procedure, culture de-
endency, r equir ement for high DNA yield ( > 1 μg), need for ad-
anced computer software, skilled personnel, and the lack of
nter-labor atory r epr oducibility due to v ariations in assay condi-
ions and inter pr etation of banding patterns (Van Soolingen and
rbeit 2001 , Braden et al. 2002 ). Additionally, it has low discrim-

natory po w er for isolates with five or fewer IS 6110 copies, com-
on in certain Asian regions where such isolates make up 47%–

2% of circulating TB bacilli (Das et al. 2005 , Rienthong et al. 2005 ,
oseph et al. 2013 ). These dr awbac ks led to a pr efer ence for Pol y-

erase Chain Reaction (PCR)-based techniques, which often tar-
eted IS 6110 (Friedman et al. 1995 , Otal et al. 1997 , Reisig et al.
005 , Thorne et al. 2007 ), but none of these methods ac hie v ed
idespread adoption due to the lack of standardized performance
easur es and r efer ence databases for cr oss-labor atory compar-

sons . Recent impro vements in IS 6110 -based typing, such as the
S 6110 -5 ′ 3 ′ FP (for IS6110 5 ′ and 3 ′ fluor escent pol ymor phisms) and
emiautomated IS 6110 - Pvu II systems (tailored to the RiboPrinter
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Figure 2. Sc hematic r epr esentation of thr ee typing sc hemes used for M. tuberculosis str ains. (A) Tec hnicall y, the IS6110 genotyping is a Restriction 
Fr a gment Length Pol ymor phism (RFLP)-based method and involves genomic DNA digestion with PvuII endonuclease, electr ophor etic separ ation of the 
fr a gments thus produced, and their hybridization with a peroxidase-labeled probe complementary to the 3 ′ end of the IS6110, allowing each copy of 
the sequence to be visualized as a separate band on an autoradiogram. (B) The standard spoligotyping procedure begins with PCR amplification of the 
entire DR region using two inversely oriented primers, complementary to short DR sequences, with one primer being biotinylated to make all PCR 
products labeled. These products are then hybridized to a membrane with a set of 43 immobilized, covalently bound synthetic oligonucleotides, 
corresponding to unique spacer sequences identified in either M. tuberculosis H37Rv or M. bovis BCG strains. Afterw ar d, the membrane is incubated 
with a str eptavidin-per oxidase or streptavidin-alkalic phosphatase conjugate, and the hybridization signals are detected by chemiluminescence. 
Strain-specific patterns (spoligotypes) are visualized autoradiographically by exposing the membrane to X-ray film. The presence or absence of a given 
spacer is r epr esented by black squares (“1”) or blank spaces (“0”), respectively. T hus , a spoligotype is expressed as a 43-digit binary code, which can 
further be converted into octal code. (C) The MIRU-VNTR typing technique involves two major steps: PCR amplification of each MIR U-VNTR locus , with 
primers complementary to their flanking regions and analysis of thus produced amplicons, resolved electrophoretically. The number of tandem repeat 
units, at each locus, is deduced from the amplicon size, in relation to the known size of the repeat unit within the specific locus . T he final result is a 
multidigit numerical code (MIRU-VNTR code), corresponding to the repeat number at each locus. 
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micr obial c har acterization system, DuPont Molecular Dia gnostics,
USA), offer better discriminatory po w er and technical flexibility, as 
well as impr ov ed thr oughput, r epr oducibility, and data portability 
(Thabet et al. 2014 , Said et al. 2016 , Dekhil et al. 2018 ). Nonetheless,
high setup and maintenance costs may still deter most potential 
users. 

To sum up, despite its high discriminatory po w er, limitations 
suc h as labor-intensiv e pr otocols and low r epr oducibility hav e led 

to decline of IS 6110 -RFLP in favor of PCR-based methods. Yet, re- 
gardless of the rise of WGS as the current gold standard for M. tu- 
ber culosis genotyping, IS 6110 -RFLP contin ues to be used for local 
TB in vestigations , either alone (Diaz et al. 2001 , Razanamparany 
et al. 2002 , Chauhan et al. 2007 , Pescarini et al. 2018 , Essahale et 
al. 2024 ), or in combination with other methods, like spoligotyp- 
ing and MIRU-VNTR typing, particularly in low-income countries 
(Gr oenheit et al. 2011 , Per es et al. 2018 , Ei et al. 2019 , Pokam et al.
2019 , Chisompola et al. 2021 ). 
m  
poligotyping 

pacer oligonucleotide typing, or spoligotyping (illustrated in 

ig. 2 B), is a widely used method for M. tuberculosis genotyp-
ng. It tar gets pol ymor phisms in the Cluster ed Regularl y Inter-
persed Short P alindr omic Repeats (CRISPR) in the Direct Repeat
DR) locus, consisting of 36-bp repeats interspersed with non- 
e petiti ve , 35–41-bp spacers , whose v ariability pr ovides discrim-
natory po w er (Hermans et al. 1991 , Groenen et al. 1993 ). Spoligo-
yping detects the presence or absence of 43 spacers selected from
he M. tuberculosis H37Rv (spacers 1–19, 22–32, and 37–43) and M.
ovis BCG vaccine strain P3 (spacers 20–21 and 33–36), yielding bi-
ary results suited for database portability and inter-laboratory 
omparisons (Groenen et al. 1993 , Kamerbeek et al. 1997 ), as well
s identification of members of the MTBC at both species and
ubspecies le v els (Plikaytis et al. 1993 , Kr emer et al. 2004 ). Major
atabases include SpolDB4 (Brudey et al. 2006 ), SITVITWEB (De-
ay et al. 2012 ), and its 2019 update (Couvin et al. 2019 ), along
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ith online tools like SPOTCLUST (Vitol et al. 2006 ), SpolLineages,
nd SpolSimilaritySearch (Couvin et al. 2017 , 2020 ). These enable
lobal tr ac king of TB genotypes (Eldholm et al. 2006 , Ani et al.
010 , Dong et al. 2010 , Tilahun et al. 2018 ). 

Spoligotyping is fast, cost-effective, and highly sensitive, requir-
ng only 10 fg of DNA, equivalent to the quantity from 2 to 3 bacte-
ial cells (Jagielski et al. 2016 ). As a culture-independent method, it
an be performed on diverse sample types, including TB-positive
mears , paraffin-embedded tissue sections , or paleopathological
pecimens (Van Der Zanden et al. 1998 , Zink et al. 2003 , Sc he we
t al. 2005 , Molina-Mo y a et al. 2018 ). Though initially used alone
De La Salmonière et al. 1997 , Heyderman et al. 1998 , Niang et
l. 1999 , Soini et al. 2000 , Mistry et al. 2002 , Puustinen et al. 2003 ,
ugustynowicz-Kope ́c et al. 2008 ), spoligotyping was unable to ac-
ur atel y assess the epidemiological links between TB cases (De La
almonière et al. 1997 , Go y al et al. 1997 , Cronin et al. 2001 ). It is
her efor e combined with higher-resolution methods like IS 6110 -
FLP or MIRU-VNTR typing for enhanced epidemiological insights

Diaz et al. 1998 , Co w an et al. 2005 , Clark et al. 2006 , Joseph et al.
013 , Bouklata et al. 2015 , Jagielski et al. 2015 , Ribeiro et al. 2015 ,
akuła et al. 2019 ). Ne v ertheless, due to financial and/or organiza-
ional reasons, some laboratories, especially in developing coun-
ries, still r el y on spoligotyping onl y (Ze wdie et al. 2016 , Elegail et
l. 2018 , Ramazanzadeh et al. 2020 , Bellad et al. 2022 , Hussien et
l. 2022 ). Attempts to impr ov e its discriminatory po w er, such as
econd-generation spacers (Van Embden et al. 2000 , Van der Zan-
en et al. 2002 ), did not significantly increase the discriminatory
esolution for M. tuberculosis (Van der Zanden et al. 2002 , Kremer
t al. 2005 ). 

Efforts to impr ov e tec hnical aspects of spoligotyping involv ed
i) attempts to increase its high-throughput capacity, (ii) mitigate
nter pr etativ e ambiguities with manual reading of the membrane,
nd (iii) expedite the turnaround time for obtaining results. Ad-
anced detection techniques, such as Luminex technology, where
he spacer probes are immobilized on microspheres and de-
ected, upon hybridization, with PCR pr oducts and fluor oc hr ome-

ediated binding, by laser-based flow cytometry (Cowan et al.
004 , Zhang et al. 2010 ), were attempted. Additional developments
ncluded (i) advanced Luminex analyzer (MAGPIX) based on the
se of magnetic beads and light-emitting-diode/c har ge-coupled-
e vice ima ge-based detection system (Oc her etina et al. 2013 ); (ii)
atrix Assisted Laser Desorption Ionization - Time of Flight Mass

pectrometry (MALDI-TOF MS) for spoligotype detection, with the
ybridization step replaced with a multiplexed primer extension
ssay (Honisch et al. 2010 ); and (iii) variety of microarray plat-
orms designed for spoligotyping to optimize its performance and
fficiency (Song et al. 2007 , Gomgnimbou et al. 2012 , Besp y atykh et
l. 2014 ). Though promising with respect to working time and data
r ocessing, these assays r emain limited by high costs (Honisch
t al. 2010 , Oc her etina et al. 2013 , Besp y atykh et al. 2014 ), es-
ecially for middle- and low-income countries. Newer innova-
ions, such as a new, three-reaction, one-step real-time PCR-based
cSpoligotyping and its refined, single-tube version (MeltArray-

ased spoligotyping), proposed as a rapid and reliable alternative
or the conventional spoligotyping protocol, might have the po-
ential to be implemented in resource-limited settings (Zeng et al.
018 , Xia et al. 2024 ). 

In silico spoligotyping tools such as SpoTyping (Xia et al. 2016 ),
polPred (Coll et al. 2012 ), SpolPred2 (Napier et al. 2023 ), lorikeet
Cohen et al. 2015 ), and TGS-TB (Sekizuka et al. 2015 ) offer simpli-
ed w orkflo ws and compatibility with WGS. Note that the latter
rovides in silico genotyping for spoligotyping as well as other typ-

ng formats, including the analysis of IS 6110 insertion sites and
ustomized VNTR loci. In silico spoligotyping has been emplo y ed
n se v er al WGS-based studies, allowing bac kw ar d compatibility of

GS with molecular spoligotyping (Coll et al. 2012 , Hijikata et al.
017 , Gautam et al. 2018 , Bogaerts et al. 2021 , Genestet et al. 2022 ,
akuła et al. 2023a , Napier et al. 2023 ). 

Direct comparisons between conventional and in silico spoligo-
yping are discouraged due to factors like sequence read quality
nd bioinformatic criteria. In silico methods may miss changes in
he DR locus, such as IS 6110 insertions, but impr ov e accur acy in
epicting strain relatedness (Bakuła et al. 2023a ). 

Despite limitations, including homoplasy and being less dis-
riminatory for closely related strains (Reyes and Tanaka 2010 ,
eyes et al. 2012 ), spoligotyping remains valuable for assessing
enetic diversity and phylogenetic relationships among M. tuber-
ulosis strains (Liang et al. 2020 , Bakuła et al. 2023b , Yin et al.
023 ). Ev en after thr ee decades, spoligotyping r emains a lar gel y
sed method in the investigation of genetic diversity and trans-
ission dynamics of TB bacilli circulating within specific popula-

ions and settings (Razo et al. 2018 , Shi et al. 2018 , Ramazanzadeh
t al. 2020 , Hussien et al. 2022 , Yin et al. 2023 , Rudeeaneksin et al.
024 , Valencia-Trujillo et al. 2024 ). With nearly 1800 PubMed ar-
icles r efer encing it as of December 2024, it continues to feature
r ominentl y in TB molecular epidemiology. 

IRU-VNTR genotyping 

inisatellite-like VNTR loci were identified in M. tuberculosis
enomes in the late 1990s (Supply et al. 1997 , Frothingham and
eeker-O’Connell 1998 ). These 40–100-bp mycobacterial inter-

persed re petiti ve units (MIRUs) are scattered across 41 chromo-
omal locations (Supply et al. 2000 ). A 12-locus MIRU-VNTR typing
cheme (shown in Fig. 2 C) was de v eloped for genotyping (Mazars
t al. 2001 ), offering high-thr oughput anal ysis thr ough PCR and
el or ca pillary electr ophor esis (Suppl y et al. 2001 , Nik olaye vskyy
t al. 2016b , Tafaj et al. 2020 ). Further, its digitized results al-
o w ed easy global database integration, aiding researchers. Re-

arkably, the 12-locus MIRU-VNTR typing is more discriminatory
han spoligotyping and IS 6110 -RFLP for IS 6110 lo w-cop y strains
Mazars et al. 2001 , Co w an et al. 2002 , Lee et al. 2002 ); ho w e v er,
t is less effective for high-copy strains unless combined with an-
ther typing method (Blackwood et al. 2004 , Cowan et al. 2005 ,
opaul et al. 2006 ). 
To enhance resolution, a standardized 24-locus format, includ-

ng a subset of 15 discriminatory loci, was proposed, suitable for
pidemiology and phylogenetic studies (Supply et al. 2006 , Oele-
ann et al. 2007 , Allix-Béguec et al. 2008 ). Ho w e v er, homoplasy

ssues necessitate lineage-specific locus sets (Comas et al. 2009 ,
a ghr adze et al. 2022 ), particularl y for Beijing linea ge str ains ne-

essitating hypervariable loci (Iwamoto et al. 2007 , Mokrousov et
l. 2008 , Comas et al. 2009 , Velji et al. 2009 , Allix-Béguec et al.
014 ), differ ent fr om the standard 15- or 24-loci formats . T hus , a
onsensus set of 4 hypervariable loci was proposed as an adjunct
o standard typing for Beijing clonal clusters (Allix-Béguec et al.
014 ). 

MIRU-VNTR typing has lar gel y r eplaced IS 6110 -RFLP as the gold
tandard due to its technical advantages (Merker et al. 2017 ), and
as been applied to studies on TB transmission (Van Deutekom et
l. 2005 , Oelemann et al. 2007 , Maes et al. 2008 , Bidov ec-Stojk ovic
t al. 2011 , Mansoori et al. 2018 , Chen et al. 2022 , Ma ghr adze et al.
022 ), discriminate r ela pses fr om r einfections (Afshar et al. 2019 ,
a ghr adze et al. 2019 , Shao et al. 2021 ), identify mixed infections

Wang et al. 2015 , Kar gar pour Kamak oli et al. 2020 , Mic heni et al.
022 ), and laboratory cross-contaminations (Martín et al. 2008 ). 
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Used alongside spoligotyping, it aids in unr av eling genetic di- 
versity and evolutionary relationships (Sola et al. 2003 , Chaoui et 
al. 2014 , Bouklata et al. 2015 , Shi et al. 2018 ), le v er a ging databases 
like MIRU-VNTRplus that allow phylogenetic comparisons be- 
tw een w orldwide samples of TB bacilli populations (Allix-Be´guec 
et al. 2008 , Weniger et al. 2010 ). Despite advancements in sequenc- 
ing, MIRU-VNTR remains an efficient tool for TB epidemiology,
with emerging in silico approaches promising to replace conven- 
tional methods (Rajwani et al. 2018 , Maeda et al. 2020 ). Digital 
MIRU-VNTR typing, performed on complete or draft genome se- 
quences, is expected to e v entuall y r eplace the conv entional pr o- 
cedure in future, similar to spoligotyping. 

Whole-genome sequencing 

The advent of WGS has transformed the study of pathogen ge- 
netics, including tubercle bacilli, deli vering significant ad vance- 
ments in TB epidemiology over the past two decades (Box 1 ). WGS 
surpasses spoligotyping, MIRU-VNTR, and other methods in de- 
termining genetic relatedness among M. tuberculosis strains (Niko- 
lay evsk yy et al. 2019 ). Two k e y WGS approaches are widely used: 
single nucleotide pol ymor phism (SNP) v ariant calling, whic h iden- 
tifies single nucleotide differences with a r efer ence genome (e.g.
M. tuberculosis H37Rv, GCF_000195955.2) and provides robust phy- 
logenetic markers due to the rarity of SNP events and low homo- 
plasy (Stucki and Gagneux 2013 , Gagneux 2018 ), and gene-by-gene 
typing, which detects allelic variations in core or accessory genes,
extending the multi-locus sequence typing (MLST; Maiden et al.
2013 ). 

Earl y studies demonstr ated WGS’s superiority ov er IS 6110 -RFLP 
and MIRU-VNTR for inferring epidemiological links and genetic 
relatedness among M. tuberculosis isolates (Sc hürc h et al. 2010 ,
Gardy et al. 2011 ). A systematic r e vie w confirmed WGS’s higher 
discriminatory po w er compared to classical genotyping (Niko- 
lay evsk yy et al. 2016a ). WGS frequently subdivides MIRU-VNTR 

clusters, ruling out false tr ansmission e v ents . MIR U-VNTR clus- 
tering r ates wer e ov er estimated by 7%–92%, particularl y for 
monomor phic linea ges like the Beijing family (Gurjav et al. 2016 ,
Stucki et al. 2016 , Meehan et al. 2018 , Wyllie et al. 2018 , Alari- 
dah et al. 2019 ). Additionally, WGS identified transmission events 
missed by conventional epidemiological methods (Nikolay evsk yy 
et al. 2016a , 2019 ). 

The SNP threshold for defining transmission clusters is criti- 
cal. A 5-SNP cut-off, based on within-strain divergence over three 
years, is often used to indicate r ecent tr ansmission, while > 12 
SNPs suggest no direct link (Walker et al. 2013 ). Subsequent stud- 
ies validated the 5-SNP threshold for epidemiologically linked 

cases (Casali et al. 2016 , Norheim et al. 2017 , Iwamoto et al. 2023 ; 
Zhang et al. 2023 ). Ho w e v er, a ppr opriate SNP thr esholds v ary de- 
pending on factors like str ain div ersity, r ead quality, within-host 
di versity, and amplification ste ps (Hatherell et al. 2016 ). Some 
studies identified links at 2–3 SNPs (Roetzer et al. 2013 , Walker et 
al. 2014 , 2018 ), while others found connections e v en at > 12 SNPs,
which is defined as the upper limit of genomic relatedness be- 
tween epidemiologically related individuals (Luo et al. 2014 , Niko- 
lay evsk yy et al. 2016a , J ajou et al. 2018 , Cancino-Muñoz et al. 2022 ,
Xiao et al. 2024 ). 

WGS and SNP differ ences ar e used to distinguish r ela pse fr om 

reinfection, with SNP distances varying significantly between orig- 
inal and new infections (0–8 vs. > 1000 SNPs) (Bryant et al. 2013 ,
Witney et al. 2017 ). SNP-based WGS protocols face challenges 
such as sequencing errors , base-calling inaccuracies , and incom- 
plete genome assembly due to re petiti ve elements (Meacham 
t al. 2011 , Ahmad et al. 2021 ). Additionally, the lack of global
ata standardization and div erse anal ysis pipelines hinder inter-

aboratory comparisons (Merker et al. 2015 , Kohl et al. 2018a ,
eehan et al. 2019 ). To addr ess these limitations, cor e genome
ultilocus sequence typing (cgMLST) offers a standardized ap- 

r oac h, using uniform allele numbering to describe genetic vari-
tion based on a defined scheme of loci and alleles (Maiden et al.
013 , Kohl et al. 2014 , 2018a ). 

The initial cgMLST scheme included 3257 loci shared among 
 efer ence genomes of Lineages 4 and 6 of M. tuberculosis , and M.
ovis , covering 80% of the coding capacity of M. tuberculosis H37Rv
Kohl et al. 2014 , Merker et al. 2017 , Kohl et al. 2018a ). A re-
ned scheme with 2891 core genes was later de v eloped using the
gMLST definer tool of “SeqSpher e + ” softwar e (Kohl et al. 2018a )
ith a broader set of genomes, including all MTBC lineages and

solates from animal-adapted species, such as M. bovis , M. caprae ,
. microti , and M. pinnipedii , ac hie ving 97.4% cov er a ge compar ed

o 94.2% in the initial scheme (Kohl et al. 2018a , O’Toole 2018 ).
his updated scheme has been widely applied in several studies

Peker et al. 2021 , Leong et al. 2022 , Mekonnen et al. 2023 , Quan
t al. 2024 ; Song et al. 2024 ). In cgMLST, each locus is assigned
 unique allele number, forming a sequence type (ST) for strain
dentification (Maiden et al. 2013 , Jajou et al. 2019a ). A threshold
f more than 12 allele differences is recommended to exclude re-
ent transmission, with allele change rates within the 2891 loci
et, being comparable to SNPs ( ∼0.5 c hanges/year) (Ga gneux 2017 ,
ohl et al. 2018a ). While reliable, cgMLST sho w ed slightly lo w er
iscriminatory po w er in regions with lo w genetic diversity (P eker
t al. 2021 ). Softwar e tools like RIdom SeqSpher e (Jünemann et al.
013 ) and databases like TB Portals and GenTB facilitate standard-
zed data analysis, enhancing TB outbreak investigations and epi- 
emiological studies (Rosenthal et al. 2017 , Gröschel et al. 2021 ).
his makes cgMLST a po w erful tool for understanding TB epi-
emiology, including outbreak in vestigations , disease control, and 

ssessing risk factors (Maiden et al. 2013 , Kohl et al. 2014 , Satta et
l. 2017 , Jajou et al. 2019a , Jones et al. 2019 , Merker et al. 2021 ,
udliar et al. 2022 ). 
WGS technology has significantly advanced the diagnosis and 

onitoring of drug-resistant TB, offering rapid and accurate de- 
ection of resistance-associated mutations (Papaventsis et al.
017 , Veziris et al. 2017 , Walker et al. 2017 , Acharya et al. 2020 ,
amirez et al. 2020 ). Compared to traditional phenotypic tests,
GS demonstrates high sensitivity in predicting drug resistance,

articularly for first-line anti-TB drugs, often exceeding 90% accu- 
acy (Shea et al. 2017 , The CRyPTIC Consortium and the 100 000
enomes Project 2018 , Jajou et al. 2019b , Wu et al. 2020 ). Under
ontin uous selecti v e antibiotic pr essur e on TB bacilli, the m uta-
ion rate can increase significantly, from 0.5 up to 4.3 SNPs per
enome per year (Walker et al. 2013 ). WGS has been crucial in
r ac king r esistance e volution (Eldholm et al. 2014 , Manson et al.
017 , Jajou et al. 2019b , Li et al. 2022 ), predicting treatment out-
omes (He et al. 2020 , Katale et al. 2020 ), and deciphering resis-
ance mechanisms, including for newer drugs like bedaquiline 
nd Delamanid (Ramirez et al. 2020 , Chesov et al. 2022 ). Supported
y an e v er-expanding battery of bioinformatics tools (e.g. TBpro-
ler, Mykr obe Pr edictor, CASTB, and Resistance Sniffer), WGS is a
uitable method for investigating TB drug resistance (Iwai et al.
015 , Hunt et al. 2019 , Phelan et al. 2019 , Muzondiwa et al. 2020 ,
am et al. 2021 ). 

WGS has also markedly improved the resolution of M. tuber-
ulosis strain genotyping, enhancing the ability to detect trans- 

ission clusters accur atel y (Meehan et al. 2019 ). While its wider
outine use is still limited by cost, turnaround time, and re-
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Box 1. 

The first generation of WGS is mostly represented by Sanger’s chain termination-based sequencing method (Sanger et al. 1977 ). This 
method uses dideo xyn ucleotides, which interrupt the elongation of DNA strands during replication, making it possible to produce reading 
sequences with a maximum length of a few hundred nucleotides . T he ABI 370 was the first commercially available automated sequencer 
by Applied Biosystems Co. It used fluor escentl y labeled dideo xyn ucleotides and capillary electrophoresis to perform the sequencing 
automatically, as designed by Sanger. 
Soon after the first application of WGS for MTB with the Sanger method (Cole et al. 1998 ), a need for faster and more cost-effective 
alternativ es emer ged. This led to the de v elopment of next-gener ation sequencing (NGS) tec hnologies, whic h hav e sur passed Sanger 
sequencing by enabling r a pid and simultaneous sequencing of thousands or millions of DNA fr a gments . T hese technologies differ on 

v arious par ameters, suc h as DNA extr action methods, libr ary pr epar ation (including fr a gment size), sequencing str ategy, and base-pair 
detection system. Based on these variables, NGS techniques are classified as second- and third-generation (Tyler et al. 2016 ). 
Unlike traditional Sanger approach, second-generation sequencing (SGS) methods have the ability to perform massive parallel sequenc- 
ing of m ultiple DNA fr a gments (Tuc ker et al. 2009 ). Numer ous SGS platforms hav e become av ailable, including (i) Roc he’s 454 sequencing 
method, where the sequence is determined by detecting pyrophosphate release upon nucleotide addition to the DNA template (Margulies 
et al. 2005 ), (ii) Ion Torrent sequencing by identifying hydrogen ion release during DNA synthesis (Parson et al. 2013 ), (iii) Illumina se- 
quencing uses r e v ersible dye terminators in a sequencing-by-synthesis method, with r epeatedl y added fluor escentl y labeled nucleotides 
to build up the reads, (iv) ABI SOLiD sequencing (sequencing by oligonucleotide ligation and detection), which employs a ligation-based 
a ppr oac h with r e v ersible terminators for DN A sequence determination. Ho w e v er, SGS methods hav e se v er al dr awbac ks, suc h as the highly 
fr a gmented r eads, whic h make r econstructing the genome difficult to perform, especially for genomes with a wide range of r epeated r e- 
gions, and with the GC-rich fragments poorly amplified and under-represented (Niedringhaus et al. 2011 , Liu et al. 2012 ). Third-generation 

sequencing (TGS) technologies represent the latest advancements in DN A sequencing, over coming the limitations of the previous gen- 
erations . T hese technologies provide long-read sequencing capabilities, enabling the sequencing of much larger DNA fragments without 
the need of upstream PCR amplification. Among TGS platforms are PacBio sequencing, which uses a single-molecule, real-time approach 

with fluor escentl y labeled nucleotides, enabling long-r ead sequencing of DNA fr a gments of up to tens of kb in length (Rhoads and Au 

2015 ) or Oxford Nanopore sequencing, based on nanopore technology, where a single-stranded DNA molecule passes through a nanopore, 
and changes in electrical current are measured to determine the DNA sequence (Lu et al. 2016 ). This technology is currently the most 
advanced in the field of sequencing and genotyping of MTBC. All WGS approaches follow the same general path depicted in Fig. 3 . 

Figure 3. Ke y ste ps of the whole-genome sequencing process. 

Table 1. Non-exhaustive list of software tools used for in silico spoligotyping and/or MIRU-VNTR typing from WGS TB. 

Software tool 
name Short description Link or reference 

SpolPred Software tool used for prediction of spoligotypes from 

short genomic sequences 
(Coll et al. 2012 ) 

SpolPred2 An updated version of SpolPred that has been integrated 
into TB-Profiler 

https:// github.com/ GaryNapier/ spolpred ; 
https:// github.com/ jodyphelan/ TBPr ofiler (Na pier et al. 2023 ) 

SpoTyping Fast and accurate in silico Mycobacterium tuberculosis 
spoligotyping from sequence reads 

https:// github.com/ xiaeryu/ SpoTyping-v2.0 (Xia et al. 2016 ) 

Miru-Hero Mycobacterial interspersed re petiti ve unit heuristics for 
e v aluation of repeats and their ordinal 

https:// gitlab.com/ LPCDRP/ miru-hero 

Galru Long read spoligotyping for Mycobacterium tuberculosis https:// github.com/ quadram- institute- bioscience/galru (Page et 
al. 2020 ) 

MIRUReader In-silico MIRU-VNTR typing using long reads https:// github.com/ phglab/ MIRUReader (Tang and Ong 2020 ) 
MIRU-profiler Performing digital 24-loci MIRU-VNTR typing for 

Mycobacterium tuberculosis 
https:// github.com/ r ahimr ajwani/MIRU-pr ofiler (Rajwani et al. 
2018 ) 

lorikeet Digital spoligotyping of MTB strains from Illumina read 
data 

https:// github.com/ AbeelLab/ lorikeet (Cohen et al. 2015 ) 

CRISPRbuilder-TB CRISPR reconstruction based directly on short read 
sequences in M. tuberculosis 

https:// github.com/ cguyeux/ CRISPRbuilder-TB (Guyeux et al. 
2021 ) 

https://github.com/GaryNapier/spolpred
https://github.com/jodyphelan/TBProfiler
https://github.com/xiaeryu/SpoTyping-v2.0
https://gitlab.com/LPCDRP/miru-hero
https://github.com/quadram-institute-bioscience/galru
https://github.com/phglab/MIRUReader
https://github.com/rahimrajwani/MIRU-profiler
https://github.com/AbeelLab/lorikeet
https://github.com/cguyeux/CRISPRbuilder-TB
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Table 2. Non-exhaustive list of commonly used TB databases. 

Databases Description Reference/Link 

CPLP-TB Database aiming to to facilitate exchange of molecular 
epidemiological data and thus enable the tr ac king of 
important MTB clones across the Lusophone space 

http://cplp-tb .ff .ulisboa.pt./ (P er digão et al. 2019 ) 

GMTV Database integrating clinical, epidemiological and 
microbiological description with genome variations based 
on WGS data 

(Chern yae v a et al. 2014 ) 

Mbo vis .org Database containing M. bovis Spoligotyping data https://www.mbo vis .org/ (Smith and Upton 2012 ) 
Mycobrowser Compr ehensiv e genomic and proteomic data repository for 

pathogenic mycobacteria 
https://m ycobrowser.e pfl.ch/ (Kapopoulou et al. 2011 ) 

MycoDB.es Spanish Database of Animal Mycobacterosis http:// www.vigilanciasanitaria.es/ mycodb/ (Rodriguez-Campos 
et al. 2012 ) 

MIRU-VNTRplus Web tool for polyphasic genotyping of MTBC bacteria http://www.miru-vntr plus.or g/ (Weniger et al. 2010 ) 
ReSeqTB Collabor ativ e effort for a centralized worldwide TB 

relational sequencing data platform 

https://www.r eseqtb.or g/ (Starks et al. 2015 ) 

SITVIT2 the sixth international multimarker database for studying 
MTBC genetic diversity and molecular epidemiology 

http:// www.pasteur-guadeloupe.fr:8081/ SITVIT2/ (Couvin et al. 
2019 ) 

SITVITBovis Database and mapping tool to get an improved overview of 
animal and human cases caused by Mycobacterium bovis 

http:// www.pasteur-guadeloupe.fr:8081/ SITVIT _ Bovis/ (Couvin et 
al. 2022 ) 

TB-Annotator Pipeline and database used for the reconstruction of a 
global TB history 

(Senelle et al. 2023 ) 

TBDB Repository containing the scripts and data to generate all 
files r equir ed to run TBPr ofiler 

https:// github.com/ jodyphelan/ tbdb (Phelan et al. 2019 ) 

tb v ar Mycobacterium tuberculosis variome resource (Joshi et al. 2014 ) 
TB Portals Web-based platform for global drug-resistant-tuberculosis 

data sharing and analysis 
https://tbportals .niaid.nih.go v/ (Rosenthal et al. 2017 ) 

Figure 4. Intensity maps showing the distribution of RefSeq genome assemblies in terms of number (A) and percentage by country (B) contained in 
RefSeq repository (data collected in November 2023); and intensity maps showing the distribution of isolates contained in SITVITEXTEND database, in 
terms of number (C) and percentage by country (D). 
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quired expertise, WGS is expected to become the new gold stan- 
dard for studying TB transmissions and surveillance. Ongoing 
tec hnological adv ancements aim to incr ease thr oughput ca pacity 
while reducing complexity, potentially making WGS more accessi- 
ble to smaller laboratories. Ho w ever, global implementation may 
take longer for TB due to its concentration in resource-limited 

settings. 
hapter 2: an o vervie w of software tools 

nd databases for analyzing TB molecular 
ata, and examples of their use 

olecular typing techniques are essential for de v eloping TB-
pecific software tools and databases, as they provide detailed ge- 
etic insights into M. tuberculosis strains, including transmission 

http://cplp-tb.ff.ulisboa.pt./
http://mtb.dobzhanskycenter.org/
https://www.mbovis.org/
https://mycobrowser.epfl.ch/
http://www.vigilanciasanitaria.es/mycodb/
http://www.miru-vntrplus.org/
https://www.reseqtb.org/
http://www.pasteur-guadeloupe.fr:8081/SITVIT2/
http://www.pasteur-guadeloupe.fr:8081/SITVIT_Bovis/
https://github.com/jodyphelan/tbdb
http://genome.igib.res.in/tbvar/
https://tbportals.niaid.nih.gov/
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Figure 5. Distribution of main TB families (associated with SNP-based linea ges/sublinea ges) contained in SITVITEXTEND. Families and lineages 
written in red represent Euro-American lineage isolates (i.e. Cameroon, Haarlem, LAM, NEW-1, S, T, Turk e y, Ural and X). 

Ta ble 3. Correspondence betw een TB SNP-based lineages and 

spoligotyping families. 

SNP-based lineage Spoligotyping families 

Lineage 1 (Indo-Oceanic) East-African-Indian (EAI) 
Lineage 2 (East-Asian) Beijing 
Lineage 3 
(East-African-Indian) 

Central Asian (CAS) 

Lineage 4 (Euro-American) Cameroon, Haarlem (H), 
Latin-American- 
Mediterranean (LAM), NEW-1, 
S, T, Turk e y, Ural, and X 

Lineage 5 (West-Africa 1) AFRI 2 and AFRI 3 
Lineage 6 (West-Africa 2) AFRI 1 
Lineage 7 (Ethiopian) Ethiopian 
Lineage 8 (African Great 
Lakes) 

Not Defined 

Lineage 9 (East Africa) Not Defined 
Lineage 10 (Central Africa) Not Defined 
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 outes, e volutionary patterns, and drug resistance mechanisms.
hese data support monitoring and surveillance efforts, requir-

ng regular updates to software and databases to k ee p pace with
dvances in WGS methods . T his section briefly highlights current
ools and databases used to elucidate TB molecular epidemiology,
ith examples demonstrating their applications. 

oftware tools for analyzing TB WGS data 

arious software tools and bioinformatics workflows have been
e v eloped to analyze TB molecular and WGS data, including raw
equencing reads and assembled genomes. Variant calling, a k e y
ethod for SNP-based compar ativ e genomics, helps differentiate

solates using r efer ence genomes . T hese w orkflo ws aim to eluci-
ate TB tr ansmission, drug r esistance mec hanisms, and linea ge
rediction. Genomic data also enable broader analyses. A recent
reliminary list of TB-specific tools includes MTBseq, PhyResSE,
AM-TB, TB-Pr ofiler, Tr ansFlow, and Mykr obe pr edictor TB (Cou-
in et al. 2021 ). 

(i) MTBseq is an automated pipeline for ma pping, v ariant call-
ing, and detecting drug resistance determinants, enabling
detailed phylogenetic classification of MTBC isolates from
Illumina WGS data (Kohl et al. 2018b ). 

(ii) PhyResSE is a web tool that identifies M. tuberculosis lin-
eage and drug resistance from WGS data, integrating tools
like F astQC, BWA, QualiMap , SAMtools, and others for qual-
ity c hec ks befor e r eporting linea ge and r esistance patterns
(Feuerriegel et al. 2015 ). 

(iii) SAM-TB predicts MTBC drug resistance , identifies species ,
and assesses inter-strain genetic relatedness, including
mixed samples with NTM and MTBC. It offers a user-
friendly online platform (Yang et al. 2022 ). 

(iv) TB-Pr ofiler aligns r eads to the H37Rv genome using
bowtie2, BWA, or minimap2, calls variants using bcftools,
and compares them to a drug-resistance database (tbdb).
It supports lineage detection, spoligotyping, SNP distance
computation, and more (Phelan et al. 2019 ). 

(v) TransFlow is a modular TB transmission analysis w orkflo w
that pr ocesses r aw sequencing data to infer tr ansmission
clusters , networks , and risk factors , generating summary
reports with visualization (Pan et al. 2023 ). 

(vi) Mykr obe pr edictor TB r a pidl y anal yzes bacterial WGS data
to predict drug resistance, requiring no expertise and op-
erating offline on standard devices. It has been extensively
validated on thousands of samples (Hunt et al. 2019 ). 

These tools offer fast and accurate WGS-based TB analysis, as
 v aluated by regular assessment of performance (Morey-León et
l. 2023 ). With the advent of artificial intelligence (AI), new soft-
ar e tools, suc h as GenTB, tend to integr ate AI a ppr oac hes into

heir algorithms to enhance prediction accuracy (Gröschel et al.
021 ). As summarized in Table 1 , WGS-based software tools such
s in silico platforms for spoligotyping and/or MIRU-VNTR typing
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F igure 6. Maps sho wing TB families distribution in Eur ope for RefSeq r epository (A) and SITVITEXTEND database (B); and for drug r esistance 
distribution in RefSeq and SITVITEXTEND, r espectiv el y (C and D). 1–4 code numbers used in these maps (C and D) represent drug resistance profiles 
used in SITVIT databases. Note that two-letter country codes were used to identify countries based on ISO 3166-1 standard 
( https:// en.wikipedia.org/ wiki/ ISO _ 3166-1 _ alpha-2 ). Countries have been colored according to the number of isolates (the darker the color, the higher 
the number of isolates). 
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are now designed to replace classical typing methods (Morey-León 

et al. 2023 ). The selection criteria for these tools were accessibility 
and the ability to predict spoligotyping and/or MIRU-VNTR pat- 
terns. 

In conclusion, software tools are invaluable for analyzing WGS 
data to identify and detect specific patterns . T hese tools can fa- 
cilitate the creation of dedicated databases by processing out- 
put/result files or utilizing internal scripts. Additionally, special- 
ized pr ogr ams can be de v eloped to establish automated r outines 
that r egularl y update databases based on pr edefined criteria or 
rules. 

Databases for analyzing TB WGS data 

Databases are essential for efficiently managing and sharing 
large-scale data in scientific fields, including TB research. Over the 
past two decades, numerous TB databases have been developed,
offering m ulti-le v el information on str ains fr om global, national,
or r egional studies. K ey databases for classical TB genotyping in- 
clude MIRU-VNTRplus and SpolDB/SITVIT, the latter maintained 

by the Institut Pasteur de la Guadeloupe. Data entry is automated 

through scripts, but manual curation ensures accuracy. These 
databases integrate diverse data (e.g. patient demographics, drug 
r esistance, phylogeogr a phic, epidemiologic, genetic, and available 
socio-demogr a phic data), enabling large-scale comparisons and 

benchmarking. Table 2 highlights examples of databases avail- 
able for TB data analysis, based on their accessibility and their 
relationship with MTBC data. These databases are valuable for 
r esolving TB phylogeogr a phic div ersity at local and global le v els,
integrating epidemiological and demographic data. Geo-mapping 
combined with phylogeogr a phic anal ysis enables effectiv e moni- 
oring of clonal transmission patterns, enhancing TB surveillance 
nd control efforts. 

apping global circula tion, tr ansmission 

atterns, and TB surveillance 

lobal mapping data provide valuable insights for TB surveillance 
nd anal ysis acr oss div erse contexts. Figur e 4 illustr ates the geo-
r a phical distribution of TB strains based on NCBI’s RefSeq repos-
tory (Haft et al. 2024 ) and the SITVITEXTEND database. As of
ovember 2023, RefSeq included 7057 genome assemblies, with 

istributions sho wn b y isolate counts and per centages per coun-
ry (Fig. 4 A, B). Similar data from SITVITEXTEND (Fig. 4 C, D) re-
ealed disparities in genome availability, particularly in resource- 
imited regions such as Africa, the Caribbean, and Southeast Asia,
here WGS adoption is limited. Note that the SITVIT database,
ith 128 000 isolates collected over 20 years through extensive

ollaborations, contains a significantly larger dataset. 
Databases have enabled numerous studies on the distribu- 

ion of TB phylogenetic lineages and families by country, re-
ion, or continent (Fig. 5 ). These studies highlight the geogr a ph-
cal specificity of TB strains, with spoligotyping families in the
ITVIT databases often used alongside SNP-based lineages to as- 
ess phylogeogr a phic patterns. Table 3 shows the corr espondence
etween spoligotyping families and SNP-based lineages (SNP bar- 
ode nomenclatur e). Notabl y, r ecentl y discov er ed linea ges (Lin-
a ge 8, Linea ge 9, and Linea ge 10), clearl y a ppear to be r estricted
o Africa (Ngabonziza et al. 2020 , Coscolla et al. 2021 , Guyeux et
l. 2024 ). 

A phylogeogr a phic study of 21 574 TB strains (excluding M.
ovis ) from SITVITEXTEND revealed disparities across European 

ountries . T hese str ains wer e isolated fr om year 1890 to 2021 from

https://en.wikipedia.org/wiki/ISO_3166-1_alpha-2
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Figure 7. Synten y ma p showing the distribution and similarity between various drug resistance genes (e.g. rpoB, katG, ethA, inhA, pncA, embB, rrs, and 
gyrA) r ecov er ed fr om selected RefSeq genome assemblies. 
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3 countries (Albania AL, n = 237; Austria AT, n = 1575; Belgium
E, n = 1369; Bulgaria BG, n = 639; Czech Republic CZ, n = 637;
enmark DK, n = 550; Estonia EE, n = 119; Finland FI, n = 1427;
rance FR, n = 3509; Germany DE, n = 455; Greece GR, n = 170;
ungary HU, n = 65; Italy IT, n = 3191; Latvia LV, n = 363; Lithua-
ia LT, n = 200; Netherlands NL, n = 1355; Norway NO, n = 89;
oland PL, n = 523; Portugal PT, n = 722; Romania RO, n = 14;
pain ES, n = 2056; Sweden SE, n = 1409; United Kingdom GB,
 = 900). Genomic data from RefSeq and SITVITEXTEND were an-
lyzed using simpiTB, Miru-Hero, SpolLineages, and TB-Profiler to
nfer spoligotyping families and drug resistance profiles. Compar-
tiv e anal yses sho w ed that four major spoligotyping families (T,
eijing, Haarlem, and LAM) wer e widespr ead, though pr oportions
 aried. Beijing linea ge str ains wer e pr edominant in eastern Eur o-
ean countries, such as Russia, Estonia, Lithuania, Latvia, Belarus,
nd Moldova (Fig. 6 A, B), and accounted for nearly 70% of strains
n Russia and Belarus . Con v ersel y, some countries in Northern
nd Western Eur ope, suc h as Sweden, the UK, the Netherlands,
nd Belgium, sho w ed a distinct and heterogeneous distribution
f M. tuberculosis families. Ne v ertheless, the pr oportion of the T
amil y r emains r elativ el y constant in these countries, account-
ng for around 25% of MTBC isolates. In Fr enc h ov erseas territo-
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ries, the MTBC family distribution in Guadeloupe, Martinique, and 

Fr enc h Guiana resembled Western Europe, while Reunion Island 

displayed a higher pr e v alence of Beijing strains (Fig. 6 B). 
Drug resistance was categorized using SITVITEXTEND codes: 

Code 1: Pan-susceptible strains. 
Code 2: MDR-TB (resistance to INH and RIF, ± other drugs). 
Code 3: Resistance to other drugs. 
Code 4: XDR-TB (MDR-TB + fluoroquinolone + any 1 of 

3 injectable 2nd-line drugs (ca pr eom ycin, kanam ycin,
amikacin). Note that newer drugs have been introduced to 
treat TB disease for managing resistant strains, which are 
not shown in this study. 

Note that a significant proportion of MDR-TB and XDR-TB 

strains was found mainly in the Eastern European countries (both 

in RefSeq and STIVITEXTEND databases), such as Russia, Latvia,
Poland, Bulgaria, Moldova, and Romania. On the other hand,
higher proportions of pansusceptible strains were observed in 

Fr ance, Ital y, Albania, and Finland (Fig. 6 C, D). In order to harmo- 
nize the data recorded, it would be recommendable to carry out 
studies on European countries for which we have little or no data 
such as Slo vakia, Slo venia, and Switzerland. 

Antibiotic r esistance, particularl y MDR and XDR TB, is a global 
public health issue affecting the management of TB. New strate- 
gies, including the use of specific software tools and databases, are 
essential for studying drug-resistant tuberculosis and improving 
data visualization. These tools help answer broader microbiologi- 
cal questions on TB tr ansmission, drug r esistance , virulence , and 

epidemiology. At the Institut Pasteur de la Guadeloupe, tools like 
getSequenceInfo and “getGenesF romGenBank.p y” ( https://github. 
com/ karubiotools/ getSequenceInfo ) enable the extraction of spe- 
cific genes from genome assemblies to study resistance gene 
acquisition across TB families (Moco et al. 2022 ). To compare 
drug resistance-associated genes (e.g. rpoB , katG , ethA , inhA , pncA ,
embB , rrs , gyrA , etc.; Fig. 7 ) across genomes, pyGenomeViz ( https: 
// github.com/ moshi4/ p yGenomeViz ) w as used to construct a syn- 
ten y ma p. De v elopments ar e underway to make these tools acces- 
sible to the public. Alternatives also exist for interrogating a spe- 
cific region of the genome, notably with tools such as GenBank 
( https:// www.ncbi.nlm.nih.gov/ genbank/ ). These analyses show 

high similarity ( > 99%) among genes, though their positions in 

genomes are unstable. Despite this, M. tuberculosis genomes ex- 
hibit high conserv ation. Integr ating suc h anal yses into pipelines 
and databases can provide global genomic insights and aid in de- 
ciphering drug resistance profiles. 

Conclusions and perspectives 

In conclusion, molecular typing tools are crucial for studying TB 

epidemiology and e volution. Ov er the past thr ee decades, v ari- 
ous molecular methods have emerged, from IS 6110 -RFLP, once 
the gold standard, to mor e accessible tec hniques like spoligotyp- 
ing and MIRU-VNTR typing, particularly in low-income countries. 
Curr entl y, WGS is becoming the new gold standard for in-depth 

M. tuberculosis genome analysis . Despite this , no single typing sys- 
tem is ideal due to technical limitations and feasibility challenges,
particularly in implementing WGS. 

Recent advancements in TB-focused software and databases 
offer valuable insights into TB genomics, correlating data with ge- 
ogr a phical, demogr a phic, and epidemiological information. How- 
e v er, further methods ar e needed to better anal yze and extr act 
meaningful knowledge from vast genomic data. Combining clas- 
sical genotyping with WGS can provide a mor e compr ehensiv e un- 
erstanding of TB molecular e pidemiology. Ad ditionall y, de v elop-
ng cost-effective, accessible WGS tools will help expand research 

n low-income settings. Future research will likely focus on lever-
ging AI to enhance the depth, accuracy, and efficiency of TB WGS
ata analysis. 
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