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Abstract

Tuberculosis (TB), caused by Mycobacterium tuberculosis (MTB), is a complex infectious disease driven by
multiple biological, socioeconomic and environmental factors. Molecular epidemiology (ME) has contributed
extensively to our current knowledge of TB through several studies conducted since the early 1990s. Interestingly,
MTB strain typing has been used for various purposes: i) to identify misdiagnosis results from laboratory cross
contamination; ii) to differentiate cases of TB relapse from re-infection; iii) to trace ongoing chains of TB
transmission; (iv) to detect the relation between drug resistance and a specific genotype; v) to define the global
distribution of MTB lineages, to monitor the international spread of MTB strains especially virulent ones, and to
explore the evolutionary features of MTB. This review outlines the main methods, concepts and applications of
molecular approaches used to gain insight into the epidemiology of TB over the world.
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Introduction
Countless millions of people have died from tuberculosis (TB), a

chronic infectious disease caused by the Mycobacterium tuberculosis
(MTB) bacillus. Despite the availability of Diagnostic tools,
chemotherapy, vaccination and prophylaxis strategies, the disease is
still yet a public health issue [1].  During the last decades, two relevant
events have changed the epidemiology of the disease: the spread of the
TB/HIV (Human Immunodeficiency Virus) co-infection and the
emergence and spread of the multi-drug resistance tuberculosis (MDR-
TB) (resistance to Rifampicin (RIF) and Isoniazid (INH)). The latter
phenomenon has been generated mainly by the inappropriate
management of the anti-tuberculosis drugs. Currently, the World
Health Organization (WHO) estimates at least 480 000 MDR-TB cases
worldwide, particularly in China, India, South Africa, and in former
Soviet Union countries [2]. In 2006, a bleaker picture has emerged for
TB control programs with the discovery of extremely drug resistant TB
(XDR-TB) strains. These strains are not only MDR but are also
resistant to the second line drugs (Fluoroquinolones and at least one of
the three injectible drugs: Kanamycin, Amikacin or Capreomycin)
[3,4].

Unfortunately, more severe forms of drug resistant TB emerged,
named totally drug-resistant tuberculosis (TDR-TB) which refers to
MTB clinical strains that show in vitro resistance to all first- and
second-line drugs tested. Indeed, MTB acquires drug resistance
mutations in a sequential fashion under suboptimal drug pressure due
to monotherapy, inadequate or incomplete treatments
and drug interactions [5-7].

From an evolutionary window, the global TB epidemic presents a
dynamic picture fueled by the most successful genotypes. Selection of
the MTB genotypes is monitored by Pathogen-related factors mainly
the degree of transmissibility from person to person, the pathogenicity,
the level of protection afforded by BCG vaccination and the ability to
acquire drug resistance phenotype [8].

Recent advances in molecular biology have vastly increased the
possibilities for studying the epidemiology of TB. Within this context,
genotyping is widely used to track specific MTB isolates in a
community. It has been successfully used in epidemiologic research
“molecular epidemiology” to study the transmission dynamics of TB
[9]. Molecular epidemiology (ME) is a combination of both molecular
biology and epidemiology, which involves the study of distribution of
the diseases in human populations, identified at the molecular level
[10]. It is a powerful tool for monitoring infectious diseases such as TB,
where patients infected with a given strain may undergo relapse due to
reactivation of the same strain or a different strain after cure [11-12].
ME has revolutionized our understanding of the pathogenesis of TB
and has also provided unique insights into the international
dissemination of TB through geographic comparison and evolutionary
analysis of widespread MTB populations [13].

In this review, we summarize the main concepts and methods for
genotyping MTBC strains and discuss the relevance of genotyping to
the control and understanding the transmission dynamics of TB.

Current Methods and Genetic Markers used for the
Molecular Epidemiological Studies
The availability of multiple and polymorphic molecular markers

within the Mycobacterium The availability of multiple and
polymorphic molecular markers within the Mycobacterium
tuberculosis complex (MTBC) genomes has permitted to “zoom in” to
detect transmission chains of TB (epidemiological studies) and to
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“zoom out” to track regional and global spread of MTB strains
(phylogenetic studies) [14]. Ideal molecular marker must meet the
following criteria (i) sufficient variability to differentiate unrelated
cases (ii) satisfactory clonal stability to trace accurately transmission
chains, (iii) robustness to be applicable to a wide range of strains
[15-16]. Genetic diversity of MTBC is by far much higher than
previously anticipated. Insertions/deletions/duplications and single
nucleotide polymorphisms (SNPs) are the driving force of MTB
genomic variance and many of them are likely to impact the
pathobiological phenotype [17-18].

Actually, a plethora of molecular methods are available to measure
the genetic relationship between MTB strains [19]. Each method yields
a genetic profile termed “fingerprint” or “genotype” that is strain-
specific. These classical genotyping tools include IS6110-RFLP [20],
CRISPRs (Clustered Regularly Interspaced Short Palindromic
Repeats)-based spoligotyping [21], MIRU-VNTRs (Mycobacterial
Interspersed Repetitive Unit-Variable Number of Tandem Repeats)
[15,22] and RD-LSPs (Regions of Differences-Large Sequence
Polymorphisms)-based deligotyping [23].

IS6110-Restriction Fragment Length Polymorphism
Earlier TB molecular epidemiological investigations were based on

the IS6110 Restriction Fragment Length Polymorphism (RFLP)
analysis. This technique was long recognized as the gold standard for
MTBC strain differentiation because of its highest discriminatory
power compared to all available MTBC genotyping methods [20,24].

The IS6110 sequence belongs to IS3 family of mobile elements and
is a 1355 bp long, found only in MTBC [19]. The genotyping method is
based on the variability of the number of copies of IS6110 within
MTBC genome. Briefly, the method includes a restriction enzyme
(PvuII) that cleaves the IS6110 element once yielding DNA fragments
between 0.9 and 10 kilobases which are separated by gel
electrophoresis, then transferred onto a membrane and and hybridized
with a peroxydase-labelled IS6110 specific probe. As a result, the
visualized fragments represent each a single copy of IS6110
surrounded in length flanking DNA. The analysis of the resulting
IS6110-RFLP patterns is performed by software applications which
allow the intra- and interlaboratory comparisons of patterns and the
establishment of huge national and international databases [25-26].
However, the IS6110-RFLP typing is poorly discriminative for strains
with less than five copy number of IS6110 named Low Copy Clades
“LCC” and for Non-Tuberculosis Mycobacteria (NTM) harbouring
multiple copies of homologous sequences to IS6110 [27].

Although it still constitutes one of the most reliable genotyping
methods, the complexity of this cumbersome method along with the
absence of IS6110 element in some geographic variants of MTBC led
to its replacement by PCR-based methods, which are easier to perform
and requiring a few bacteria as targets for typing and have the
advantage that, in principle, few bacteria are sufficient as targets for
typing. These methods include mainly spoligotyping and MIRU typing
which have together been recently defined as the new gold standard for
molecular epidemiological investigations of TB [28,29].

Spoligotyping
Direct Repeats (DR) loci are members of a universal family of

sequences, designated as clustered regularly Interspaced Short
Palindromic Repeats CRISPR, whose physiological role is poorly
known [35]. It is postulated that these elements are reminiscent of

centromer like structure with a possible role in replication partitioning
[31]. The DR locus, initially identified by Hermans et al (1991) in the
M. bovis BCGP3 strain [32], contains 10 to 50 copies of a 36-bp
identical Direct Repeats (DRs), which are separated by spacers having
different sequences. Of particular interest, the spacer sequences
between any two specific DRs are conserved among strains. Hence, the
difference between strains is generated by the presence or absence of
specific spacers yielding a Spoligotype through the application of
spacer oligonucleotide typing (spoligotyping) method [21].

The Original form of spoligotyping developed by Kamerbeek et al
(1997) [21], comprises a PCR-based reverse line blot hybridization
method that targets the 43 spacers of DR locus.

As an alternative, the standard spoligotyping assay was transferred
to a luminex multianalyte profiling platform. The Microbead based-
spoligotyping technique consists on the immobilization of the
synthetic spacers’ probes on microspheres by covalent coupling and the
detection is achieved via fluorochromes attached to the beads and
hybridized PCR product [33]. Such high throughput technology
provides greater flexibility, robustness and cost effectiveness than the
classical spoligotyping. Later on, concerns have been raised regarding
suboptimal spoligotyping. In this regard, the 68- spacer format, with 25
out of 51 new spacers, improved the discrimination for Principal
Genetic Group1 (PGG1) MTB isolates, namely the East African-Indian
(EAI) clade of MTB [34].

In general, Spoligotyping has many advantages compared to IS6110-
based genotyping: (i) small amounts of DNA are required (10 fg of
chromosomal DNA), (ii) can be performed directly on clinical samples
or on MTB strains shortly after their inoculation into liquid culture,
which means a “real-time” MTB genotyping, (iii) typing even non-
viable cultures, Zhiel-Neelsen smear slides, or paraffin-embedded
tissue sections [14,35] and (iv) the results of spoligotyping are
presented in a binary format (positive or negative of each spacer).

However, Spoligotyping presents several drawbacks: (i) limited
discriminatory power since the method targets only a single genetic
locus, covering less than 0.1% of the MTBC genome [16], (ii) a lower
level of discrimination than the IS6110 RFLP for strains harboring
more than five copies IS6110, (iii) a tendency to overestimate the
proportion of clustered strains in case of highly homogeneous MTB
population structure [14,36] (iv) inability to detect contaminations and
multi-strain infections when the technique is performed directly on
clinical samples.

The MTBC is made up of a group of closely related species: M.
africanum, M. bovis, M. caprae, M. tuberculosis, M. microti, M.
canettii and M. pinnipedi. Spoligotyping allows identification and
strain differentiation of MTBC isolates at the (sub) species level given
that the presence or the absence of certain spacer sequences acts as a
signature for presumptive species identification. Over the years, the
signatures given by the 43 spacer-spoligotyping patterns contributed to
nominate circulating MTBC genotypes, to classify them into well
defined strain families collections and to release huge databases and
web services of spoligotyping patterns: SpolDB4 [30], SpolTools [37],
MIRU-VNTRplus [38], and SITVIT [39].

Mycobcterial Interspersed Repetitive Units-Variable Number
of Tandem Repeat Typing (MIRU-VNTR)

Variable numbers of tandem repeats (VNTRs) are markers that
provide data in a simple and format based structure on the number of
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repetitive sequences in polymorphic micro- and mini-satellite regions
[40]. Mycobacterial interspersed repetitive units (MIRUs) are a VNTR
introduced for MTBC by Supply et al [41]. Of the 41 different MIRU
loci, 12 loci were initially identified as hypervariable repetitive units
[42].

The typing method relies on PCR amplification of 12 loci using
primers specific for the flanking regions of each repeat locus, the sizes
of the amplicons reflect the numbers of copies of the targeted MIRUs-
VNTR repeat units. The results yielded 12-digit number corresponding
to the number of repeats at each MIRU locus which facilitates
interlaboratory comparaison and exchange. There is a technical
difficulty of sizing the multiple small PCR fragments, which is now
overcome by combining multiplex PCR with a fluorescence-based
DNA analyzer. MIRUs-VNTR is considerably faster than IS6110-RFLP
typing, is applicable to crude DNA extracts from early mycobacterial
cultures and has been adapted to high throughput conditions [22-43].
Interestingly, a global epidemiological database is available online
(SITVIT database and MIRU-VNTRplus) to assess into the
distribution (epidemiological analysis) and evolution of MTBC
(phylogenetic analysis) [38-39].

In order to exchange MIRUs-VNTR data, MIRU-VNTRplus web
service provides an expanding nomenclature that assigns a numerical
code to MIRUs-VNTR patterns named “MLVA MTB15-9” which is a
juxtaposition of two subtypes MTB15 (set of the most discriminatory
loci) and MTBC9 (set of ancillary loci) [38].

The discriminatory power of MIRUs-VNTR analysis is typically
proportional to the number of loci evaluated. Interestingly, when more
than 12 loci are used, or MIRU analysis is combined with
spoligotyping, the discriminatory power approximates that of IS6110
RFLP. An optimized set of 24 MIRUs-VNTR loci, including a subset of
15 discriminatory loci using the Genoscreen MIRU typing kit
(Genoscreen, Lille, France) has been proposed to be used as a first-line
typing method and has substantially improved the discrimination of
MTBC isolates compared to the original 12-locus set [15].

Nowadays, MIRUs-VNTR typing is considered to be the new
reference standard for molecular epidemiological studies given its
satisfactory discriminatory power and the digitalization of data
generated [16].

However, standard 24-locus MIRUs VNTR typing lacks resolution
power for discriminating closely related clonal MTB groups,
particularly MTB Beijing lineage. For instance, a consensus set of for
novel MIRUs-VNTR loci termed hyper variable loci i.e. 1982 (alias
QUB-18); 3232 (alias QUB-3232); 3820; 4120 has been suggested for
subtyping clustered samples belonging to highly homogeneous Beijing
lineage in order to improve the true cluster definition and to achieve a
high typeability [44].

Nevertheless, scarce informations are available on the possible
contribution of these markers to the improvement of discrimination

among non-Beijing MTB lineages. Trovato et al (2016) assessed the
epidemiological value of the inclusion of these hypervariable MIRUs-
VNTR loci for subtyping MTB strains already clustered by a
conventional genotyping strategy (spoligo-24-locus MIRUs-VNTR
typing strategy) regardless of their lineage [45]. The results are
promising.

Next Generation Sequencing
Up to date, various strain typing methods have been established and

successfully applied during the two last decades in molecular
epidemiological studies to answer a wide variety of research questions
discussed below. These typing methods have an intrinsically restricted
discriminatory power as they rely on polymorphic genetic markers, but
they interrogate less than 1% of the genome. Hence, they are not able
to fully detect and resolve recent transmission chains, they often fail to
distinguish between genetically closely related strains and the turnover
of these markers is variable. These limitations could be overcome by
the application of high-resolution molecular typing tools such as Next
Generation Sequencing (NGS) or Second Generation Sequencing
(SGS) for whole genome-based epidemiology.

Whole Genome Sequencing using NGS has yielded comprehensive
genetic information including genomic markers, drug resistance
profile, virulence determinants, and genome evolution. It has been
explored using several platforms [46-47]. The process includes the
fragmentation and the amplification of the genome on a solid support
to increase the signal emission. During sequencing, the signal
generated by the incorporation of a nucleotide/ oligonucleotide is read
in real time. SGS sequencers read out short sequences ranging from
150 bp to 800 bp. Finally, these generated sequences are further either
mapped to an existing template or assembled de novo based on the
overlapping regions [48].

WGS technology is increasingly affordable; it offers (i) the highest
possible resolution for large TB outbreaks [49] (ii) an efficient tool to
track the dynamics of TB transmission in human populations without
prior recourse to epidemiological data [50]. Nevertheless, the cost of
WGS is still high and the standardization as well as quality assurance
programs are yet to be established.

Recently, an all-in-one web-based tool for genotyping MTBC
named “Total Genotyping Solution for TB (TGS-TB)” was developed.
It incorporates multiple genotyping platforms namely spoligotyping,
detection of phylogenies with single nucleotide variations, IS6110
insertion sites, and 43 customized loci for VNTR [51]. TGS-TB is more
accurate and has the greatest discriminatory power than all genotyping
method taken separately.

All molecular methods discussed above and used to study the
molecular epidemiology of TB are summarized in table 1.

Genotyping method Principle Advantages Disadvantages

IS6110 RFLP

typing

Based on the copy number of IS6110 (0 to
25) that depend on the frequency of
transposition conditioned by the nature of
targeted genomic region in which
transposition occurs.

- Considered as gold standard method.

- Detection of cross-contamination and
mixed infection.

- The stability of its profiles over time,
allowing distinguishing epidemiologically
related from unrelated isolates. 

- Requires subculturing to get large amounts of
high quality DNA.

- Laborious (restriction, gel electrophoresis,
blotting, hybridization, and exposure of X-ray
film).

- Time consuming.
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- Very appropriate element to study TB
transmission owing to its Biological clock
referring to biomarker stability.

- Method used for molecular epidemiology,
evolutionary and phylogeny studies.

- May provide poor resolution in electrophoretic
separation of fragments.

- Sophisticated and expensive computer software
are needed.

- Interlaboratory comparative analysis RFLP
patterns is difficult.

- A high discriminatory power is obtained only for
strains with more than 6 copy number of
IS6110 element.

Spoligotyping Based on the variability of 43 spacers
within the direct repeat locus in the
genome.

- Performed directly on cell lysate.

- High discriminatory power for strains with
low (<6) copy number of IS6110 elements.

- Genotyping data are presented in binary
format making them easy and simple to
interpret.

-Comparison Data inter and intra
laboratory for analysis using available
databases.

- Poor discriminatory power

- Need to be combined with MIRU-VNTRs
method especially in studies including
predominant or endemic strains.

- Cannot detect mixed infections.

MIRUs-VNTR Based on 10- to 100-bp of hypervariable
sequences often found in tandem,
dispersed in intergenic regions in the
genome.

- Requires by far less DNA because it is
based on DNA amplification.

- Performed on cell lysate.

- Less time-consuming.

- Automated.

- Data exchange for an inter or intra
laboratory comparison is possible.

- High-throughput method compared to
IS6110-RFLP typing and spoligotyping
when using 24 loci.

-The 12 loci based method is less discriminatory
than IS6110-RFLP typing.

-Sequencing based method is expensive

NGS Based on capillary electrophoresis with
highly parallelized through-put sequencing

(enabling to sequence thousands to
millions of short reads of the entire
genome)

- Ultimate level of discrimination.

- Less time-consuming compared to all
techniques.

- Cost effective.

- Requires sophisticates bioinformatics systems,
fast data software processing and large storage
capabilities to deliver data to analytics tools.

- The use of short sequencing reads may alter
the results which requires integrative approach to
all relevant information of the studied genome
locus (presence of CRISPR spacers, presence of
interfering IS6110 insertions)

Table 1: Comparison of methods widely used to study the molecular epidemiology of TB.

Genetic markers for phylogenetic analysis
Phylogeny and population genetic analyses rely on the robustness of

the molecular markers, exhibiting low homoplasy and minimal rate of
convergent evolution. Interestingly, genomic deletions namely RDs or
LSPs have been used as markers to classify groups of MTBC strains
into phylogenetic lineages and sublineages [23,52-54]

MTBC comprises seven human adapted lineages (Lineages 1 to 7)
which show a strong phylogeographical population structure, with the
difference lineage associated with distint geographic regions : Indo-
Oceanic (lineage 1), East-Asian including Beijing (lineage 2), East-
African-Indian (lineage 3), Euro-American (lineage 4), West Africa 1
or M. africanum I (lineage 5), and West Africa 2 or M. africanum II
(lineage 6). Furthermore, a new lineage referred to as lineage 7 was
confined to Ethiopia and recent immigrants from this country [55].

Clades of MTBC are assigned as “ancestral”, “modern” or
“evolutionary-recent” lineages based on the presence or absence of
specific deletion TbD1 [52], whereas the determination of the
Principal Genetic Groups (PGGs) is based on KatG-gyrA
polymorphism [56]. Briefly, MTBC can be divided into “ancestral”

TbD1-positive and “modern” TbD1-negative strains. The TbD1-
positive strains are invariably classified as PGG1 upon KatG-gyrA
polymorphism, as opposed to “modern” TbD1 negative strains that
may belong to the one of the three PGG subgroups. The PGG2 and
PGG3 subgroups are also termed as evolutionary recent (Latino
American and Mediterranean [LAM], Haarlem, [X] for “Anglo Saxon
and [T] for “ill defined”) as opposed to the PGG1 subgroup (Beijing,
East-African Indian [EAI], Central Asian [CAS], and Africanum);
however, only EAI and M. africanum are classified as “ancestral” sensu
strict [52,57].

Population Structure and Clinical Relevance
MTBC has clonal population structure, and some genetic families

that were initially endemic within specific geographical areas have
become ubiquitous e.g. Beijing family/genotype, the latter was initially
identified in the Beijing area of China and now found on all continents
with predominance in East Asia, Northern Eurasia, and Southern
Africa, and thus may be defined as endemic, epidemic, or sporadic
[30,58]. In addition to the lineage/family associated strain properties, it
has been recognized that some of the clonal clusters termed “sub
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lineages” within the same family may have a greater capacity to
transmit than others. In particular, while the Beijing genotype is
frequently associated with drug resistance and hypervirulence, some of
its variants demonstrate even more remarkable pathogenic properties,
especially in settings with high burden of drug resistant TB [59].

Molecular Epidemiology and Mixed Infections
MTB infection has been recognized for long as clonally simple.

However, the introduction of molecular biology tools into the clinical
microbiology laboratory revealed that this infection is sometimes
clonally complex. Although clinicians in the past assumed that clonal
complexity did not interfere with the management of TB, differences in
drug-susceptibility patterns of bacterial populations within a same
patient may alter the treatment outcome [60]. Within this context,
fingerprinting of clinical cultures has revealed (i) recurrence due to
exogenous reinfection more than previously thought, (ii) simultaneous
co infection with two or more MTB strains, (iii) microevolution
phenomena and iv) compartmentalization of the infection, with
different strains infecting either different tissues, or independent lung
areas.

Another issue is the occurrence of mixed infections with both a
drug sensitive and drug resistant strain which might influence the
diagnosis of drug resistance and the treatment outcome as well as the
selection of drug resistant strains leading to drug resistant TB.
Fortunately, the use of MIRU-VNTR minisatellites has provided an
efficient molecular tool to illustrate that infection with MTB may
involve more than one strain [61]. Nonetheless, there is a difference
between polyclonal infections which involves clonal complexes of
highly related parental strain(s) due to micro-evolutionary events [60]
versus mixed-infections that involve two or more genetically unrelated
strains [59]. Generally, infections are categorized as mixed-strain
infections when more than one allele at more than one MIRU-VNTR
locus is identified, and as polyclonal when there is more than one allele
at a single locus [36,60].In a mixed infection, the spoligotype pattern
may either reflect the cumulative presence of spacers of two or more
strains, or may report the spoligotype pattern of the dominant strain
[14,62,63].

Application of Molecular Strain Typing
Genotyping has become an indispensable tool in medical

microbiology and epidemiology and one of the first targets has been
MTB. Over the past 20 years, more than 1000 pertinent publications
have substantiated the value of the genotyping approach for short-term
(local epidemiological) and long term (global epidemiological)
investigations for tuberculosis control programs.

Molecular strain typing for public health
From molecular window, studies of MTB transmission rely on the

postulate that strains exhibiting the same DNA fingerprint belong to
the same cluster [60-65]. However, the proportion of clustered strains
in a given study could be under or overestimated depending on the
completeness of the sample and thus may affect recent transmission of
TB in a given setting. It is noteworthy to correlate between the
molecular method used, the study question and the population in
mind to gain insight into transmission dynamics of TB; e.g. in regions
where the genetic diversity of MTB population is limited, e.g. W-
Beijing East Asia, spoligotyping will overestimate the proportion of
clustered isolates [26]. Hence, a single/particular approach to the

analysis of genotyping data is obsolete and may obscures the picture of
recent transmission versus distant transmission, thereby necessitating
the use of a combination of genotyping methods/specific method in a
specific area to glean insight into transmission dynamics of TB.

Molecular strain typing for patient management
The applications of typing methods have permitted to recognize

nosocomial infections and Laboratory cross contamination to
differentiate a true outbreak of TB from a pseudo outbreak based on
false positive MTB laboratory cultures [61], as well as to distinguish
exogenous infection from endogenous reactivation.

Selective vs. Universal genotyping
Universal genotyping presents several advantages compared to

selective one as it allows (i) earlier identification of false positive MTB
cultures, (ii) detection of unsuspected cases/chains of TB transmission,
and (iii) monitoring the success of TB control programs in a given
setting through the establishment of huge strain diversity databases. Of
note, universal genotyping has been implemented in some countries.
The largest genotyping program currently in operation was developed
by the Centers for Disease Control and Prevention USA [14]. By
contrast, selective genotyping is performed, under request, weeks or
months after the specimen reception. In these circumstances, archival
storage of MTB specimens is a critical criterion in genotyping
accomplishment [14].

Interpretation of Molecular Epidemiological Data
Since the early 1990s, global strain genotyping have been widely

used to study the molecular epidemiology of TB, However, it has
several limitations especially in settings with endemic or LCC strains
or in settings where the genetic diversity of MTB is known to be low
[66-68]. Indeed, molecular epidemiologic studies (i) often have a
hierarchical data structure (e.g., Individual clustered cases occurring
within households); (ii) may be affected by sampling bias [9]. (ii) may
suffer from strain misclassification (clustered versus unique cases) and
(iv) are strongly affected by the lengthy of study duration which lead to
increase of cluster proportion, and thus overestimation of recent
transmission rate in a given setting. To overcome this limitation, the
“Cluster window” (usually 1-2 years) was established; it refers to the
maximum allowable time between two matching strains in molecular
epidemiologic studies, and is a critical parameter to establish the true
chains of TB transmission [9]. In addition, multiples studies reported
strains with small variations detected by one or multiple genotyping
methods and were concluded to be clonal taking into account the
clinical and epidemiological data [9]. These small variations result
from microevolutionary events within MTB genome occurring during
transmission or during dissemination within an individual patient.
Thus, clinical and epidemiological data are critical to establish
molecular fingerprints.

Conclusions
The classical epidemiology of tuberculosis was revolutionized by

molecular tools; the latter have permitted to understand the complex
transmission dynamics within populations and between hosts.
However, molecular studies were mostly conducted in resource rich
areas with low incidences of TB. Therefore, their applications are
limited. Further steps are (i) to conduct molecular epidemiology
studies in countries with highest burden of disease to better
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understand the transmission dynamics of TB, (ii) to combine species
determination, drug resistance testing, detection of pathogenicity
factors and fingerprinting in a single assay. Fortunately, new
opportunities have emerged with rapid technical developments
especially next generation sequencing making possible to view the
complete genetic information of the bacteria, which should improve
the accuracy of efforts to monitor strains of MTB as they move
through space and time.
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