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ABSTRACT

The application of genotyping tools to the analysis of tuberculosis (TB) has allowed us to identify clinical
isolates of Mycobacterium tuberculosis to strain level. M. tuberculosis fingerprinting has been applied at
different levels: a) in the laboratory, to optimize identification of cross-contamination events which can lead
to a false diagnosis; b) in the patient, to determine whether recurrences are due to reactivations or exogenous
reinfections or to identify cases coinfected by more than one strain; c) at the micropopulation level, to identify
clusters of cases infected by the same strains (recent transmission) and to differentiate them from orphan
cases that are most probably due to reactivations; and d) at the macropopulation level, to define the global
distribution of M. tuberculosis lineages, to monitor the international spread of high-risk strains, and to explore
the evolutionary features of M. tuberculosis. In recent years, important methodological and strategic advances
have been applied at these different levels of analysis. Rather than provide an exhaustive review, the present
study focuses on specific advances in micropopulation and macropopulation analysis.
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Innovaciones en la epidemiologia molecular de la tuberculosis

RESUMEN
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La aplicacién de estrategias de genotipado al andlisis de la tuberculosis (TB) ha permitido discriminar los
aislados de Mycobacterium tuberculosis a nivel de cepa en distintos contextos: a) en el laboratorio, para op-
timizar eventos de contaminacion cruzada; b) en el paciente, para discriminar recurrencias debidas a reac-
tivaciones o reinfecciones e identificar casos con infecciones mixtas; c) en el contexto “micropoblacional”,
para identificar casos infectados por una misma cepa (transmisién reciente), y d) en el contexto “macropo-
blacional”, para definir la distribucién internacional de linajes de M. tuberculosis, de cepas de alto riesgo o
analizar aspectos evolutivos. En los dltimos afios hemos asistido a avances metodolégicos y analiticos en
cada uno de los contextos mencionados. Esta revisién no pretende ofrecer un andlisis exhaustivo de éstos,
sino destacar algunos avances de especial interés en el contexto del andlisis micro y macropoblacional.

© 2011 Elsevier Espaiia, S.L. Todos los derechos reservados.

Genotyping of Mycobacterium tuberculosis
at the micropopulation level: analysis of epidemiologically-
related populations

An understanding of how Mycobacterium tuberculosis is
transmitted requires the analysis of well-defined epidemiologically
consistent populations based on universal genotyping of M.
tuberculosis isolates and long-term surveillance.

The way in which M. tuberculosis genotyping data are used for
epidemiological purposes has changed. Most molecular epidemiology
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studies of TB have been performed using IS6110-RFLP (restriction
fragment length polymorphism), due to its reproducibility,
discriminatory power, and low cost. Initially, M. tuberculosis
genotyping patterns provided a picture of the features of recent
transmission in a population. In the present review, this approach is
termed descriptive molecular epidemiology, which defines cases in
the population infected by the same strain in order to calculate the
percentage of clustered tuberculosis (TB) cases (recent transmission
events). The traditional application of molecular epidemiology
techniques is moving toward real-time M. tuberculosis genotyping,
which will make it possible to take advantage of cluster data for
epidemiological research. We call this approach interventionist
epidemiology, namely, an attempt to exercise control over TB
transmission.



D. Garcia de Viedma et al / Enferm Infecc Microbiol Clin. 2011;29(Supl 1):8-13 9

Descriptive molecular epidemiology

Molecular epidemiology allows us to identify recent transmission
events, analyze the risk factors associated with recent transmission,
detect non-conventional transmission contexts, identify weaknesses
in the assignment of microepidemics, and measure the impact of TB
control programs.

In recent years, changes in the socioepidemiological scenarios
generated by immigration have revealed new challenges in molecular
epidemiology. The key questions include comparison of the role of
recent transmission with that of reactivation/importation in
immigrant TB cases, the impact of potential importation of previously
unidentified M. tuberculosis strains, and cross-transmission between
cases from different nationalities. Without the support of molecular
epidemiology, these questions would prove difficult to answer.

Scenarios in recent transmission and immigration are country-
specific. Several studies have found that recent transmission plays a
minor role in TB in immigrants,? thus suggesting that it is mainly
due to reactivation/importation. However, recent transmission
involving immigrants has been observed, and some authors have
identified transmission between cases from different origins and
between immigrant and autochthonous populations.>® One recent
study applied questionnaires to calculate an “integration-index,” and
revealed higher values for cases in multinational clusters.®

One concern in molecular epidemiology studies is the low
frequency with which clusters are confirmed by epidemiological
data. Some authors’ consider that both, standard and molecular
epidemiology, analyze independent subsets of cases, and
discrepancies between their findings are therefore expected.
Alternatively, a more frequent-than-expected role has been proposed
for casual contacts, which are not identified by contact tracing. In
fact, the difficulties in performing contact tracing in immigrant
populations are usually considered responsible for the poor
correlation between epidemiological data and molecular data.

Some authors are using novel, innovative approaches to resolve
this lack of correlation. One strategy has been to refine the quality
and amount of epidemiological data obtained from the cases.
Questionnaires compiling detailed information about cases and their
social networks® increase the limited data obtained using standard
contact tracing. The clear improvements brought about by the
application of these questionnaires® have led to a high correlation
between standard and molecular epidemiology. Another approach
involves the use of photographs of cases as a tool to establish
epidemiological links through visual recognition.'® When this strategy
has been applied, clustered patients recognized more photographs of
individuals in their cluster than from outside their cluster. These
findings validate the strategy, and its application has made it possible
to identify sites of TB transmission that could be open to intervention.
Some authors have integrated the use of photographs with the
application of detailed questionnaires, which have made it possible
to identify transmission contexts that had not been identified by
standard epidemiological approaches, thus increasing the percentage
of clusters with demonstrated links."

The descriptive application of molecular epidemiology has shown
us that a certain proportion of transmission is expected to occur
outside households, and this has generated interest in identifying
transmission hot spots. In this sense, geographic information systems
(GIS) to identify areas where transmission is likely to be occurring
seem particularly useful. Cluster data obtained by genotyping have
been integrated with those obtained by GIS to determine the spatial
distribution of clustered cases in order to identify discrete geographic
areas where ongoing transmission is actively occurring. Once hot
spots were identified, targeted screening was applied and the number
of cases of undiagnosed TB and latent TB infection identified were
shown to exceed the number of cases normally revealed by standard
screening programs.'?

Interventionist molecular epidemiology

The refinements developed in descriptive studies have been
followed by attempts to improve the speed with which genotyping
data are made available, so that researchers can switch from
retrospective descriptive designs to prospective real-timeinterventions.
This approach makes it possible to identify ongoing transmission
eventsinreal time, to help epidemiologists identify sites of transmission
—thus influencing their choices in contact tracing— and, to design
efficient intervention strategies to improve TB control.

[S6110-RFLP-based fingerprinting has consolidated the role of
molecular epidemiology. However, this technique is labor-intensive
and requires well-grown cultures, thus leading to delays in obtaining
genotypes. Alternative polymerase chain reaction (PCR)-based
strategies can facilitate the switch between descriptive studies and
challenging interventional approaches, and several PCR-based
genotyping alternatives have been developed in recent years. The
most representative techniques were compared several years ago in
a multicenter study,"* which concluded that variable number tandem
repeat (VNTR)-based typing was the most robust approach. In
parallel, more traditional approaches have also been improved, and
amplified fragment length polymorphism (AFLP) including
fluorescence targeting has also been used to analyze IS6110 locations.
Spoligotyping has evolved towards microbead-based designs and
covers a higher number of targets.”> Application of the multilocus
VNTR-based methods mentioned above has been studied, and
mycobacterial interspersed repetitive unit (MIRU)-VNTR'® has been
shown to meet new requirements.

Initially, MIRU-VNTR involved a 12-loci set which was considered"”
efficient for epidemiological purposes.’* However, some authors found
it to have limitations,”?° although it did have good discriminatory
power when applied together with a second-line genotyping
method.?*? A new improved set of 24 targets with enhanced
discriminatory power has been recommended, and a 15-loci subset
has been shown to ensure reasonable discrimination.?>?* In addition,
the initial design, which was based on simplex PCR, has been converted
to a high-throughput format. Some authors apply high-performance
liquid chromatography (HPLC),* although most use multiplex
fluorescence-labelled PCR and capillary electrophoresis.” MIRU-15
and MIRU-24 have been considered an alternative to RFLP, and several
studies have found a good correlation with RFLP-based typing data
using different population-based approaches and independent
settings.?>?>?7 Nevertheless, contradictory data have emerged.'**
Analysis of homogeneous lineages, such as the Beijing family, offers
poorer results, and some authors have proposed suitable VNTR
markers, 2 although MIRU-24 recently provided acceptable results in
settings where the Beijing family is prevalent.>' Inclusion of other
hypervariable loci in standardized panels has recently been
recommended in order to increase the quality of genotyping data.®?
The speed of MIRU-VNTR typing makes the technique suitable for
intervention schemes.?33

In the context of intervention, epidemiological resources are
generally not sufficient to monitor all recent transmission chains.
After identifying the more actively spread strain in a setting, some
authors have developed targeted PCR-based genotypic strategies for
specific monitoring.>* Epidemiological control of TB can also be
optimized by identifying clusters that are expected to be more robust
indicators of recent transmission, as some clusters are never
supported by epidemiological data, even in innovative approaches
that refine the epidemiological survey. The lack of epidemiological
support behind some clusters may be due to the fact that the
genotyping tool applied to define clusters has insufficient resolution
to determine genetic heterogeneity between the isolates.
Alternatively, some epidemiologically unrelated cases could be
independently infected by strains that are highly prevalent or
endemic, and therefore appear as clustered cases. In this context,
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several authors favor second-line genotyping methods to target
epidemiological resources at clusters that are confirmed to be
genotypically homogeneous by two genotyping tools (and therefore
expected to be epidemiologically robust). IS6110-fAFLP has been
applied on a selection of RFLP-defined clusters with various degrees
of epidemiological support; it split mainly clusters with weak
support, thus confirming those that had already been identified.*
Similarly, MIRU-VNTR splits RFLP-defined clusters lacking
epidemiological links and confirms homogeneity in clusters that are
epidemiologically robust.?2253637 In addition to second-line
genotyping, other analytical innovations have been applied to
evaluate the robustness of RFLP-defined clusters and thus direct
epidemiological resources more efficiently towards more
epidemiologically significant clusters. Some research lines have
determined whether the genotypes defining clusters in a population
can also be involved in clusters in unrelated populations, thus
minimizing their usefulness as markers of recent transmission.
Strains belonging to the Haarlem lineage, which is prevalent in many
settings, are preferentially split by MIRU,?>?” and some RFLP patterns
belonging to this lineage are prevalent in unrelated populations.’”

Future challenges

A novel interventional molecular approach is necessary to reduce
genotyping response times and thus enable ongoing transmission
events to be analyzed in real time. Research will be aimed at direct
genotyping of bacilli in clinical specimens. Innovative approaches in
the characterization of resistance mutations and species identification
by direct analysis of bacilli in clinical specimens now offer good
specificity and sensitivity.>* Therefore, future approaches should
attempt to obtain fingerprints from bacilli in clinical samples before
culture.

Application of molecular markers at the macropopulation level

The standard typing methods applied at the micropopulation
level —IS6110 RFLP (based on mobile DNA elements), spoligotyping,
and MIRU-VNTR (based on repetitive DNA elements)— have high
discriminatory power. However, they are not completely suitable at
the macropopulation level, because identical fingerprints can emerge
in unrelated lineages (homoplasy) as a result of convergent
evolution.’®4 The slower molecular clock of large-sequence
polymorphisms (LSPs) and single-nucleotide polymorphisms (SNPs)
makes these markers stable enough to fulfill the conditions necessary
to define phylogenetic associations unambiguously in M. tuberculosis.
LSPs in mycobacteria can be detected by comparative whole-genome
hybridization using DNA microarrays,” whereas SNPs can be
identified using currently available in silico comparisons of the
multiple whole-genome sequences of M. tuberculosis.** In view of the
high clonality of M. tuberculosis species, it is not surprising that the
use of different markers produces highly congruent phylogenetic
trees consisting of a limited number of large phylogenetic/
phylogeographic lineages.*

Evolutionary framework of M. tuberculosis

The genetically homogeneous M. tuberculosis complex is
ecologically very diverse and includes M. tuberculosis, Mycobacterium
africanum and Mycobacterium canetti (exclusively human pathogens),
Mycobacterium microti (a rodent pathogen), and Mycobacterium bovis
(with a wide host range), as well as Mycobacterium pinnipedii (seals)
and Mycobacterium caprae (goats).

Analysis based on large deletions and other markers has made it
possible to propose a new evolutionary scenario for M. tuberculosis
complex, while a series of deletions have sequentially differentiated
M. africanum, M. microti, and the various subspecies of M. bovis.#4

The RD1 region that contains the highly immunogenic ESAT 6 family
of antigens has been found in both M. tuberculosis complex and other
mycobacteria, but not in M. microti or M. bovis.*>¢ In particular, M.
bovis has undergone many deletions of sequences that are present in
M. tuberculosis; therefore, the hypothesis that M. tuberculosis evolved
from M. bovis following the domestication of cattle is incorrect.
Analysis based on large deletions also helps to elucidate the position
of M. africanum and subdivide it into africanum I (an independent
lineage within M. tuberculosis complex) and M. africanum II (a part of
M. tuberculosis sensu stricto).

Horizontal gene transfer is virtually absent in M. tuberculosis, thus
implying that its clonal population structure is presented by genetic
families, namely, monophyletic clusters of genetically related strains.
These families, or genotypes, originated in well-delimited geographic
areas and were usually named according to the geographic, historical,
or cultural name of the region/country where they were first
isolated.

The low levels of sequence variation in M. tuberculosis have long
precluded the use of multilocus sequence typing. However, recent
advances in mycobacterial genomics show more substantial genetic
variation at the whole-genome level. A recent study analyzing
polymorphisms in DNA repair, recombination, and replication (3R)
genes of a worldwide collection of tubercle bacilli? revealed a
surprisingly high level of polymorphism for the 3R genes as compared
to housekeeping genes. The study also underlined the usefulness of
3R-based trees for future discrimination between M. tuberculosis
complex phylogenetic groups when more microbial genomes are
sequenced. Indeed, suboptimal activity of the 3R genes (reportedly
caused by a general negative/purifying selection) is reflected by their
relaxed fidelity, which may in turn lead to adaptive variants, some of
which will be able to survive. Niemann et al¥’ compared the complete
genomes of Beijing representatives in a high-incidence region
(Karakalpakstan, Uzbekistan). One was drug-susceptible (isolated in
2001) and the other multidrug-resistant (MDR) isolated in 2004.
Both isolates shared the same IS6110-RFLP pattern and the same
allele at 23 out of 24 MIRU-VNTR loci, although they differed by 130
SNPs and one large deletion. The susceptible isolate had 55 specific
SNPs, while the MDR variant had 75 specific SNPs, including
resistance-conferring mutations. This finding underlines that an
identical genotypic pattern may not denote clonality sensu stricto,
even when multiple (and independent) genetic markers are used.
Differences in genetic diversity using additional markers reveal
remote links during earlier transmission events. Additionally, some
of the strain-specific SNPs in the MDR isolate might represent
mutations compensating for putative fitness effects of resistance-
conferring mutations.

Human demography-influenced macropopulation structure
of M. tuberculosis

The genetic diversity of M. tuberculosis may be linked to human
demographic and migratory events; differences in the occurrence of
given lineages and sublineages, as well as their local gradients, could
be strongly influenced by the historical events affecting the human
host.*8-5! Recent estimates*® based on the application of Bayesian
statistics to VNTR allelic diversity suggested that M. tuberculosis
complex might be 40,000 years old, a figure which coincides with
the expansion of “modern” human populations out of Africa.’?
Additionally, the strong and recent demographic spread of nearly all
M. tuberculosis complex lineages, which coincided with the increase
in the world’s population over the last two centuries, has been
corroborated by a coalescence analysis.*

Principal components analysis and its variant, multidimensional
scaling (MDS), are widely used in human population genetics to
visualize interpopulation relationships based on complex genetic
data. The first application of MDS to M. tuberculosis VNTR data
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highlighted strong geographic specificities of the local clonal variants
of M. tuberculosis Beijing genotype.>* The strong affinity observed for
Russian strains, even among geographically distant M. tuberculosis
complex populations, suggests relatively recent propagation of the
Beijing strains presumably exacerbated by massive human migrations
in 20th century Russia. Nonetheless, some weak and less expected
affinities observed for Beijing strains in distant M. tuberculosis complex
populations (northern Vietnam, South Africa, Beijing, and Hong Kong)
are fascinating and should be closely analyzed to elucidate concealed
patterns of human migration or as yet unfamiliar epidemiological
links between distantregions. Ithas been suggested that dissemination
of the M. tuberculosis Beijing genotype to other regions of the world
was driven by population movements to Russia during the Middle
Ages, or, more recently, to South Africa (since the 17th century) and
to Australia (since the 19th century). Their differential dissemination
within these areas, on the other hand, has been influenced by climatic
factors in addition to demographic factors.*853

Local M. tuberculosis clones and human-microbial co-adaptation

Interplay between human host genetics and microbial burden
have led to co-adaptation. In Vietnam, individuals with the T597C
allele of the human TLR-2 gene were more likely to have tuberculosis
caused by the East-Asian/Beijing genotype than other individuals.>*
In the Russian Slavic population in Siberia, the -336G allele of CD209,
the gene encoding DC-SIGN was more common among patients
infected with TB caused by Beijing strains than in those infected with
non-Beijing strains.>®

The acquisition of differential pathogenic characteristics by
different M. tuberculosis complex lineages may lead to locally
prevalent clones of the tubercle bacillus, some of which are better
adapted to local human populations, such as a specific Beijing
subtype in South Africa;* others may have evolved in response to
selection factors, such as long-term mass BCG vaccination in
Vietnam® and Tunisia.’® At the same time, some clones may develop
a stable association with a given population leading to non-
competitive local circulation. In 2008, Namouchi et al*® showed that
>60% of TB cases were caused by a single genotype in each of the
prevalent clades, in contrast to the more clustered ST50/Haarlem,
which is predominant in northern Tunisia. The more widespread
ST42/LAM (Latin-American-Mediterranean), with a low transmission
rate and weak clustering, suggests its stable association with the
Tunisian population.>

Local specificity of clones can be explained by recent importation
and fast dissemination (due to specific pathogenic properties),
outbreak conditions, or long-term historical presence in an area.
The Beijing genotype is the best known, although it is not
exceptional. The heterogeneous genetic family of M. tuberculosis
LAM hasremarkable pathogenicfeaturesin settings as geographically
distant as Brazil, Russia and Cameroon.>*-¢' Examples of the locally
predominant but drug-susceptible clonal groups come from
geographically diverse areas, both island and continental
settings.3062

New technologies and algorithms

Spoligotyping

A new microsphere (bead)-based laser technology (Luminex,
Austin, Texas, USA) permitting the identification and quantification
of each PCR product was applied to spoligotyping as an alternative to
reverse line blot hybridization.®* This method makes it possible to
analyze a sample in less than 15 seconds and has recently been re-
evaluated in France by Zhang et al’>, who found perfect agreement
with the results of the membrane-based technique.

A novel alternative has recently been developed:®** automated
MALDI-TOF mass spectrometry (MALDI-TOF MS) was adopted for

spoligotype detection and replaced the hybridization step with a
multiplexed primer extension assay. A homogeneous assay format of
PCR and multiplexed primer extension assay followed by MALDI-TOF
MS detection on the MassARRAY® system (Sequenom, Inc.)
streamlines sample processing by avoiding extensive washing steps
and microsphere conjugation.

New algorithms

Sequence evolution models are not appropriate for many non-
sequenced-based markers. In particular, adequate treatment of
binary spoligotyping data is especially challenging, since the mode of
evolution of the DR locus in M. tuberculosis is not completely clear.
Numerical taxonomy is a simple approach that makes it possible to
infer spoligotype-based phylogenies, although it is not very reliable.
An interesting method has recently been proposed to visualize
relationships between spoligotypes as a “spoligoforest” graph (http://
www.emi.unsw.edu.au/spolTools/). This method is based on a
statistically tested model showing that changes in the DR locus more
frequently involve the loss of a single or a low number of adjacent
spacers.

Bionumerics and PAUP (Phylogenetic Analysis Using Parsimony)
packages are the most frequently used approaches to analyze VNTR
data. More recently, the BURST algorithm (http://eburst.mlst.net),
initially implemented for MLST data, has also been applied to infer
VNTR-based phylogenies. This algorithm identifies mutually exclusive
groups of related genotypes in the population and attempts to
identify the founding genotype of each group. It then predicts the
pattern of descent from the predicted founding genotype to the other
genotypes in the group and displays the output as a radial diagram
centered on the predicted founding genotype.

There is still a certain degree of controversy surrounding the
treatment of VNTR data. First, mathematical modeling suggested
that VNTR loci in M. tuberculosis more likely evolve via a single locus
change (loss rather than gain); therefore, VNTR alleles should be
treated as quantitative variables. Second, currently used programs
still consider VNTR alleles as categorical variables, that is, any change
is assumed to be equally likely.

Databasing in molecular tuberculosis control

Monitoring and timely reporting of circulating M. tuberculosis
complex clones are essential in anti-TB strategies in order to pinpoint
the subpopulations that are susceptible to a targeted, high-priority
response by TB control programs. A suitable molecular marker must be
chosen for macropopulation studies; thus LSPs and SNPs are well suited
for phylogeographical classification of strains, but not for purely
epidemiological purposes, as opposed to IS6110-RFLP and 24-loci MIRUs,
which are well adapted for molecular epidemiology. Combined use of
spoligotyping and MIRU typing is probably the best available compromise
that enables a relatively good insight into the major genotypic lineages
of M. tuberculosis complex, and makes it possible to efficiently investigate
clustered cases to monitor ongoing TB transmission in a given setting.5>
Publicly available databases to compare the ever-increasing amount of
genotyping data are necessary.

One of the first databases used for inter-laboratory comparison of
[S6110-RFLP patterns was developed, maintained, and housed at the
National Institute of Public Health and the Environment (Dutch:
Rijksinstituut voor Volksgezondheid en Milieu or simply RIVM),
Bilthoven, The Netherlands. This database was widely used under
the auspices of a project on new-generation genetic markers for the
study of the epidemiology of TB (EU project Q2K2-CT-2000-630).
However, for reasons of security and confidentiality, this database
was not made publicly available.

Although public MIRU-VNTR databases focusing on a global
collection of M. tuberculosis complex strains did not become available
until 2008, MIRU-VNTR patterns could be compared with those
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included in an MLVA database at http://minisatellites.u-psud.fr/
MLVAnet. This option has recently been complemented by a freely
accessible web-based server (http://www.MIRU-VNTRplus.org) that
provides information on geographical origin, drug susceptibility
profile, corresponding genetic lineage, IS6110-RFLP, 24-locus MIRU-
VNTR, spoligotyping, and SNP and LSP profiles for 186 reference
strains.5¢ However, it cannot compare genotyping results at a global
level, since the information it provides serves to predict lineages for
classification purposes rather than to describe the worldwide
diversity of M. tuberculosis complex genotypes.

Spoligotyping is the backbone of the largest publicly available
database, SpolDB4, which, on its release in 2006, described a total of
1939 clustered patterns (shared-types) representing 39,295 strains
from 122 countries.® It tentatively classified M. tuberculosis complex
into 62 clades/lineages using a mixed expert-based and bioinformatics
approach  (http://www.pasteur-guadeloupe.fr:8081/SITVITDemo).
Developed and housed at Institut Pasteur de Guadeloupe, SpolDB4
has recently evolved to a proprietary multimarker database (SITVIT2)
that contains genotyping information on nearly 75,000 M. tuberculosis
complex isolates from 160 countries of isolation (including MIRU-
VNTRs on about 15,000 isolates). A smaller version of this proprietary
database will be released online in 2010 and will contain information
on about 62,500 clinical isolates (105 countries of isolation and 153
countries of patient origin) and 3 markers (Spoligotyping, 5-loci ETR,
and 12-loci MIRU-VNTR; personal communication from N. Rastogi).

Other databases that are not publicly available include: the database
of the University of Zaragoza, Spain (5,694 IS6110-RFLP entries, of
which 4,637 are from Spanish isolates);® the database of the Public
Health Research Institute Tuberculosis Center (http://www.phri.org/
programs/program_tbcenter.asp) that gives information on over
17,000 clinical isolates, as well as the Houston and the Centers for
Disease Control and Prevention databases.

Future challenges

Recent advances in mycobacterial genomics have shown a more
substantial genetic variation at the whole-genome level. Accordingly,
whole-genome sequencing may become a tool for routine molecular
epidemiology studies if its cost becomes comparable to that of
traditional typing techniques.

Whereas several global TB databases collectively contain a large
amount of genotypic information, discrepancies between them make
informationsharingdifficult,ifnotimpossible. Thus,asynchronization
mechanism must be set up, in order to check similar genotypic
patterns across databases and establish a common nomenclature.

Accumulation of new data on the global diversity of different
molecular markers, together with application of the refined statistical
approaches, should better define a time scale for the evolution of M.
tuberculosis and its families. A truly quantitative approach to the co-
evolution of M. tuberculosis and humans that takes into account the
host-pathogen relationship has yet to be developed.
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