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SUMMARY

Molecular typing has revolutionized epidemiological studies of
infectious diseases, including those of a mycobacterial etiology.
With the advent of fingerprinting techniques, many traditional
concepts regarding transmission, infectivity, or pathogenicity of
mycobacterial bacilli have been revisited, and their conventional
interpretations have been challenged. Since the mid-1990s, when
the first typing methods were introduced, a plethora of other mo-
dalities have been proposed. So-called molecular epidemiology
has become an essential subdiscipline of modern mycobacteriol-
ogy. It serves as a resource for understanding the key issues in the
epidemiology of tuberculosis and other mycobacterial diseases.
Among these issues are disclosing sources of infection, quantify-
ing recent transmission, identifying transmission links, discerning
reinfection from relapse, tracking the geographic distribution and
clonal expansion of specific strains, and exploring the genetic
mechanisms underlying specific phenotypic traits, including vir-
ulence, organ tropism, transmissibility, or drug resistance. Since
genotyping continues to unravel the biology of mycobacteria, it
offers enormous promise in the fight against and prevention of the
diseases caused by these pathogens. In this review, molecular typ-
ing methods for Mycobacterium tuberculosis and nontuberculous
mycobacteria elaborated over the last 2 decades are summarized.
The relevance of these methods to the epidemiological investiga-
tion, diagnosis, evolution, and control of mycobacterial diseases is
discussed.

INTRODUCTION

Mycobacteria are speculated to have existed as early as 150
million years ago, in the Jurassic period (1), and today they

are ubiquitous, occurring in every habitat and ecosystem of the
world, perhaps except for the polar regions. The first known rep-
resentative of this group was discovered, under the name of Bacil-
lus leprae, by Hansen in 1875 (2), and the first scientific taxonomy
of mycobacteria began in 1896, when the genus Mycobacterium
was originally erected by Lehmann and Neumann. According to
the most recent version of the List of Prokaryotic Names with
Standing in Nomenclature (LPSN) database (http://www.bacterio
.net/m/mycobacterium.html), the genus Mycobacterium now
accommodates a total of 169 distinct species. They all fall into
three major groups, that is, the Mycobacterium tuberculosis
complex (MTBC), M. leprae, and mycobacteria other than the
MTBC and M. leprae, collectively referred to as nontuberculous
mycobacteria (NTM). Members of the MTBC are the causative
agents of tuberculosis (TB). They are strict, intracellular pathogens of
humans and animals without any defined environmental reservoirs.
The MTBC comprises typical human-associated species, i.e., M.

tuberculosis, M. africanum, and M. canettii, as well as several other
species specifically adapted to infect domestic and wild animals:
M. bovis (cattle), M. caprae (sheep and goats), M. microti
(rodents), M. mungi (banded mongooses), M. orygis (members of
the Bovidae family), M. pinnipedii (seals and sea lions), the dassie
bacillus (Procavia capensis), and chimpanzee bacilli. Interestingly,
some of those animal-adapted lineages have a documented
zoonotic potential for humans. For instance, milk-borne
transmission of TB by M. bovis was common in the
prepasteurization era. Currently, 1 to 2% of TB cases in the United
States and in Europe are attributable to M. bovis infection (3, 4).
Mycobacterium caprae is another MTBC species capable of causing
TB in humans as a result of transmission from livestock. This
pathogen accounted for 0.3% of human TB cases in Spain and
one-third of human TB cases formerly attributed to M. bovis in
Germany (5, 6). There have been several reports on M. microti
-induced TB in humans. However, zoonotic transmission could
be established in only a few of these cases, with a raccoon, mice,
and pets (dogs and cats) as the sources of infection (7, 8). Finally,
M. pinnipedii was recognized as a human pathogen when its
transmission from sea lions to humans was evidenced by using the
tuberculin skin test and an interferon gamma release assay (9).

Mycobacterium tuberculosis, the most famous member of the
MTBC and the most common cause of TB, has been one of the
most devastating pathogens in the history of humankind. It is
estimated that 2 billion people, or one-fourth of the world’s pop-
ulation, are infected with M. tuberculosis. This pathogen produces
nearly 9 million new infections and 1.5 million deaths every year
(one-quarter of which are deaths of TB patients coinfected with
human immunodeficiency virus [HIV]), ranking second, only to
HIV, as the leading cause of death from an infectious agent (10).
TB remains an enormous health and economic problem not only
in developing regions but also in high-income countries due to
TB-HIV coinfection and the emergence of multidrug-resistant
(MDR) and, more recently, extensively drug-resistant (XDR) M.
tuberculosis strains, currently accounting for 5% and 0.5% of all
incident cases of TB, respectively (10). The increasing prevalence
of drug resistance in M. tuberculosis has compounded the manage-
ment of the disease and has considerably augmented TB-associ-
ated mortality among immunocompromised patients.

Mycobacterium leprae and M. lepromatosis, etiological agents of
leprosy, differ from M. tuberculosis and other mycobacteria in
many ways but perhaps most pointedly by their inability to be
cultured in vitro. Differences are also evident at the DNA level,
with leprosy bacilli having a much reduced genome (3.3 Mbp for
M. leprae versus 4.4 Mbp for M. tuberculosis), due to massive gene
loss, and considerably low G�C content (58% for M. leprae versus
66% for M. tuberculosis). A unique characteristic of M. leprae, not
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only among mycobacteria but also among all bacterial pathogens,
is its capacity to invade the peripheral nervous system (11). Lep-
rosy, like TB, is an ancient disease that has plagued humans for
thousands of years. However, throughout its long history, never
has TB been associated with such social stigmatization and dis-
crimination as leprosy was in the Middle Ages. Although leprosy
has already been eradicated from many parts of the world and is
no longer a global health problem, it still persists in some regions
of Asia, Africa, and Latin America where the disease is endemic,
affecting a quarter million people annually (12). However, interest
in leprosy has somewhat decreased over the past 2 decades, one
reason for this being a dramatic decline in the prevalence of this
disease with the advent of multidrug therapy and the other being
an upsurge of TB cases in the mid-1990s, which resulted in a shift
of the focus of attention toward tubercle bacilli.

Whereas the MTBC and M. leprae are obligate pathogens,
NTM are for the most part environmental organisms, found pre-
dominantly in soil and waterways but also in animal species and
food products. Despite being free-living saprophytes, they may,
under certain conditions, usually linked with underlying immu-
nodeficiency of the host, act as opportunistic pathogens, leading
to a wide array of clinical syndromes (13). Of the more than 150
NTM species currently recognized, about 25 have consistently
been associated with NTM diseases in humans and/or animals
(14). The most prominent pathogenic NTM species include the
M. avium complex (MAC) and M. kansasii, associated with pul-
monary disease; M. ulcerans, which produces a disfiguring, ulcer-
ative skin infection known as “Buruli ulcer,” which has emerged as
the third most common mycobacterial disease worldwide after TB
and leprosy; M. marinum, responsible for granulomatous skin le-
sions often referred to as “fish tank” or “swimming pool” granu-
lomas; M. scrofulaceum, implicated in cervical lymphadenitis in
children; or M. abscessus, M. fortuitum, and M. chelonae, which are
the top causes of NTM soft tissue and skeletal infections (15–19).
The known spectrum of NTM species involved in human disease
has substantially expanded in recent years, and thus, the number
of reported cases of NTM infections has risen (20). This can be
ascribed to the development of new molecular tools for the iden-
tification of novel or previously neglected mycobacterial species.
Despite the growing significance of NTM infections, only a very
few comprehensive reports on NTM disease prevalence are avail-
able. To establish an accurate global picture of the epidemiology of
NTM infections, a number of population-based, cross-sectional
studies from different geographical locales need to be carried out.
(For more information on clinical aspects of NTM disease, see
reference 21.)

The modern epidemiology of TB and NTM diseases, as for
virtually all infectious diseases, has become a multidisciplinary
field of research, consuming most recent achievements in biology,
genetics, pharmacology, medicine, and statistics. By incorporat-
ing molecular biology methods, epidemiological studies have
reached the molecular level. Molecular epidemiology has emerged
from a synergistic combination of genotyping techniques and
conventional epidemiological approaches. This new discipline has
established itself as a resource for understanding the key issues in
the epidemiology of TB and other mycobacterial diseases. These
issues include disclosing sources of infection, quantifying recent
transmission, identifying transmission links and risk factors for
transmission, discerning reinfection from relapse, tracking the
geographic distribution and clonal expansion of specific strains,

and determining the genetic basis behind specific phenotypic
characteristics, including virulence, organ tropism, transmissibil-
ity, or resistance to antimicrobial drugs.

In this review, molecular typing methods for MTBC and NTM
elaborated over the last 2 decades are summarized. The relevance
of these methods to the epidemiological investigation, diagnosis,
evolution, and control of mycobacterial diseases is discussed.

METHODS FOR MOLECULAR TYPING OF MYCOBACTERIA

The methods for molecular typing of mycobacteria rely on the
diversity of genetic structures of these organisms. The genetic
compositions of MTBC and NTM species are quite different, the
former constituting an exceptionally homogeneous group genet-
ically, with various MTBC members sharing on average �99.7%
nucleotide identity (22). Polymorphisms in DNA occur, in the
context of both species and strain divergence, as a consequence of
imperfect DNA repair mechanisms, infidelity of DNA replication,
and development of genome instability due to the malfunctioning
of DNA metabolism-related proteins or effects of horizontal gene
transfer (HGT). In the genomes of mycobacteria are homologs of
genes involved in several DNA repair mechanisms, including base
excision repair, nucleotide excision repair, homologous recombi-
nation (HR), and nonhomologous end joining (NHEJ) (23). No-
tably, even though M. tuberculosis does not possess homologs of
genes of mismatch repair (MMR), the number of single nucleo-
tide polymorphisms (SNPs) occurring in this species is not ele-
vated (24–26). The reason for the limited occurrence of mutations
in M. tuberculosis is a matter of dispute, but it is generally attrib-
uted to the activities of other DNA repair mechanisms, namely,
base excision repair and nucleotide excision repair (27), and pu-
rifying/negative selection pressure (24). It is also important to
note that pathogenic species of mycobacteria are exposed to a far
more acute environment within the host organism than are non-
pathogenic or opportunistic species (28). However, even though
bacteria specialized to occupy host cells reside in a potentially
highly mutagenic environment, a permanent switch-on of the
DNA repair systems (29) and the activity of detoxifying enzymes
(30) restrict the occurrence of mutations. It was recently shown
that at least one double-strand break (DSB) repair system, HR or
NHEJ, is required for M. tuberculosis to replicate within human
macrophages, suggesting that some DSBs accumulate in DNA of
tubercle bacilli in this environment (31). On the other hand, an M.
tuberculosis mutant defective in both systems (HR and NHEJ)
appeared not to be attenuated in various animal models (32). The
amount of mutations generated in pathogenic species seems to be
dependent on the stage of the disease. A comparison of mutations
in M. tuberculosis isolated from cynomolgus macaques with active
and latent disease revealed that the generation time-versus-muta-
tion rate curves are similar during active disease, latency, and dis-
ease reactivation (33). This observation was contrasted with data
from another study on M. tuberculosis isolates of human origin.
Here, the authors observed that mutation rates were substantially
lower during latency, although it is important to note that due to
technical issues, those authors were unable to calculate replication
and mutation rates separately (34).

Although HGT has been thought to contribute only very mar-
ginally to the variability of mycobacteria, there is increasing evi-
dence that HGT plays an important role in shaping the diversity of
this group. In M. tuberculosis, HGT is thought to be restrained, yet
it was postulated to have occurred in the distant past, prior to the
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evolution of the M. tuberculosis complex (35, 36). Plasmids have
been found in M. avium (37, 38), M. intracellulare (37), M. scrofu-
laceum (37), M. ulcerans (39), M. marinum (40), and M. fortuitum
(41), opening the possibility of gene transfer. In fact, conjugation
has been observed in M. smegmatis (42–44), in M. abscessus subsp.
bolletii (45), and between M. kansasii and M. avium (46). Addi-
tionally, M. smegmatis is suspected to be capable of spontaneous
plasmid transformation (47). Theoretically, genes may also be
transferred by phages (48, 49), but to date, there have been no
reports of naturally occurring transduction in mycobacteria.

Considering that HGT seems to be limited in mycobacteria,
typing methods for this group rely largely on minor changes of
DNA sequences resulting from internal mutagenesis. Compara-
tive studies have shown that genomic variation in the MTBC has
its source in deletions (22, 50, 51), duplications (52), insertions
(53), mobile genetic element movements (51), and SNPs (54–58).
These polymorphism-borne genetic events have been extensively
explored over the last years and have been employed to develop a
number of typing methods.

Phenotype-Based Methods

The first methods used for the identification and discrimination of
mycobacteria relied on individual strain phenotypic characteris-
tics, including colony morphology (59), susceptibility to antimi-
crobial agents (60), as well as biochemical (61–63) and serological
reactivity, the latter being the basis of mycobacterial phage typing
(64–66). Nowadays, some of these methods are still in use and are
commonly incorporated in routine laboratory diagnostics (67).
Of particular importance is drug susceptibility testing (DST),
which has become a key component of global TB control pro-
grams. The World Health Organization (WHO) has approved a
number of old methods, including conventional phenotypic DST
on both solid and liquid media (68), microscopic observation of
drug susceptibility (MODS) (69), colorimetric redox indicator
(CRI) methods (70), and nitrate reductase assays (NRAs) (71).
Regarding phage typing, although sometimes useful (72, 73), the
limited number of mycobacteriophages identified and poor re-
producibility make this method impractical for epidemiological
studies (74, 75). Phenotype-based typing methods, currently
under intense investigation, analyze the composition of the
mycobacterial cell wall by thin-layer chromatography (76–78),
high-performance liquid chromatography (79, 80), gas chro-
matography (81, 82), and mass spectrometry (MS) (83–85). One
promising methods is matrix-assisted laser desorption ioniza-
tion–time of flight (MALDI-TOF) MS. It can be used to differen-
tiate mycobacteria in two ways, that is, either by analyzing ions
desorbed directly from the cell surface (83) or by producing
unique spectral fingerprints from extracted proteins (86, 87). It
appears that this method, regardless of the approach, has the po-
tential for both identification and typing of Mycobacterium spp.
(84, 86, 87). Note, however, that MALDI-TOF MS could not dis-
criminate sufficiently between some mycobacterial species, in-
cluding members of the MTBC and other closely related species,
or the identification results often lacked reliability (86, 87). Next
to the close genetic relatedness of the species, an important limi-
tation of the MS approach is the restricted coverage of spectral
entries of reference. The MS system may produce a species-spe-
cific spectral profile, yet unless it is accommodated in the database,
a correct identification cannot be accomplished.

Advantageously, MS can be performed directly on clinical sam-

ples, making it an attractive alternative to genotyping methods for
robust and rapid identification to the species level (85).

In comparison to DNA-based techniques, the usefulness of
phenotypic modalities for typing is considered limited or doubt-
ful. First, they usually do not provide sufficient discrimination,
sometimes even at the species level. Second, the biological prop-
erties of each strain may easily change depending on the current
composition of the bacterial population and environmental con-
ditions. For example, the drug susceptibility pattern may change
for the same isolate over the course of treatment due to the acqui-
sition of drug resistance. Likewise, certain strains of the same spe-
cies may exhibit different biochemical properties, leading to con-
fusing results. Nevertheless, phenotype-based methods should
not be underestimated. First, detectable phenotypic changes among
closely related M. tuberculosis strains may alter the immunogenic
properties and pathogenicity of the bacterial population, and
hence, they may also alter the epidemiological patterns in the hu-
man population (88). Second, phenotype-based differentiation
may be used in combination with other methods to determine the
relationships between species and strains of mycobacteria, espe-
cially in samples where DNA is degraded and the results of genetic
analysis are unclear. For example, multilocus enzyme electropho-
resis (MLEE), based on the variation in enzyme electrophoretic
mobility, has been successfully used with a combination of DNA-
based methods to distinguish M. paraffinicum from M. scrofula-
ceum (89) and to differentiate among M. avium (90, 91) or M.
abscessus (92) isolates. It is important to note that phenotype may
significantly influence the data obtained by genotyping methods.
For example, with the amplified fragment length polymorphism
(AFLP) method, dendrogram analysis grouped M. avium subsp.
paratuberculosis isolates into two groups according to the isolation
scheme (tissue-associated versus fecal isolates). However, no ge-
netic sequence differences were observed between the two groups.
An explanation for this finding was that epigenetic modifications,
such as DNA methylation, prevented restriction enzymes from
recognizing their sites (93). Since DNA methylation impacts gene
expression (94), it may have a tremendous impact on phenotype-
derived data.

Methods Based on Nonrepetitive Sequences

Gene sequence analysis. Sequences of several genes are consid-
ered good targets for species identification, although it is usually
necessary to analyze several sequences at a time. In particular, 16S
rRNA and internal transcribed spacers (ITSs) have been shown to
be useful for the rapid identification of many mycobacterial spe-
cies (95), including M. malmoense, M. szulgai, and M. flavescens,
which are hardly identified with conventional methods (96). A list
of major genes that might be used for differentiation between
mycobacterial species is shown in Table 1.

An important application of gene sequence analysis in myco-
bacterial diseases is the detection of drug resistance. It not only
provides clinically relevant information but also assists in deci-
phering strain relatedness. Several genes of mycobacteria can be
analyzed to detect drug resistance; some of them that overlap
housekeeping genes are used for species identification. A list of
major M. tuberculosis genes that have been linked with the acqui-
sition of drug resistance is presented in Table 2.

(i) PCR-RFLP. At first, analysis of gene sequences was ad-
dressed with PCR-restriction fragment length polymorphism
(RFLP) analysis, otherwise called the PRA, or PCR-restriction en-
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zyme analysis (REA), method. This method combines PCR am-
plification and restriction analysis. The pattern obtained after
electrophoresis is species or strain specific. Traditional PCR-RFLP
produces patterns that may be difficult to distinguish by eye.
Therefore, automated versions of this method have been devel-
oped. For example, the sizes of the fragments can be assessed by
fluorescence capillary electrophoresis when samples are amplified
by using fluorophore-labeled primers (97). Whereas this method
has proven useful for the differentiation of many mycobacterial
species (98–100), novel technologies for gene sequencing provide
more in-depth information about the sequences of the analyzed
genes.

(ii) Hybridization. Hybridization probes, while not used for
typing at the strain level, are currently widely used for species
differentiation. They have guided the development of tests that
utilize nucleic acid probes to specifically identify a target sequence
in the organism under investigation. In short, labeled probes are
mixed with nucleic acids from the target organism. Hybrids are

separated or discriminated from nonhybridized probes and de-
tected by using labels. There are two main variants of gene probe
tests. Direct nucleic acid tests (NATs) require a large amount of
bacterial material. The addition of an amplification step in nucleic
acid amplification tests (NAATs) allows the detection of bacterial
DNA directly in clinical samples. These tests are rapid (can be
performed within 2 to 8 h) and can detect a specific organism in
paucibacillary clinical samples. Because of the low detection limit,
the performance of these tests requires strict contamination pre-
vention and quality control. It is also important to take into con-
sideration that inhibitors in clinical samples can result in false-
negative results. While these methods require specialized
equipment, the speed of pathogen detection makes them a useful
alternative to culture-based typing.

Several variants of gene probe tests for the detection of myco-
bacteria have been described, and either RNA or DNA can be
detected. Depending on the type of nucleic acid to be targeted,
several methods of amplification can be used, including standard
PCR (101), real-time PCR (102), nucleic acid sequence-based am-
plification (103), strand displacement amplification (104), and
transcription-mediated amplification (105). The target sequences
may be PCR products that are either amplified in their entirety
(101) or digested by restriction enzymes (106). Hybridization can
be performed in solution (103), on nitrocellulose strips (107), or
on microdilution plates, with products being labeled colorimetri-
cally (108) or biotinylated and detected by an enzyme-linked im-
munosorbent assay (ELISA) (109). When hybridization is per-
formed in solution, the products may be detected by TaqMan
real-time PCR (110) or by molecular beacons (103).

Gene probes for detection of a large number of mycobacteria,
including the MTBC and NTM, have been described (106, 108,
111). For most clinically significant mycobacterial species, a num-
ber of commercially available tests have been developed. Depend-
ing on the target sequence analyzed, they can be used to either

TABLE 1 Genes used for differentiation of mycobacterial species

Gene Product Reference(s)

rrs 16S rRNA 142, 598
ITS Internal transcribed spacer region 599, 600
hsp65 Heat shock protein 65 601–606
groES 10-kDa chaperonin 607
recA Recombination protein 146, 608
rpoB DNA-directed RNA polymerase beta chain 609–612
dnaJ Chaperone protein 613, 614
oxyR Probable hydrogen peroxide-inducible gene activator 615, 616
pncA Pyrazinamidase/nicotinamidase 615, 617
rnpB Catalytic subunit of RNase P 618
sodA Superoxide dismutase 146, 619
gyrB DNA gyrase subunit B 620, 621
secA1 Preprotein translocase 622

TABLE 2 Major genes of M. tuberculosis linked with acquisition of drug resistance

Drug Gene Product Reference(s)

First line
Isoniazid katG Catalase-peroxidase-peroxynitritase T 623–626

inhA NADH-dependent enoyl-acyl carrier protein reductase 626–629
ndh NADH dehydrogenase 626, 630, 631
ahpC Alkyl hydroperoxide reductase C 626, 632, 633

Rifampin rpoB DNA-directed RNA polymerase � chain 634, 635
Pyrazinamide pncA Pyrazinamidase/nicotinamidase 636–638
Ethambutol embCAB Membrane indolylacetylinositol arabinosyltransferase 639–642
Streptomycin rpsL 30S ribosomal protein S12 643, 644

rrs 16S rRNA 643–645
gidB Glucose-inhibited division protein B 645–647

Second line
Amikacin-kanamycin rrs 16S rRNA 648, 649

eis Enhanced intracellular survival protein 650, 651
Ethionamide ethA Monooxygenase 652

inhA NADH-dependent enoyl-acyl carrier protein reductase 652
ethR TetR family transcriptional repressor 653
ndh NADH dehydrogenase 653

Fluoroquinolones gyrAB DNA gyrase 654, 655
para-Aminosalicylic acid thyA Thymidylate synthase 656, 657

folC Folylpolyglutamate synthase C 658, 659
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detect a group of organisms or specifically differentiate mycobac-
teria. Major commercial tests used for the detection and differen-
tiation of mycobacteria are summarized in Table 3. NAATs other
than Xpert MTB/RIF, though approved by some local health de-
partments, are not recommended by the WHO since they are not
sufficiently sensitive to exclude TB and have problems in identi-
fying M. tuberculosis isolated from extrapulmonary sites (112–
116).

(iii) SNP typing. Two major lines of research based on SNP
analysis include lineage-specific typing and determination of the
occurrence of mutations leading to drug resistance. SNPs exhibit
low levels of homoplasy; however, convergent evolution, espe-
cially within drug susceptibility-related genes, is considered
common.

The SNP at a particular location might be detected by REA
(117) or by a variety of PCRs (118, 119). Modern technology pro-
vides several efficient methods to analyze several SNP sites at a
time. They can be addressed with molecular beacons, as they are
able to distinguish sequences that differ by even a single nucleotide
substitution (120–122). Next, they can be detected by identifying
shifts in melting temperatures obtained by real-time PCR curve
analysis (123–126). SNaPshot analysis (Thermo Fisher Scientific)
allows the detection of up to 10 SNPs in a single experiment with
a capillary electrophoresis instrument (127). This analysis consists
of multiplex PCR using primers of different lengths, resulting in
length-specific products for each SNP. These primers are elon-
gated by one specifically labeled dideoxynucleotide (128, 129).
Similar in principle is the iPLEX Gold technology. Here, products
are amplified by using mass-modified terminators detected by
MALDI-TOF (130). Furthermore, microarray technology can be
used to simultaneously detect a number of mutations within dif-
ferent genes (131, 132). Multiplexing can also be achieved by a
multiplex ligation-dependent probe amplification assay (MLPA)
(133). This method combines the analysis of SNPs and large se-
quence polymorphisms (LSPs). Short oligonucleotides hybridize

with the target sequence and are ligated with each other. When
SNPs are present at the end of this oligonucleotide, adjacent frag-
ments are unable to ligate. When a region of difference (RD) con-
tains a deletion, the ligated product lacks the oligonucleotide that
would hybridize with this sequence. Detection of ligation prod-
ucts is performed by PCR, and the products can be further sepa-
rated by capillary electrophoresis (133) or read on a Magpix reader
(Luminex, Austin, TX, USA) (134). Since this method is capable
of analyzing up to 50 markers, it has shown the potential to iden-
tify several mycobacterial species, including those within the
MTBC, as well as a range of drug resistance markers (134, 135).
Similar in principle is analysis by ligation-dependent PCR with
fluorescence signal detection and a Luminex flow cytometer, i.e.,
multiplexed oligonucleotide ligation PCR (MOL-PCR) (136), or
padlock probes (137, 138).

The detection of SNPs in drug resistance genes has laid the
basis for the development of commercially available tests for de-
tecting drug resistance within the MTBC, including Inno-LiPA
Rif.TB (Innogenetics, Belgium), GenoType MTBDR and Geno-
Type MTBDRplus (Hain Lifescience GmbH, Germany), TB-
biochip (OOO Biochip-IMB, Russia), and Xpert MTB/RIF
(Cepheid). GenoType MTBDR and Xpert MTB/RIF have been
approved by the WHO for drug susceptibility testing (139; for a
review, see reference 140).

(iv) Gene sequencing. Sequencing provides the ultimate level of
detail for gene sequence analysis, as it analyzes the entire sequence
of a given gene. It is used for species identification and SNP detec-
tion, including new SNPs possibly involved in drug resistance
(141).

Gene sequence analysis restricted to small parts of the genome
can be efficiently performed by using Sanger sequencing or pyro-
sequencing. Alternatively, this analysis may be performed with
MALDI-TOF MS (142) or PCR-electrospray ionization (ESI) MS
(143). However, as for all gene sequence analysis methods, better
results can be achieved when multiple loci are analyzed. The se-

TABLE 3 Major commercial NAATs used for identification and differentiation of mycobacteria

Test (manufacturer) Target sequence(s) Target organisms

AccuProbe (Hologic) rRNA MTBC, M. avium, M. intracellulare, M. avium, M. avium complex, M. gordonae
complex, M. kansasii complex

BD ProbeTec ET
(Becton, Dickinson)

IS6110 and 16S rRNA MTBC

Mycobacteria Identification Array
kit (CapitalBio)

16S rRNA MTBC, M. avium, M. kansasii, M. scrofulaceum, M. terrae, M. phlei, M. marinum and
M. ulcerans, M. szulgai and M. malmoense, M. smegmatis, M. intracellulare, M.
gordonae, M. fortuitum, M. gilvum, M. chelonae and M. abscessus, M.
nonchromogenicum, M. aurum, M. xenopi

GenoType MTBC
(Hain Lifescience)

gyrB SNPs and RD1
presence/absence

MTBC

Gen-Probe Amplified
Mycobacterium tuberculosis
Direct test (Hologic)

rRNA MTBC

Inno-LiPA Mycobacteria v2
(Fujirebio)

16S-23S rRNA spacer region MTBC, M. kansasii, M. xenopi, M. gordonae, M. genavense, M. simiae, M. marinum
and M. ulcerans, M. celatum, M. avium, M. intracellulare, M. scrofulaceum, M.
malmoense, M. haemophilum, M. chelonae complex, M. fortuitum complex, M.
smegmatis

Inno-LiPA Rif.TB (Fujirebio) rpoB MTBC
Cobas TaqMan MTB (Roche) rRNA MTBC
Truenat MTB

(Molbio Diagnostics)
Ribonucleoside diphosphate

reductase gene
MTBC

Xpert MTB/RIF (Cepheid) rpoB MTBC
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quencing of groups of alleles in order to differentiate species is a
procedure called multilocus sequence typing (MLST). It has been
successfully used to differentiate members of the MAC (144, 145)
and fast-growing mycobacteria (146). A scheme to differentiate
members of the M. abscessus complex has also been developed
(147–149), but some reports suggest that MLST might not be
sufficient to properly differentiate all strains (150). There is cur-
rently no efficient scheme for MLST to differentiate members of
the MTBC; however, sequencing of groups of genes has been
shown to disclose interstrain diversity (151–154). To avoid con-
fusion, sequencing of groups of genes in order to disclose inter-
strain diversity is termed multilocus sequence analysis (155).

Genome analysis. (i) PFGE. The first molecular typing meth-
ods for the M. tuberculosis genome were based on RFLP analysis of
bacterial DNA. Here, chromosomal DNA isolated from different
mycobacterial strains is digested by using various restriction en-
zymes. The resulting restriction fragments are separated by gel
electrophoresis and visualized with UV light. The observed finger-
print patterns are strain specific. Such a procedure has several
disadvantages. First, it is arduous to provide high-resolution elec-
trophoretic separation of fragments within a broad range of sizes.
Moreover, it is difficult to analyze DNA fragments when more
restriction enzymes are used for digestion (156). A more accurate
separation of DNA fragments is obtained with an RFLP-related
method called pulsed-field gel electrophoresis (PFGE), which was
designed to simplify and improve the discriminatory capacity of
the standard RFLP method. The principle of PFGE is that the
electric field is periodically alternated, which forces DNA frag-
ments to change direction and thus allows large molecules to be
separated from each other. A major strength of PFGE is the ability
to separate larger DNA fragments, beyond the 50-kb limit of uni-
directional electrophoresis (157, 158). This is achieved by using
rare-cutting restriction enzymes. An essential step in the PFGE
procedure is the preparation of genomic DNA. Since large DNA
molecules are prone to shearing and crushing, DNA is isolated in
a gentle manner by first embedding a suspension of the bacterium
in agarose plugs, lysing the cells in situ, and digesting the chromo-
somal DNA with restriction enzymes. The plugs are then loaded
into the gel wells and sealed into place with agarose.

PFGE typing has successfully been used to differentiate be-
tween strains of M. tuberculosis (159), M. bovis (160), and M. bovis
BCG (161). The reproducibility and discriminatory power of
PFGE-based methods are high, although their use seems to be
restricted to scientific or reference laboratories. PFGE is expensive
and technically demanding, has a long turnover time (usually
about 5 days), and, similarly to RFLP, requires large amounts of
high-quality DNA. Moreover, discrimination between strains
might not always be produced (159, 162, 163). The above-men-
tioned limitations discourage the use of PFGE for molecular epi-
demiological studies of MTBC infections. Whereas rarely applied
for the MTBC, PFGE still remains the most powerful typing sys-
tem for many NTM species. This method has been applied, with
different degrees of success, to both slow-growing NTM, includ-
ing M. kansasii (164–166), the MAC (167), M. avium subsp. para-
tuberculosis (168), M. gordonae (169), and M. haemophilum (170),
and rapidly growing mycobacteria, such as M. fortuitum (171–
173), M. chelonae (174), and M. abscessus (92, 174). PFGE has also
been used as a confirmatory method for the typing of M. abscessus,
M. massiliense, and M. bolletii already genotyped by repetitive-
sequence-based PCR (rep-PCR) (175).

(ii) RAPD analysis. Randomly amplified polymorphic DNA
(RAPD) analysis or arbitrarily primed PCR (AP-PCR) is a typing
method that has increasingly been used for estimating genetic
variability among different bacterial taxons. This method requires
no previous knowledge of the template DNA sequence. By using a
single, arbitrarily designed primer with a length of 5 to 50 bp and
low-stringency conditions, the primer anneals to template DNA at
both perfectly and partially matched sites, resulting in strain-spe-
cific multiband DNA profiles (165). Although this method has
high discriminatory power, it suffers from several limitations. Of
these limitations, poor reproducibility is the most important. It is
believed that the differences among RAPD strain profiles are due
to the technical and operating parameters of the method rather
than true interstrain genetic polymorphism. Variations in RAPD
patterns are thus driven by variations in the priming efficiency
during early rounds of amplification, and these variations in turn
depend on template concentration and purity, the primer/tem-
plate ratio, or thermal ramping rates of the thermocycler used.
Nevertheless, RAPD analysis has been used for genotyping of both
MTBC bacilli (176–179) and NTM species. Regarding the latter,
RAPD analysis, when applied to M. fortuitum strains, had a lower
discriminative power than PFGE (173). RAPD analysis based on
several primer sets was used to analyze nonpigmented, rapidly
growing mycobacteria (180). It was found that differentiation of
epidemiologically unrelated strains requires at least 3 primer sets
to be used, as the use of a single primer leads to false clustering. A
combination of several primer sets yielded RAPD profiles that
were at least comparably polymorphic with those of PFGE (180).
RAPD analysis was also applied for genotyping of M. abscessus and
M. chelonae, which often lyse spontaneously during gel electro-
phoresis and cannot be assessed by PFGE (165, 174), as well as for
M. phocaicum (181), M. gordonae (182), M. szulgai (183), and M.
malmoense (184). Abed et al. performed RAPD analysis on M.
tuberculosis strains by using a 16-23S rRNA gene ITS as a PCR
template, which gave the method higher discriminatory power
(185).

(iii) AFLP. AFLP analysis is a PCR-based method in which DNA
is digested with two restriction enzymes, a rare cutter and a fre-
quent cutter, which have 6- and 4-bp recognition sites, respec-
tively. Such enzyme pairs were HindIII and TaqI (186), EcoRI and
MseI (187, 188), or ApaI and TaqI (189). The resulting restriction
fragments are ligated to double-strand adaptors (10 to 30 bp)
recognized by PCR primers that are complementary to the adap-
tor sequence, carry the restriction site sequence, and contain se-
lective bases at their 3= ends. The use of radiolabeled primers al-
lows visualization of PCR products by means of autoradiography
(186).

In the fluorescent AFLP (fAFLP) method, DNA restriction
fragments obtained upon the cooperative action of a frequent cut-
ter (MseI) and a rare cutter (EcoRI) are PCR amplified with five
primers, including one nonselective, unlabeled forward primer
targeting the MseI adaptor site and four reverse primers targeting
the EcoRI adaptor site and differing from each other by containing
one selective base, A, G, C, or T, each labeled with a different
fluorescent dye. An automated DNA sequencer allows visualiza-
tion of PCR products, and precise estimation of their molecular
weights is possible due to fluorescent internal-lane standards
(190). While the traditional AFLP method has lower discrimina-
tory potential than IS6110-based RFLP (IS6110-RFLP) typing
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(188, 189), the resolution of the fAFLP method is comparable to
that of IS6110-RFLP typing (190, 191).

The AFLP method provides an interesting option for typing of
NTM species, including members of the MAC (192) and M. hae-
mophilum (193). Furthermore, AFLP analysis has successfully
been used to differentiate M. marinum from M. ulcerans, which
are otherwise difficult to distinguish (194, 195).

(iv) Deletion mapping. Deletions or, rather, LSPs can be used
as molecular markers to study genetic variability among mycobac-
teria. The LSP-based methodology relies on previous knowledge
of the analyzed sequences, and it usually requires relatively large
quantities of DNA (micrograms). However, as deletions tend to be
unique and irreversible events, data obtained by analyzing their
patterns provide information about strain relatedness over pro-
tracted periods of time. For example, LSP analysis revealed that M.
tuberculosis does not originate from present-day M. bovis, as pre-
viously thought, but originates from an unknown ancestor (196).
As a major application, these polymorphisms can be used to dif-
ferentiate MTBC strains at the species level by demonstrating the
presence or absence of so-called regions of difference (RDs) (197–
199). For M. tuberculosis, even though this method can be used to
determine genetic differences between individual clinical isolates
(22), it is rather harnessed to decipher phylogeographical relation-
ships between strains (200–202). LSP analysis also revealed signif-
icant variations between different M. bovis BCG vaccine strains
(203). Furthermore, LSPs have been used to identify differences
between MAC (204) and M. avium subsp. paratuberculosis (205,
206) strains. A plasmid-based analysis allowed the identification
of multiple DNA deletions among M. ulcerans clinical isolates
(207). However, this method turned out to be impractical for
studying genetic diversities within local populations (208).

Two major ways to analyze LSPs include PCR typing, tailored
for small-scale observations, and microarrays, allowing screening
at the whole-genome level. An intermediate method, allowing the
detection of LSPs within a few chosen loci, is deligotyping (209),
which conceptually and technically simulates the spoligotyping
method (described below). Here, 43 genomic regions prone to
LSPs among M. tuberculosis complex strains are interrogated. De-
ligotyping is an efficacious approach for the rapid screening of M.
tuberculosis clinical isolates and, more importantly, a useful
marker for delineating phylogenetic relationships (200, 210).

While the major advantage of the microarray technology is that
it may analyze the entire genome, there are some important limi-
tations of this method. Some platforms are unable to detect dele-
tions smaller than 350 bp; hence, the sensitivity of this method
may be seriously affected (22). Furthermore, cross-hybridization
of similar sequences restricts the use of this method to nonrepeti-
tive fractions of the bacterial genome.

(v) Whole-genome sequencing. The completion of the
genomic sequence of M. tuberculosis H37Rv (23) has commenced
a whole new chapter in the epidemiological study of mycobacteria.
The development of second-generation sequencing (SGS) and
further-generation sequencing platforms has made studies on
mycobacterial epidemiology as informative as they have never
been before. The first mycobacterial whole-genome studies ex-
ploited the Sanger sequencing method described above. However,
it was the introduction of SGS that allowed whole-genome se-
quencing (WGS) at a large scale.

To date, five major SGS platforms used in mycobacterial re-
search were or have been 454 pyrosequencing (Roche), discontin-

ued in 2014; HiSeq/MiSeq (Illumina); SOLiD (Thermo Fisher Sci-
entific), announced to be discontinued after 2017; and Ion
Torrent/Ion Proton (Thermo Fisher Scientific), followed by a
third-generation sequencing technology, PacBio (Pacific Biosys-
tems) (for more information on high-throughput sequencing
platforms, see references 211 and 212).

All SGS technologies share a similar protocol. The genome is
first fragmented and amplified on a solid support in order to in-
crease the signal emission. During actual sequencing, the signal is
then generated by the incorporation of a nucleotide or oligonu-
cleotide and read in real time. SGS sequencers read out short se-
quences ranging from 150 bp to 800 bp, depending on the plat-
form. These sequences are further either mapped to a known
template or assembled de novo based on the overlapping regions.

Noteworthy, data obtained by currently available high-
throughput sequencing technologies suffer from sequencing er-
rors characteristic of each individual platform. For example, the
Ion Torrent and 454 pyrosequencing platforms have had difficulty
in sequencing through repetitive regions (e.g., homopolymers and
microsatellites). It is important to take this into consideration
during epidemiological studies, where minor sequence differences
may result in a false interpretation of the results (213–215). Fur-
thermore, mistakes generated during sequencing might influence
the efficiency of the de novo sequence assembly. The latter is also
impeded because the readouts from SGS are short. While a fourth-
generation sequencing technology, MinION (Oxford Nanopore
Technologies), allows sequencing of a single molecule of a few
thousand bases without the need for amplification (216), fur-
ther reductions in sequencing error rates are needed before
these technologies will be useful for epidemiological studies of
mycobacteria.

WGS provides information about the whole genome, and this
method can identify virtually all varieties of markers detected by
the above-mentioned genotyping methods. It is therefore much
more accurate and precise in detecting variability among strains
and provides a wealth of information at every level possible, from
global (population), through local (community) and individual
host (single patient), to pathogen (strain) itself.

At the global level, WGS can be used to investigate genetic
relationships between different species, which has already been
tried for M. ulcerans and M. marinum (217) and members of the
M. abscessus complex (218). It can also be helpful in exploring
important questions about the biology of mycobacteria, including
evolutionary mechanisms shaping mycobacterial populations
(219–221), antibiotic resistance (222–225), or virulence and im-
munogenicity (54, 226, 227).

At the local level, compared with traditional genotyping meth-
ods such as IS6110-RFLP typing, spoligotyping, or 24-locus my-
cobacterial interspersed repetitive-unit–variable-number tan-
dem-repeat (MIRU-VNTR) typing, WGS provides much higher
resolution and in-depth knowledge about each strain under study.
Large-scale investigations have demonstrated that WGS is useful
in delineating outbreaks and tracking transmission routes. When
the same strains that were subjected to WGS were examined by
traditional methods, they were, in part, wrongly clustered. By dis-
closing superspreaders, WGS allows prediction of undiagnosed
cases and therefore early administration of proper treatment to
newly infected individuals (55–57, 215, 228, 229). However, it was
also observed that strains that were clustered by WGS were not
necessarily linked by patient interview data. Therefore, it needs to
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be pointed out that due to the exceptionally stable genetic profile
of some mycobacterial species like M. tuberculosis, even WGS res-
olution might not be sufficient to delineate routes of transmission
among all cases (230).

At the patient level, WGS provides an excellent tool to investi-
gate the transmission and microevolution of mycobacteria. For
example, in studies performed by Merker et al., WGS enabled
observation of the intrapatient evolution of serial M. tuberculosis
isolates recovered from three MDR TB patients undergoing lon-
gitudinal treatment, which finally led to the development of XDR
TB. The results showed that such evolution may be more complex
than previously anticipated. While a mutator phenotype was not
detected in any of the strains, for two patients, this analysis re-
vealed the presence of long-term coexistent clonal subpopulations
that displayed different drug-resistant allele combinations. The
third patient turned out to be reinfected by an exogenous strain
whose IS6110-RFLP pattern was identical to that of the resident
strain. Thus, the high resolution of WGS was essential to accu-
rately detect exogenous reinfection (231). It has to be stressed that
2 to 20% of patients are estimated to be infected with multiple
strains (232–235), and mixed infections are usually difficult to
detect by using conventional methods. Nevertheless, Chan et al.
(236) described a mixed infection in an 18th century mummy.
Those authors implemented metagenomic analysis of DNA that
had been obtained directly from an infected sample. The useful-
ness of metagenomic analysis in detecting mixed infections was
further confirmed by Doughty et al. (237). In the same paper, the
potential of shotgun metagenomics, sequencing of DNA from
samples without culture, or target-specific amplification was
shown (237). Hence, metagenomic analysis might open a new
chapter in diagnostics, at least in the case of MDR/XDR strains
(238). Furthermore, metagenomic research might yet bring much
new information about the evolution of mycobacteria, as it allows
the reconstruction of ancient bacterial genomes from skeletal re-
mains, even those that are 1,000 years old (239).

Methods Based on Repetitive Sequences

Insertion sequences. Insertion sequences (ISs) are small mobile
genetic elements that encode only their capacity for transposition
and regulation (240). Insertion of IS elements may cause gene
disruptions and lead to the alteration of the expression of adjacent
genes (241). In the MTBC, a total of 29 different IS elements be-
longing to 4 IS families were identified (23). Eight of these IS
elements are present in M. tuberculosis H37Rv in more than a
single copy, with 3 occurring in 3 copies (IS1557) or more (IS1081
and IS6110) (242). IS6110, the most extensively studied IS ele-
ment, is a member of the IS3 family, which was originally de-
scribed in Enterobacteriaceae (243). It is 1,355 bp long with imper-
fect 28-bp terminal inverted repeats (TIRs) at its ends and
contains two, partially overlapping, open reading frames, orfA and
orfB, coding for a transposase (243–245). IS6110 is unique to the
MTBC, and in most of its members, the sequence is present in
multiple copies. The exception is M. bovis, which contains only
one to three IS6110 sequences (246). Generally, the copy number
of IS6110 varies from 0 to 25. These elements are scattered
throughout the genome, although certain hot spots for their inte-
gration into the chromosome were described. The regions where
IS6110 is preferentially inserted include the direct repeat (DR)
locus, the phospholipase C gene (plc) region, the Pro-Pro-Glu
(PPE) family genes, the dnaA-dnaN intergenic region, or other ISs

such as IS1547 (247). Due to its large number of copies and vari-
ability in location, IS6110 has become a useful genetic marker to
differentiate M. tuberculosis strains (248–254). The presence of
IS6110 has also been exploited to identify M. tuberculosis infection
in ancient mummified samples (255–257).

In contrast to IS6110, IS1081 is present in 5 to 7 copies per
genome and is rather homogeneously distributed among M. tu-
berculosis strains, which precludes its use as a diagnostic marker
(258, 259). Likewise, IS1547 is present in low numbers of copies
per genome and thus cannot be used for strain discrimination (23,
260).

A number of different ISs have been described for various
NTM species. IS1245 and IS1311 are the most relevant for molec-
ular typing of MAC strains (261–263). Besides IS1245 and IS1311,
the genome of MAC bacilli contains other insertion elements.
These insertion elements include IS900, present in M. avium
subsp. paratuberculosis (264); IS901, present in M. avium subsp.
avium (265); IS902, present in M. avium subsp. silvaticum (266);
and IS666, IS1110, and IS1626, which are not yet thoroughly stud-
ied among M. avium isolates (267–269). Of the ISs described so
far, IS900 (270, 271), IS901 (272), and IS902 (273) have been used
for both the identification and differentiation of various M. avium
strains.

Finally, there is a number of ISs used for epidemiological stud-
ies of NTM other than the MAC. These ISs include IS1395 in M.
xenopi (274), IS1511/IS1512 in M. gordonae (275), IS1407 in M.
celatum (276), IS6120 in M. smegmatis (277), IS2404 in M. ulcer-
ans, IS2606 in M. ulcerans and M. lentiflavum (278), and IS1652 in
M. kansasii (111).

REA typing. A combination of traditional REA and a DNA hy-
bridization assay gave one of the most popular typing technolo-
gies, referred to as RFLP analysis. The principle of this technology
is that by detecting homologous sequences distributed across the
genome, it generates strain-specific genetic patterns or finger-
prints (279, 280).

Early studies with RFLP typing as a typing system were unsuc-
cessful, producing little discrimination among M. tuberculosis
strains. This lack of polymorphism was later explained by the fact
that the probes initially targeted highly conserved regions and
were of low specificity (281). The usefulness of the RFLP method
has greatly increased with the discovery and application of ISs as
hybridization probes (282, 283).

The most widely applied RFLP assay for the MTBC exploits
IS6110 (284) (Fig. 1). According to a standardized protocol,
genomic DNA is digested with the PvuII restriction enzyme,
which cleaves IS6110 only once. The resulting DNA fragments are
separated electrophoretically, transferred onto a membrane, and
hybridized with a labeled probe complementary to the 3= end of
the IS6110 sequence. Hybridization band patterns are visualized
on X-ray film. Each band denotes a single copy of IS6110 sur-
rounded by flanking DNAs of different lengths, depending on the
distance between the PvuII sites (284). Since the time when the
IS6110-RFLP methodology was described and standardized, lab-
oratories across the world have implemented it into routine epi-
demiological investigations of M. tuberculosis strains (253, 254,
285–289). The IS6110-RFLP method has a high discriminatory
capacity, is easily reproducible in a laboratory, and therefore has
long been considered the “gold standard” among typing methods
applicable for the MTBC.

However, IS6110-RFLP typing has several limitations. First, it
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is a labor-intensive and time-consuming method. Second, large
quantities (ca. 2 to 10 �g) of high-quality DNA are required for
restriction enzyme digestion, and this necessitates culturing. Fur-
thermore, this method is technically demanding and requires both
sophisticated and expensive computer software and qualified per-
sonnel with high technical expertise for its operation. A severe
disadvantage of this typing method is the lack of discrimination
for M. tuberculosis strains harboring fewer than 6 copies of IS6110
(290–293) as well as for M. bovis isolates (294–299). Another im-
portant limitation is that the data obtained in independent studies
are difficult to compare because of the lack of reproducibility and
portability of the results between different laboratories (300) in
spite of attempts to standardize the procedure (284). Results of
IS6110 analysis can be compared with data in an international
database of IS6110 patterns (RIVM-Bionumerics), yet differenti-
ation can be completed only upon providing cluster information

obtained by spoligotyping and MIRU-VNTR typing. Finally,
some NTM species have multiple copies of sequences that are
homologous to IS6110 and may thus hybridize with the IS6110
probe (301). As for difficulties in performing RFLP analysis on
NTM, IS1245-RFLP hybridization patterns for the MAC are diffi-
cult to interpret due to large numbers of bands with various in-
tensities (262, 302, 303).

For all of these reasons, from 2006 on, RFLP typing was aban-
doned as the gold standard for typing and was replaced by MIRU-
VNTR typing.

Methods based on ligation of oligonucleotide adaptors. Liga-
tion-mediated PCR (LM-PCR) is the name for a group of alterna-
tive genotyping methods exploiting the variability of IS6110.
Compared with traditional IS6110 genotyping, these methods sig-
nificantly reduce the time required for analysis, as the small quan-
tity of chromosomal DNA used (1 ng) eliminates the need for
bacterial culture. Several variants of these method have been suc-
cessfully applied to differentiate MTBC strains (304–311). All of
these variants follow a common four-stage scheme: (i) genomic
DNA fragmentation using restriction enzymes that generate pro-
truding ends, (ii) ligation of restriction fragments with synthetic
oligonucleotide linkers (adaptors), (iii) amplification of the liga-
tion products with appropriate primers, and (iv) analysis of the
amplicons. A comparison of LM-PCR methods is shown in Fig. 2.

LM-PCR, which amplifies the flanking sequences on both sides
of IS6110, was first proposed by Palittapongarnpim et al. (304).
Here, genomic DNA is digested with BglII, and the resulting frag-
ments are ligated with a specifically designed linker. As the linker
is not phosphorylated, it can be ligated only to the 5= ends of each
restriction fragment. Amplification is done with two primers that
are complementary to both sides of IS6110, heading outwards
from the sequence, with one of the primers also being identical to
the shorter strand of the linker. The resulting PCR products are
separated by electrophoresis, producing discriminative bands
(Fig. 2A). A variation of this method was used by Prod’hom et al.
to amplify only the upstream IS6110-flanking regions (305). This
method exploits SalI digestion sites within the genome and uses
one primer specific for IS6110 and a second one specific for a
linker ligated to a SalI restriction fragment (Fig. 2B). Another
variation was proposed, under the name of mixed-linker PCR
(ML-PCR), where a primer specific for IS6110 and a primer com-
plementary to a linker ligated to the HhaI restriction site are used
(Fig. 2C). Instead of using a nonphosphorylated linker, which
could be a potential source of unspecific amplification products, a
so-called mixed linker is used, which contains uracil instead of
thymidine in one of the strands. Before the amplification step, the
unwanted strand of the linker is removed by treatment with uracil
N-glycosylase. In order to further improve the specificity of this
method, a heminested PCR is performed, using PCR products
from the first amplification round as the templates. For this nested
PCR, a primer complementary to the linker and a novel primer
complementary to the internal sequence of the IS6110 fragment
are employed (306). Butler et al. automated the ML-PCR method
by using fluorescently labeled IS6110-specific oligonucleotides.
The obtained fluorescently labeled PCR products are amenable to
rapid and accurate analysis with a Sanger sequencer (312).

The LM-PCR method (306) was further modified to become
the fast ligation-mediated PCR (FLiP) method (307). Due to the
optimized workflow, FLiP is much easier and faster than the orig-
inal method and allows typing within only 6.5 h, as opposed to the

FIG 1 Distribution of the three major types of genetic loci, i.e., mycobacterial
interspersed repetitive units (MIRUs) (MIRU20 [1a] and MIRU40 [1b]), the
direct-repeat (DR) locus (2), and IS6110 (3), within the chromosome of a
hypothetical Mycobacterium tuberculosis strain.
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2-day workflow for the original protocol. Following restriction
digestion, genomic DNA is ligated with an adaptor composed of
two oligonucleotides, one of which is complementary to the pro-
truding end and the other of which contains uracil instead of
thymidine. A pair of starters is used for amplification: one of them
is specific for IS6110, and the other is complementary to the oli-
gonucleotide ligated with restricted genomic DNA fragments (Fig.
2D). By omitting the steps of additional restriction digestion and
heminested PCR (as in the original mixed-linker method), both
the time and labor required to complete the protocol are consid-

erably reduced (307, 313). The specificity of the FLiP products was
verified by Southern hybridization with the IS6110 fragment as a
probe (307) and by cloning and sequencing followed by determi-
nation of IS6110 localization in the genome (254). The discrimi-
natory power of FLiP was reported to be close to that of the
IS6110-RFLP method (307, 314) or to surpass that of 15-locus
MIRU-VNTR typing (315, 316).

The recently developed fast ligation amplification polymor-
phism (FLAP) method is a novel variation of LM-PCR (Fig. 2E).
This method involves double digestion of chromosomal DNA

FIG 2 Variation of LM-PCR methods used for molecular typing of M. tuberculosis strains. For details, see the text. (Adapted from reference 308 with permission
of the International Union against Tuberculosis and Lung Disease [copyright The Union].)
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with the SalI and PvuII endonucleases. The PvuII enzyme recog-
nizes a single nucleotide sequence within IS6110 and generates
blunt ends. After the digestion step, oligonucleotide adaptors are
ligated to SalI cohesive ends. All restriction fragments are used as
the templates for PCR amplification, with one primer being com-
plementary to the adaptor sequence and the second primer being
complementary to the inner fragment of IS6110. The amplifica-
tion of fragments carrying adaptors at both sites (SalI-SalI frag-
ments) is inhibited by the suppression of substrate hybridization;
the amplification of fragments carrying a single adaptor sequence
(SalI-PvuII) requires the presence of the 5= end of IS6110 as a
template for the second primer. The fragment containing two
PvuII blunt ends can be amplified only when two closely located
IS6110 elements are in a head-to-head orientation (308). The dis-
criminatory power of the FLAP method was shown to be very
similar to that of IS6110-RFLP typing and greater than that of
15-locus MIRU-VNTR typing (308).

LM-PCR methods are highly reliable, inexpensive, and rela-
tively fast. They do not require large quantities of purified DNA
and can be valuable molecular tools for analyzing collections with
limited numbers of strains. These methods exhibit significant dis-
criminatory potential, slightly lower than that of IS6110-RFLP
analysis (307, 317, 318).

LM-PCR patterns usually contain 5 to 12 bands, compared
with up to 20 for IS6110-RFLP fingerprinting. The different num-
ber of bands in LM-PCR patterns may not necessarily reflect the
number of IS6110 copies in the strains and should not be equated
with them (315). The observed differences may be caused by visual
misinterpretation of the patterns, a failure of the gels to suffi-
ciently separate the PCR fragments, or difficulty in amplification
of large products by PCR. Furthermore, highly polymorphic DNA
fingerprints can be due to nonspecific amplification (307) or over-
lapping of the bands.

The major constraint of LM-PCR-based methods is the diffi-
culty in establishing any reference database. The reproducibility of
the results is relatively low, and the performance conditions lack
standardization. Hence, comparisons of fingerprints produced in
different laboratories may be problematic. Moreover, LM-PCR
methods, similarly to the IS6110-RFLP method, have little appli-
cability for isolates with low IS6110 copy numbers. Altogether,
LM-PCR-based methods are better suited to assist other genotyp-
ing methods rather than act autonomously in defining epidemio-
logical links (309, 319).

Spoligotyping. Clustered regularly interspaced short palin-
dromic repeats (CRISPRs) comprise a family of widely encoun-
tered repetitive DNA elements. While initially detected in Esche-
richia coli (320), these elements have been subsequently identified
in �40% of bacteria and 90% of archaea (321, 322). The CRISPR
loci generally consist of a noncoding, A/T-rich leader sequence
and variable numbers of identical direct repeats (DRs) inter-
spersed with unique spacer sequences or spacers. Adjacent to
CRISPRs are often CRISPR-associated (Cas) genes, together
forming a CRISPR-Cas genomic region. CRISPR loci are thought
to represent a sort of prokaryotic adaptive immunity system that
confers resistance to phages (323). The number of spacers within
CRISPR loci is variable. Spacers may be acquired from a viral
invader as a specific way of memorizing phage infection (323). On
the other hand, some spacers may be deleted as a result of trans-
position and homologous recombination between neighboring or
distant DRs. After the incorporation of the spacer, the mechanism

of phage resistance is conferred by the expression of this sequence,
hybridization, and cleavage of foreign RNA or DNA (322).

CRISPR loci have been identified in several mycobacterial spe-
cies (324, 325). However, long CRISPRs have been found in M.
tuberculosis, M. bovis, and M. avium. As the integrated CRISPR-
Cas system can be found only in M. tuberculosis and M. bovis
(324), different systems in NTM are thought to have been ac-
quired by horizontal gene transfer from other bacteria (325). It is
still unknown whether the CRISPR system is functional in myco-
bacteria. It seems that while it might interfere with incoming nu-
cleic acids, it might have lost the capability of incorporating new
spacers (324, 325).

Spacer oligonucleotide typing (spoligotyping) is a PCR-based
technique for MTBC strain differentiation that takes advantage of
the structure and polymorphism of the DR locus (Fig. 1). In spo-
ligotyping, the entire locus is amplified by PCR by using two in-
versely oriented primers complementary to the sequences of DRs.
A biotinylated reverse primer is used so that all the reverse strands
are labeled. Next, PCR products are hybridized to a membrane
with a set of 43 immobilized, covalently bound, synthetic oligo-
nucleotides, each representing a unique spacer identified by se-
quencing of the DR locus in M. tuberculosis H37Rv (spacers 1 to
19, 22 to 32, and 37 to 43) and M. bovis BCG vaccine strain P3
(spacers 20, 21, and 33 to 36). After hybridization, the membrane
is incubated with a streptavidin-peroxidase or streptavidin-alka-
line phosphatase conjugate, and the hybridization signals are de-
tected by chemiluminescence. Strain-specific patterns (spoligo-
types) are then visualized on X-ray film. Strains are differentiated
by the presence or absence of individual spacers in the complete
43-spacer set (326). Since spoligotyping results can be presented
as a binary system (present/absent), they can be easily inter-
preted, digitized, and compared among different laboratories
(327). Two major databases of spoligotyping patterns available
online are SpolDB4 (http://www.pasteur-guadeloupe.fr:8081
/SITVITDemo/) and SITVIT (http://www.pasteur-guadeloupe.fr:80
81/SITVIT_ONLINE/), which are discussed in detail below.

Since the introduction of spoligotyping into laboratory prac-
tice in the late 1990s, two automatic variants of this method have
been proposed. The Luminex technology uses synthetic spacer
oligonucleotide probes immobilized on microspheres and de-
tected via fluorochromes attached to the beads and hybridized
PCR products. This method offers higher reproducibility due to
the elimination of membrane hybridization and avoidance of
manual interpretation of the spoligopatterns. This method allows
analysis of 96 isolates in a single run, compared with 45 isolates
with the standard spoligotyping protocol (328, 329). Another al-
ternative to conventional spoligotyping is a multiplexed primer
extension-based spoligotyping assay using automated MALDI-
TOF MS. In short, spacers are amplified by PCR in a multiplex
manner using primer extensions. Furthermore, amplicons are
analyzed by using a mass spectrophotometer, with each product
occupying separate masses in the resulting spectrum. This tech-
nique delivers greater reproducibility, higher throughput,
greater ease of use, and better data analysis than the classical
method, but its major limitation is the need for expensive equip-
ment (330).

Spoligotyping is less discriminatory than IS6110-RFLP analysis
for strains with high copy numbers (�6) of IS6110 (331–337).
Even with an increase in the number of spacers to 51, mostly
originating from the DR region of the M. canettii genome, the
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resolution of this method was only marginally improved (338).
Application of a 68-spacer format, with 25 out of 51 new spacers,
increased the discrimination for M. africanum subspecies and for
the East African-Indian (EAI) clade of M. tuberculosis (329, 339).
The limited discriminatory power of spoligotyping is due to the
fact that it targets a single genetic locus, covering �0.1% of the M.
tuberculosis complex genome, unlike IS6110-based RFLP analysis,
where IS6110 is distributed over the whole mycobacterial genome.
Additionally, convergent deletions in the CRISPR locus occur fre-
quently (340). Spoligotyping, when used alone, is not sufficient
for epidemiological studies, but it is sometimes recommended as a
first-line screening test, especially when a large collection of iso-
lates is being tested (331, 341, 342).

Spoligotyping has many important advantages. It allows the
detection of M. tuberculosis complex bacteria in noninfectious
samples without the need for culturing of bacteria. This means
that detection and genotyping can be performed directly on clin-
ical samples. The sensitivity of spoligotyping was estimated to be
10 fg of chromosomal DNA, corresponding to DNA isolated from
2 to 3 bacterial cells (343). As such, spoligotyping has proven
useful for typing on nonviable cultures, Ziehl-Neelsen smear
slides, or paraffin-embedded tissue sections (344, 345). Spoligo-
typing is especially useful for detecting fragmented mycobacterial
DNA with a minimal average, continuous size of only �75 bp.
Such fragmented DNA is present in samples that have been treated
with formalin or in samples extracted from ancient skeletal and
mummified material (346–350). Second, since spoligotyping in-
terrogates more conserved genetic information than, for instance,
IS6110-RFLP typing, this method can be used for the identifica-
tion of members of the MTBC to the species or subspecies level.
For example, spoligotypes of M. tuberculosis are characterized by
the absence of spacers 33 to 36; most M. bovis strains lack spacers
39 to 43, and all M. bovis BCG strains lack spacers 3, 9, and 16
(351). Moreover, some genotype families of tubercle bacilli are
recognized based on a characteristic spoligotype pattern. For ex-
ample, a key indicator of the Beijing family of strains is that they
react with only the last 9 spacers (35–43) in the panel of 43 spacers
(352). Third, spoligotyping is much faster than IS6110-RFLP anal-
ysis, with the laboratory turnaround time of the former being �48
h. Finally, for strains with no or few IS6110 copies, the discrimi-
natory power of spoligotyping is higher than that of IS6110-RFLP
typing (353).

Because of its simplicity, binary-result format, and high repro-
ducibility, spoligotyping is widely used for investigations of
MTBC molecular epidemiology. Indeed, the result of a PubMed
search for “spoligotyping” or “spoligotype” gives over 1,000
(1,062) articles (interrogation made on 18 August 2015). Interest-
ingly, today, spoligotyping patterns can also be predicted from
WGS reads (354) to enable backwards comparisons.

Minisatellite sequences. (i) Multilocus VNTR analysis. VNTRs
are tandem-repeat regions, scattered throughout the genome of
M. tuberculosis, that resemble polymorphic minisatellites in eu-
karyotic genomes. The nomenclature for this type of repetitive
element is somewhat confusing. This is because as new VNTR-
type loci were discovered, they were recorded under different
names.

The first VNTR loci detected in M. tuberculosis complex strains
were described by Frothingham and Meeker-O’Connell (355).
These loci comprised five major polymorphic tandem repeats
(MPTRs) (MTPR-A to -E) and six exact tandem repeats (ETRs)

(ETR-A to -F). The MPTRs contain 10-bp repeats separated by
unique 5-bp spacer sequences. They are widely distributed among
Mycobacterium species, including not only the MTBC but also M.
gordonae, M. kansasii, and M. szulgai (356). The MPTR sequences
are part of the 3= ends of genes coding for the PPE proteins, named
after the conserved Pro-Pro-Glu (PPE) motifs in the highly con-
served N-terminal domains of the proteins. It is speculated that
the polymorphism of the PPE proteins in their C-terminal do-
mains, linked to the presence of the MPTR motifs, is related to
antigen variability in M. tuberculosis (357). The MPTRs have been
demonstrated to be useful in RFLP typing of M. kansasii with
MPTR sequences as a probe (111, 358). The ETRs represent large
tandem repeats, ranging in length from 53 to 79 bp. All six ETR
loci and only one MPTR locus (MPTR-A) were found to be poly-
morphic when analyzed by DNA sequencing. However, since the
allelic variability of MPTR-A is low (only 3 alleles) and ETR-F
contains two types of tandem repeats of different lengths, only five
ETR loci (ETR-A to -E) are used for genotyping of M. tuberculosis
strains.

MIRUs were first described as tandem repeats of 46 to 101
bp dispersed at 41 loci in the genomes of M. tuberculosis H37Rv,
CDC155, and AF2122/97 (300, 359). Among these loci, two,
namely, locus 4 (VNTR0580) and locus 31 (VNTR3192), were
identical to VNTR loci designated ETR-D and -E, respectively
(355).

The most polymorphic VNTR/MIRU loci have been used to
develop MIRU-VNTR typing, a PCR-based method which differ-
entiates between strains by assessing the number and length of
tandem repeats at each locus of each isolate (Fig. 1). The variability
of particular loci often depends on the sample collection, the sam-
ple’s geographical source, and natural genetic strain variability.
The protocol for MIRU-VNTR typing includes PCR amplification
of each locus by using specific primers complementary to the
flanking regions and analysis of the resulting PCR products, which
are separated by gel electrophoresis. The size of the amplified
products corresponds to the number of tandem-repeat units,
which is determined in reference to the known size of the repeat
unit within each targeted locus. In well-equipped laboratories,
MIRU-VNTR typing can be performed with the help of capillary
electrophoresis and fluorescently labeled PCR primers, with an
additional advantage of multiplexing (360).

Typing with a first set of 12 MIRU-VNTR loci was shown to be
slightly less discriminatory than IS6110-RFLP analysis for M. tu-
berculosis isolates with high copy numbers of IS6110 (361, 362).
Therefore, 12-locus MIRU-VNTR analysis was suggested to be
used in combination with other genotyping methods (e.g., spoli-
gotyping) to approximate the discriminatory power of IS6110
profiling (361, 363). At the same time, 12-locus MIRU-VNTR
analysis can be more discriminatory than IS6110-RFLP analysis if
M. tuberculosis isolates with low copy numbers of IS6110 are un-
der study (291–293, 364, 365). Nevertheless, 12-locus MIRU-
VNTR analysis cannot be used as the sole typing method, as it
overestimates the number of true epidemiological links, especially
in large, population-based studies (366, 367).

In 2006, an optimized 24-locus (including 12 loci previously
investigated) MIRU-VNTR typing scheme was proposed as an
international standard (292, 360, 368). A 24-locus format is more
informative phylogenetically, and it can be used to trace transmis-
sion paths of TB (210, 369, 370). The discriminatory power of the
24-locus MIRU-VNTR typing system provides a resolution com-
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parable to that of IS6110-RFLP profiling (252, 363, 370, 371).
Therefore, 24-locus MIRU-VNTR typing has been suggested to be
the new “gold standard” for molecular typing of MTBC strains.
While the increased number of analyzed loci increases the dis-
criminatory power of this method, it raises the cost of analysis and
complicates the interpretation of the data gathered. Interestingly,
only 15 out of the 24 loci (including 6 previously investigated loci)
accounted for 96% of all detected polymorphisms in M. tubercu-
losis strains (372). It should be noted that due to the genome
homoplasy commonly observed for Beijing family strains, the use-
fulness of standard MIRU-VNTR typing has been shown to be
limited (373, 374). Additional loci not included in the standard
24-locus set, VNTRs 3232, 3820, and 4120, were proposed to be of
use for the differentiation of Beijing genotype strains (375).

Due to possible homoplasy caused by convergent evolution
and due to the various differentiation strengths of each locus de-
pending on the MTBC lineage, it was suggested that MIRU-VNTR
analysis should be performed in a lineage-dependent manner
(376). Such an approach limits the amount of loci inspected and
therefore decreases the costs of the analysis. Customized sets of 12
MIRU-VNTR primers have been successfully used for the differ-
entiation of strains originating from Ghana (377) and China
(378).

Generally, genotyping based on MIRU-VNTR regions is fast,
easy to perform, sensitive, highly reproducible, and discrimina-
tive. It can be performed in large-scale genetic or evolutionary
investigations for tracking key epidemiological events. MIRU-
VNTR genotyping provides significantly higher resolution than
spoligotyping and a resolution close to or even better than that
obtained with IS6110-RFLP analysis. Therefore, MIRU-VNTR
typing could be used to further investigate strains that were
matched by both IS6110-RFLP and spoligotyping methods or that
had a known epidemiological link. The results of MIRU-VNTR
typing are expressed in a simple, digital format in which each digit
represents the number of copies at a particular locus. Digitized
data allow comparison of the results among laboratories world-
wide (379, 380) (http://www.miru-vntrplus.org/). One of the
largest publicly available international databases, SITVITWEB (http:
//www.pasteur-guadeloupe.fr:8081/SITVIT_ONLINE/), includes
genotyping results based on MIRU-VNTR typing and spoligotyping
for 62,582 MTBC clinical isolates from 153 countries all over the
world (381, 382).

MIRU-VNTR analysis can also be used for typing of NTM.
Thibault et al. described eight MIRU-VNTR-type loci in M. avium
and M. avium subsp. paratuberculosis (271). Furthermore, newly
discovered tandem repeats in M. avium were applied for genotyp-
ing of M. avium isolates and indicated significant discriminatory
power (383). In M. intracellulare, 45 potential MIRU-VNTR loci
were identified, 7 of which, due to high variability, could be used
for differentiation (271, 384). Thirteen MIRU-VNTR loci have
been used for finding links between M. ulcerans isolates recovered
from clinical and environmental samples (385). Twelve MIRU-
VNTR loci have been described for M. marinum and used for
genetic differentiation (386).

(ii) ERIC sequences. Enterobacterial repetitive intergenic con-
sensus (ERIC) sequences are imperfect palindromes with a length
of 126 bp that are present in the genomes of mainly Gram-nega-
tive bacteria (387). Their presence in the genome of M. tuberculo-
sis was shown to be restricted to transcribed regions of the ge-
nome, either intergenic regions of polycistronic operons or

nontranslated regions upstream or downstream of open reading
frames (388). The variability of ERIC sequences allowed the pro-
posal of a new typing method, ERIC-PCR typing, which has been
applied for estimating the genetic diversity of many mycobacterial
species, including M. tuberculosis (388), M. gordonae (389, 390),
M. intracellulare, M. szulgai, M. fortuitum (173, 390), M. chelonae,
and M. abscessus (391).

ERIC-PCR showed higher discriminatory power than IS6110-
RFLP analysis for typing of M. tuberculosis (388). On the other
hand, when tested on M. paratuberculosis strains, ERIC-PCR did
not detect any differences in strains presenting distinct RFLP pat-
terns and was therefore not considered a good methodological
alternative for typing of this species. However, the species-specific
band pattern suggested that IS900-based ERIC-PCR could be used
as a suitable genetic marker for distinguishing M. paratuberculosis
from other mycobacteria (392).

(iii) Trinucleotide repeat sequences. All bacterial genomes
carry various numbers of trinucleotide repeat sequences (TRSs),
which can be useful for genotyping purposes. Most of the TRSs in
the genomes of mycobacteria have been localized within the genes
of the PE and PPE families (393). A subgroup of the PE proteins,
whose N termini harbor characteristic Pro-Glu (PE) motifs, con-
tains polymorphic GC-rich sequences (PGRSs), just as a sub-
group of the above-discussed PPE proteins contains MPTRs
(394). It was suggested that DNA polymorphisms associated with
these repetitive elements may result in antigenic variation of my-
cobacteria (23). PGRSs occur at multiple loci and consist of sev-
eral repeats of a 9-bp consensus sequence (5=-CGGCGGCAA-3=),
tandemly arranged in up to 1.5-kb segments. PGRS-based typing,
with the PGRS cloned into a recombinant plasmid, pTBN12, as a
probe, was used to differentiate M. tuberculosis strains with no or
low copy numbers of IS6110 (280). Further studies that employed
the PGRS-RFLP method confirmed its relatively high discrimina-
tory power (395–397). Interestingly, PGRSs were also identified in
various NTM species, and consequently, a similar PGRS-RFLP
assay was also used to differentiate strains of M. kansasii (398) and
M. ulcerans (399).

Similarly, a (CGG)5 probe was used with success as a hybrid-
ization probe for differential typing of M. tuberculosis and M. bovis
strains. However, the (CGG)5 probe and digestion of chromo-
somal DNA with various enzymes failed to differentiate the M.
tuberculosis H37Rv and H37Ra reference strains, which are differ-
entiated by IS6110-RFLP typing. Therefore, (CGG)5-based finger-
printing was suggested to be useful for typing of M. tuberculosis
strains with no or only a few IS6110 copies or as a method com-
plementing IS6110-RFLP analysis. The (CGG)5 repeat sequences
were also identified in NTM species, including M. marinum, M.
kansasii, M. szulgai, suggesting that (CGG)5-based typing could be
extended beyond MTBC strains (393). Recently, single-primer
PCR targeting the TRS within the M. gordonae genome was pro-
posed. The highest discrimination was achieved when primers
containing (CAC)4 and (CGG)4 sequences were used (389).

A PCR-based method where fragments located between IS6110
and the PGRS are amplified by using primers directed outwards
from the ends of both of these repetitive elements was termed
double-repetitive-element PCR (DRE-PCR). As strains differ in
the distances between IS6110 and the PGRS, as well as in their copy
numbers, this method produces different numbers of variably
sized DNA fragments (400). Although the discriminatory power
of DRE-PCR is even higher than that of IS6110-RFLP typing, this
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method has poor reproducibility, and interpretation of the data is
difficult (400).

Following an approach similar to that used for DRE-PCR, an-
other typing method, called ampliprinting, was designed (351).
Here, the variability in the distances between IS6110 elements and
copies of MPTRs of M. tuberculosis is measured by using unilateral
nested PCR with IS6110- and MPTR-targeted primers, followed
by hybridization with an IS6110-specific probe. However, this
method has not been widely adopted, mainly because of the lim-
ited number and size of the amplicons (290).

A synthetic (GTG)5 oligonucleotide was used as one of the
primers to amplify DNA fragments between IS6110 and (GTG)5

repeats, the other primer being an IS6110 outlooking primer. This
method again demonstrated higher discriminatory power than
IS6110-RFLP typing alone (401). The synthetic (GTG)5 sequences
were also used to recognize specific sequences from M. tuberculo-
sis, and these sequences, after being cloned into the pMTB484(1)
and pMTB484(2K4) vectors, were themselves used as probes.
They were found useful for Southern blot genotyping of M. tuber-
culosis strains previously shown to have identical IS6110-RFLP
fingerprints (402). The (GTG)5 sequences are most informative
for typing of M. tuberculosis strains with low copy numbers of
IS6110 (402, 403) but also for typing of NTM species such as M.
gordonae, M. scrofulaceum, members of the MAC, and M. diern-
hoferi (404).

Another similar method, although not amplifying fragments
between TRSs and IS6110 elements but amplifying fragments be-
tween 16-bp GC-rich sequences, designated Mtb1 and Mtb2, and
IS6110 elements, was proposed by Kotłowski et al. (405). The cal-
culated discriminatory power of this method was higher than
those of spoligotyping and MIRU-VNTR typing and almost
equivalent to that of IS6110-RFLP typing (406–408).

(iv) Rep-PCR. Rep-PCR (DiversiLab system; bioMérieux,
France) is a commercially available, high-throughput, automated
system for typing of multiple Mycobacterium species based on the
variability generated by repetitive sequences interspersed within
the genome (409). This procedure involves the amplification of
repetitive, noncoding sequences and their separation using micro-
fluidic electrophoresis over a chip. As the fragments migrate over
the chip, their size and fluorescence intensity are measured by a
laser, thereby generating a graph. Data generated with this method
showed high concordance with those generated by IS6110-RFLP
and IS1245-RFLP typing for M. tuberculosis and MAC strains, re-
spectively (410). This method was also able to discriminate be-
tween M. tuberculosis Beijing strains whose IS6110-RFLP patterns
were nearly identical (411). More recently, automated rep-PCR
was applied for typing of M. abscessus and compared with the
PFGE method. The rep-PCR patterns of the strains that were iden-
tical upon PFGE analysis showed 90% similarity, suggesting that
rep-PCR may be more discriminatory than PFGE (175, 412, 413).
When applied for typing of other NTM species, rep-PCR achieved
improved reproducibility over RAPD analysis, and for M. avium,
this method provided a higher level of discrimination than MIRU-
VNTR typing (414).

Among all methods for molecular epidemiology described
above, three are of particular importance for M. tuberculosis typ-
ing (IS6110-RFLP, spoligotyping, and MIRU-VNTR analyses),
and one is universal for all mycobacteria (WGS). The first reliable
method for molecular epidemiology of mycobacteria was IS6110-
RFLP analysis, long viewed as a gold standard, which allowed ini-

tiation of the molecular typing of M. tuberculosis. Spoligotyping
has been extremely useful for phylogenetic classifications and re-
constructions of M. tuberculosis. However, strain lineages of the
MTBC should rather be defined based on phylogenetically robust
markers such as SNPs or LSPs (376). MIRU-VNTR analysis,
which has replaced IS6110-RFLP typing as a gold standard for
studying the molecular epidemiology of M. tuberculosis, if stan-
dardized, may also be useful in epidemiological studies of NTM.
Finally, WGS, which has emerged as a new tool to investigate
mycobacterial epidemiology (151), might soon be broadly imple-
mented, especially as, once cost prohibitive, it is now becoming
cheaper and more accessible. Nevertheless, all the remaining
methods discussed here might still be useful to confirm or exclude
particular transmission links or to preliminarily characterize
strains originating from relatively small and limited communities.

EVALUATION OF THE METHODS

An ideal typing method should be highly discriminatory, easy to
perform, fast, and inexpensive and should generate results that are
reproducible within a laboratory and between laboratories. It
should be able to analyze very small quantities of bacterial mate-
rial, preferentially without the need for culturing, at the very early
stages of diagnostic and epidemiological investigations. At this
moment, no such method exists. All the methods currently avail-
able and briefly outlined here have their benefits and shortfalls
(Table 4). Therefore, the choice of method or a combination of
methods for a particular study is somewhat challenging. The an-
swer to the question of which typing scheme would work best
depends heavily on the sample under investigation, the setting
where the study is to be done, and the expected outcome. Whereas
some methods (e.g., spoligotyping) are better suited for defining
the phylogeographic specificity of circulating clades of tubercle
bacilli, others (e.g., IS6110-RFLP analysis) are tailored specifically
to assess the genetic relatedness and the epidemiological links
among outbreak-related cases. Moreover, different methods are
chosen to study the epidemiology of mycobacterial diseases over
different periods of time (415).

To assess the ability of a method to assign different types to two
unrelated strains is to measure its discriminatory power. This is
achieved by using the index of discriminatory power, a derivative
of Simpson’s diversity index (416), as the average probability that
the typing system will distinguish between randomly chosen un-
related strains. This index can be used to assess the discriminatory
power of either a single typing method or a combination of two or
more typing schemes (417).

The discriminatory power of any molecular method is strictly
related to the genetic stability of the marker that a given method
exploits. This stability in turn depends on the mutability of the
marker over time, which reflects the evolutionary rate, also re-
ferred to as the molecular clock. This variable can be used to de-
termine when two organisms diverged (418). Although SNPs
seem to be relatively common in mycobacteria, they are still very
rarely observed in slow-growing species, with an estimated rate of
occurrence of 0.3 to 0.5 SNPs per genome per year (56, 419). The
half-time of change of the IS6110-RFLP pattern in M. tuberculosis
was calculated to be 3 to 4 years, and this relates to the number of
IS6110 elements in the genome; the more copies, the higher the
concentration of transposase and, thus, the higher the rate of
transposition (353, 420). Even slower is the molecular clock based
on spoligotyping variability. It was shown that multiple M. tuber-
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TABLE 4 Various genotyping methods used for epidemiological studies of mycobacteria

Technique(s) Application(s) Advantage(s) Disadvantage(s)

Phenotype-based methods
Phage typing, drug susceptibility

profiling
Species differentiation; detection

of drug resistance
Relatively inexpensive and easy

to perform; allow detection
of drug resistance that may
not be detected by
molecular methods (i.e.,
unknown mutations, rare
genetic variants within a
population)

Time-consuming due to the need for
bacterial culture; some methods
(e.g., MS) require specialized
equipment and highly trained
staff; results of differentiation may
not be sufficiently discriminative
even at the species level

Methods based on nonrepetitive
sequences

Gene sequence analysis
PCR-PRA Species differentiation Does not require specialized

equipment
Time-consuming; analysis restricted

to a small fraction of the genome;
requires trained staff; different
sequences may share identical
RFLP patterns

Hybridization probes Species differentiation and
detection; detection of drug
resistance

Quick results, as analysis may
be performed directly on
clinical samples

Requires specialized equipment and
trained staff; only specific
mutations leading to drug
resistance are detected, hence the
possibility of false-negative
results; presence of inhibitors
within a sample may lead to false-
negative results

SNP typing Species/lineage differentiation;
detection of drug resistance

May be performed directly on
clinical samples

Analysis restricted to a small fraction
of the genome; for species
differentiation, SNP typing needs
to be coupled with other
genotyping methods, e.g., deletion
mapping; detection of drug
resistance only by typing
previously known mutations

Gene sequencing Species differentiation; detection
of drug resistance

Detects previously unknown
mutations

Analysis restricted to a small fraction
of the genome; requires costly
specialized equipment

Genome analysis
REA Strain differentiation Inexpensive; does not require

specialized equipment
Time-consuming; requires trained

staff; difficult data analysis, which
may require specialized
equipment; requires a large
quantity of high-quality DNA

PFGE Strain differentiation Inexpensive; data analysis
easier than with REA

Time-consuming; requires trained
staff; requires a large quantity of
high-quality DNA

RAPD Strain differentiation Can be performed on
unknown DNA sequence

Poor intra- and interlaboratory
reproducibility

AFLP Species/strain differentiation Broad range of possible
adjustments to improve
discriminatory power of the
method

Time-consuming; requires trained
staff

Deletion mapping Species/lineage differentiation Provides information about
strain relatedness over
protracted periods of time

Requires large quantities of bacterial
DNA; analysis restricted to
nonrepetitive fractions of the
genome; needs to be coupled with
SNP typing for species
differentiation

WGS Species/lineage differentiation;
detection of drug resistance;
monitoring transmission
routes and acquisition of drug
resistance

May be performed directly on
clinical samples
(metagenomic approach);
provides information on
(nearly) the entire genome;
allows detection of different
genetic variants within the
same population

Still very expensive; difficult data
analysis; drug-resistant variants
may be undetected if the drug-
susceptible variant is in the
majority; currently available
sequencing platforms have
problems with analysis of
microsatellites

(Continued on following page)
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TABLE 4 (Continued)

Technique(s) Application(s) Advantage(s) Disadvantage(s)

Methods based on repetitive
sequences

Insertion sequence-based RFLP
typing

Strain differentiation;
monitoring of transmission
routes

Standardized protocol; high
discriminatory power;
provides high resolution for
analysis of Beijing genotype
strains

Time-consuming; requires trained
personnel and large quantities of
bacterial DNA; cannot be used to
correctly type MTBC isolates with
�6 copies of IS6110; different
sequences may share identical
RFLP patterns

LM-PCR Strain differentiation Requires small amt of bacterial
DNA; inexpensive and fast;
high discriminatory power

Lack of reproducibility between
laboratories; cannot be used to
correctly type MTBC isolates with
�6 copies of IS6110; greater
possibility of misinterpretation
and false results than with
insertion sequence-based RFLP
typing

Spoligotyping Species/strain differentiation Simple and cost-efficient;
standardized protocol;
international databases
available; can be performed
directly on cell lysates or on
nonviable bacteria; requires
small amt of bacterial DNA

Low discriminatory power compared
with those of IS6110-RFLP and
MIRU-VNTR typing; not
discriminative for Beijing
genotype strains

Analysis of minisatellite
sequences

MIRU-VNTR typing Strain differentiation Fast, easy to perform, sensitive,
highly reproducible, and
discriminative; more
discriminatory than IS6110-
RFLP for M. tuberculosis
isolates with low copy no. of
IS6110; well suited for large-
scale, genetic, or
evolutionary investigations;
digitized results; can be
performed directly on cell
lysates; applicable for typing
of NTM

Similar patterns may be sometimes
found for unlinked strains

ERIC-PCR typing Species/strain differentiation Simple and cost-effective Lack of portability between
laboratories; variable
discriminative power; difficult
interpretation of results

Trinucleotide repeat sequence
typing

Species/strain differentiation PGRS typing may be used to
differentiate M. tuberculosis
strains with no or a low no.
of copies of IS6110;
relatively high
discriminatory power; PGRS
typing applicable for various
NTM species; (CGG)5-based
typing can be used for NTM
species, e.g., M. marinum,
M. kansasii, M. szulgai;
DRE-PCR typing has
discriminatory power
comparable to that of
IS6110-RFLP typing

Limited to few strain collection
analyses; databases are not
available; for DRE-PCR typing,
poor reproducibility; difficult
interpretation of results

Rep-PCR Species/strain differentiation Commercially available; high-
throughput automated
system for typing of many
Mycobacterium species; able
to discriminate among M.
tuberculosis Beijing genotype
strains with identical
IS6110-RFLP patterns;
achieves higher level of
discrimination than MIRU-
VNTR typing for M. avium
and provides better
reproducibility

Expensive and requires specialized
equipment as well as highly
trained staff; databases not
available for comparative analysis
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culosis isolates from the same patients, corresponding to reinfec-
tion episodes, even after several years, yielded identical spoligo-
types (421). Therefore, spoligotyping is useful for detecting
persistent infection (422), while for this particular purpose, SNP
patterns may provide confusing results. On the other hand, SNP
typing might be useful to detect recent transmission (423). Ideally,
the molecular clock of a typing method should be fast enough to
distinguish unrelated cases and, on the other hand, sufficiently
slow to capture epidemiologically linked cases. Markers evolving
rapidly or those evolving at low rates may lead to either an under-
estimation or an overestimation of the amount of recent transmis-
sion of the disease, respectively (415). The discriminatory capacity
of different typing methods impacts the definition of clustering or
nonrelatedness. There is currently no accepted number of SNPs to
delineate a new strain, as there are few reports on mutation dy-
namics in mycobacteria. In M. tuberculosis, for example, it seems
that its molecular evolution in vivo is characterized by periods of
relative genomic stability followed by bursts of mutations (424).
Generally, a relapse of disease is considered when 6 to 14 SNPs are
observed, while reinfection is considered if the number of SNPs
exceeds 400 (56, 132). A transmission link is suspected when more
than 14 SNPs are found (423). Microevolution is not restricted to
SNPs and may occur at any other mutation site, resulting in a
change of the typing pattern. In M. tuberculosis, a difference of one
band in the IS6110-RFLP pattern or one repeat unit in a single
MIRU-VNTR locus does not necessarily mean that the individuals
represent different strains (423, 425). Importantly, even identical
genotyping patterns may not reflect an actual transmission link.
They may be a result of convergent evolution, laboratory cross-
contamination, or simply a predominance of a particular strain
circulating within the population (215, 426).

For now, the method providing the most in-depth knowledge
in terms of species identification and strain typing is WGS (229).
Although the costs of WGS are still too high to ensure large-scale
application, these costs are expected to drop soon, and the avail-
ability of this method will expand greatly. Nevertheless, what may
really obstruct the usefulness of WGS is data processing. WGS
produces large amounts of data, and transforming them into an
informative product, even with new programs being developed
for easier data analysis and cloud storage to save computer space,
is effortful and demanding (225, 427, 428). WGS requires very
efficient computer analysis, high data storage capacity, and/or
high-speed internet access to upload results to external databases.
The capacity of computer systems available in laboratories, espe-
cially in developing countries, may not be high enough to handle
such tasks. Therefore, WGS might perhaps be used to develop new
epidemiological tools, identifying novel hallmarks of mycobacte-
rial variability, rather than as a genotyping method per se. To ex-
emplify this, WGS allowed the mapping of several SNP loci in M.
ulcerans isolates, some of which further served as the templates for
the development of a novel epidemiological differentiation pat-
tern for this species (429). It also allowed the typing of several
SNPs in M. leprae (430). Sequencing of the genome of M. septicum
allowed the identification of �700 genes absent in M. fortuitum,
which could be used for setting up novel molecular tools used for
discrimination between the two species (431). SGS can also be
combined with traditional genotyping methods. It has already
been used to determine precisely IS6110 elements in the so-called
ISseq method. Such an approach combines high-throughput se-
quencing using the Illumina platform with combinatorial sample

multiplexing. This method presents 100% specificity, a positive
predictive value of 98%, and reproducibility exceeding 90% (432).

As the costs of WGS are plummeting and more sophisticated
bioinformatic devices required for analysis of the large amounts of
generated data are being developed, the availability of this method
will increase. Now, when SGS of mycobacterial genomes becomes
an everyday method, it will provide us with the answers to many
pivotal questions regarding the biology, pathogenicity, diversity,
and evolution of mycobacteria. However, the next step is to look
for a technique that would be able to detect all genetic variants
present within a single, nonhomogenous mycobacterial popula-
tion. These data can then be used to discern the inconsistencies in
interview-based transmission links.

MOLECULAR EPIDEMIOLOGY: A CLINICAL PERSPECTIVE

Applications of Strain Typing to M. tuberculosis Complex
Isolates

Monitoring transmission of TB. Besides being performed at the
global level, where molecular typing of MTBC bacteria is em-
ployed to study the successful spread of particular genotypes and
the eclipse of others, molecular typing is also performed at the
local level to study the spread of strains between patients. These
data inform public health authorities on patterns of spread and
potential areas for action to curb the spread of TB in communities.

Patterns of TB transmission differ greatly between settings, as
they reflect an interplay of various factors, including existing TB
control strategies, endemicity, population density, subpopula-
tions with lower immunity to TB, migration patterns, geography,
demography, and transmissibility of locally relevant M. tuberculo-
sis complex strains (433). Genotyping data have given important
clues about risk factors for TB transmission. These risk factors, if
assessed in a timely manner, can help to inform health authorities
to plan adequate action to curb local TB transmission.

Population-based studies focused on risk factors for TB trans-
mission, as evidenced by clustering of isolates by genotyping, were
systematically reviewed by Fok et al. in 2008 (434). Data from the
36 studies included in their meta-analysis showed that the rate of
clustering is lower in settings of low endemicity (�25/100,000/
year) than in settings of higher endemicity, at 41 versus 45%. Risk
factors associated with clustering are local birth, pulmonary TB,
smear-positive disease, HIV seropositivity, alcohol abuse, intrave-
nous drug abuse, homelessness, and, only in low-endemicity set-
tings, male sex (434). For most of these factors, however, the het-
erogeneity among the studies analyzed was high.

A nationwide study in England in 1998 showed that of 1,808
typeable isolates from TB cases, 372 were in 152 clusters, yielding
a proportion due to recent transmission of 12% [(372 � 152)/
1,808]. Risk factors for clustering included diagnosis in London,
previous TB treatment, pulmonary disease, and homelessness
(435). A similar nationwide study in The Netherlands yielded sim-
ilar results, identifying urban residence, male sex, long-term resi-
dence in The Netherlands, and Dutch or Surinamese nationality
as risk factors for recent transmission (288). In the greater Paris
region, Gutiérrez et al. demonstrated that 36% of 272 patients in a
1-year period were clustered on the basis of spoligotyping and
IS6110-RFLP typing and that, in multivariate analysis, the major
risk factors for clustering were homelessness and male sex but not
HIV status, country of birth outside France, age, and imprison-
ment (436). In a 9-year study of a similar nature in New York City,
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isolates from 48% of 546 patients were in IS6110-RFLP clusters.
Here, homelessness was the only risk factor for clustering in mul-
tivariate analysis. Being foreign born and �60 years of age were
both associated with nonclustered isolates (437). In Shinjuku, To-
kyo, Japan, M. tuberculosis isolates from 158/388 patients (39%)
were clustered upon IS6110-RFLP typing. Here too, the clustering
rate was significantly higher among the homeless population; by
multivariate analysis, homelessness, male sex, an age of �40 years,
the presence of pulmonary TB, work as a day laborer or unem-
ployment, and being born in Japan were all associated with clus-
tering, as was disease caused by Beijing genotype strains (438). In
two urban areas in Northern Italy (Milan and Brescia), a 7-year
population-based study showed that risk factors for strain cluster-
ing included an immigrant status, particular nationalities (Somali,
Senegalese, or Peruvian), and city of residence: clustering was
more frequent among immigrants with TB in Milan than in
Brescia (49% versus 31%) (439). In Alabama, risk factors for clus-
tering on the basis of recent transmission were young age, home-
lessness, alcohol abuse, urban residency, history of imprisonment,
and black race but not HIV infection (440); HIV infection was a
risk factor for recent transmission in an earlier study in San Fran-
cisco, along with being born in the United States, substance abuse,
and homelessness. A later nationwide follow-up study that used
MIRU-VNTR typing and geospatial clustering analysis to identify
recent transmission of TB confirmed these findings; homeless-
ness, being born in the United States, male sex, substance abuse,
and being a member of a minority race or ethnic group were all
risk factors for recent transmission (441). A recent study from San
Francisco added an interesting angle to the latter aspect by reveal-
ing differences in risk factors for recent transmission and pace of
progression to active disease between members of different ethnic
groups within this city (442). Transmission typically involved M.
tuberculosis strains of genotypes that were characteristic of the
patients’ ethnic background (East Asian lineage among Chinese,
Indo-Oceanic lineage among Filipinos, or Euro-American lineage
among Mexicans). Among people born in China, being �50 years
of age was a risk factor for being a secondary case, whereas among
people born in Mexico, male sex and an age of �50 years were risk
factors. Young age was also a risk factor for persons born in the
United States, as were HIV infection and, again, homelessness and
substance abuse (442). Studies have also used different ap-
proaches to study TB transmission patterns by applying genotyp-
ing data. In Brazil, high rates of TB transmission within house-
holds were associated with cough frequency, M. tuberculosis
strains of the Latin American and Mediterranean (LAM) and T
genotypes, and cavitary lung disease, although only cough fre-
quency remained statistically significant in multivariate analysis
(443). In The Netherlands, the risk of becoming a member of a
large cluster (�5 patients in 2 years) was greatest when there was a
time period of �3 months between the diagnoses of the first two
patients, at least one of these two patients was �35 years of age,
both patients lived in an urban area, and both patients originated
from sub-Saharan Africa (444).

These data show that transmission of TB in settings of low
endemicity occurs primarily among people living under poor so-
cioeconomic conditions and, in some settings, within specific im-
migrant groups. In general, TB in immigrant populations in low-
endemicity settings is thought to result mostly from reactivation
of infection acquired prior to or shortly after immigration (435,
437–439). Also, the studies described above have shown that ur-

ban settings are a risk factor for TB transmission (445). As a result,
at least in Europe, much effort has recently been devoted to mon-
itoring TB in large agglomerations, where the incidence is typi-
cally twice the national average and where specific risk groups
contribute to ongoing transmission (446).

It is important to realize that almost all of the studies described
above applied IS6110-RFLP typing, so the conclusions from those
studies could have been different if methods with lower or higher
discriminatory power had been used. The spread of M. tuberculo-
sis strains from established high-risk groups (e.g., particular im-
migrant groups) to the general population is often referred to as
transmission permeability. Various studies have applied molecu-
lar typing techniques to assess the extent of this permeability. For
example, molecular typing revealed that spread from homeless to
nonhomeless populations occurred in both Tokyo (438) and Paris
(436). In England, too, clusters often consisted of patients of mul-
tiple ethnicities and both homeless and nonhomeless populations
(435). The aspect of transmission from immigrant to native pop-
ulations in European Union/European Economic Area (EEA)
countries was recently systematically reviewed (447). This review
showed that the proportions of all studied TB cases that result
from recent transmission within mixed (immigrant/native) clus-
ters varied greatly between studies, from 0% to 34%; this propor-
tion was �15% in 11 of the 15 studies analyzed (447). However, in
the European Union/EEA, foreign-born patients are less likely to
belong to a cluster than are native-born patients, and those au-
thors conclude that TB in foreign-born populations has no signif-
icant impact on TB in the native European Union/EEA popula-
tion (447). One study in Denmark actually estimated that
infection of a migrant by a native Dane was up to 2.5 times more
frequent than vice versa (448). The percentage of all clusters that
consist of both natives and immigrants has also been used as a
measure of transmission permeability; this amounted to 24% of
all clusters in San Francisco (449); 29% in Almeria, Spain (450);
34% in Barcelona, Spain (451); and 36% in a recent study in Israel
(452). The difference in transmission permeability between set-
tings is well illustrated by a study in the Eastern Province of Saudi
Arabia, where 25/33 (76%) clusters of 532 culture-confirmed TB
cases occurring in a 2-year period were mixed autochthonous/
immigrant clusters (453).

The results of individual analyses and meta-analyses should
be interpreted with caution; the areas of the world with the
highest TB burden are underserved by genotyping and other
epidemiological investigations. There is also an important bias
toward areas of increased incidence in many typing efforts
seeking risk factors for TB transmission. Many typing efforts
have focused on small geographic areas, typically urban in na-
ture, while these settings themselves are a risk factor for trans-
mission (435, 440, 445). The cost of genotyping and the labo-
ratory infrastructure required are reasons for this bias.
Clustering on the basis of genotyping might not differentiate
well between remote and recent transmission of M. tuberculosis
in rural areas (454). Also, access to detailed patient information is
best at the local level, hampering larger (inter)national efforts at
seeking risk factors for transmission (455). Nonetheless, given
the observed high TB incidence in major cities, the lessons on
local risk factors for transmission are important for national
and regional control programs (446). Observed populations at
risk and risk factors for transmission may also change over
time, so lessons from typing studies may have an expiration
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date. Political situations, health care system funding and status,
changes in demography, and migrant flows can all affect TB
epidemiology and control programs (456).

Molecular typing to detect cross-contamination events. Given
the hardiness and disinfectant resistance of M. tuberculosis, cross-
contamination is a serious risk for diagnostic laboratories. Cross-
contamination should be suspected if cultures from patients with-
out signs and symptoms of active TB yield M. tuberculosis and if
the patients recover fully without TB treatment. Laboratory fea-
tures suggestive of contamination include acid-fast bacillus (AFB)
smear negativity of the clinical sample, growth only in liquid me-
dium or only on solid medium if both are used, and very low
numbers of colonies on solid medium (294, 457); however, small
quantity alone is not a good marker for contamination (458).

One of the first recognized uses of strain typing of M. tubercu-
losis was thus the identification of such laboratory cross-contam-
ination events. Despite its low discriminatory power, phage typing
was applied for this purpose (459). In the early years of molecular
typing by the IS6110-RFLP method, a series of studies examined
its role in the identification of cross-contamination. One of these
studies describes how samples from two smear-positive patients
with signs of active pulmonary TB led to two small pseudo-out-
breaks involving 8 isolates from 7 patients. A thorough investiga-
tion of laboratory practices revealed the risks involved in batch-
wise processing of slides for staining and the now-phased-out
BacTec460 automated liquid culture system, involving the use of a
needle to sample the culture headspace in culture bottles (460).
The first estimation of the frequency of such events was reported
in a reference laboratory in Denmark. There, in 1994, a contami-
nation event was recognized and sparked a 1-year study of possible
contamination events. During 1994, processing of 30,000 to
35,000 samples yielded 1,439 positive cultures, of which 49 cul-
tures (3.4%) from 48 patients were considered, according to typ-
ing results and clinical features, to be the result of contamination
(294). Similar studies were subsequently reported in other areas of
low TB incidence. Early studies were reviewed by Burman and
Reves in 2000 (461). In their review, they found that 13/14 (93%)
studies including isolates from �100 patients reported cross-con-
tamination events or false-positive cultures; 12 studies applied
genotyping as part of their algorithm to detect false-positive cul-
tures (461). The median false positivity rate was 3.1% (interquar-
tile range [IQR], 2.2 to 10.5%). Of 236 patients for whom suffi-
cient clinical data were available, 158 (67%) had received TB
treatment. After this review, several new studies in settings of low
endemicity were reported. In London, a 2.5-year retrospective
study found that 0.54% of all TB cases were in retrospect likely to
have resulted from laboratory cross-contamination; this percent-
age rose to 0.93% if both possible and likely cross-contamination
events were counted (462). In the same period, a reference labo-
ratory in Leeds performed genotyping for an 18-month period
after the introduction of liquid culture methods, which are more
prone to contamination events owing to their high sensitivity:
34/397 positive cultures (8.6%) evaluated were retrospectively
considered false-positive cultures after 9 separate contamination
events, on the basis of VNTR typing results and clinical data (463).
In Massachusetts, a 5-year typing effort revealed that 18/1,043
positive cultures (1.7%) were the result of two separate contami-
nation events (464). In the same period, a prospective study spe-
cifically to detect contamination events was performed in Califor-
nia. For 6/296 patients (2%) identified during the 18-month study

period, positive cultures were ultimately considered to be the re-
sult of contamination, on the basis of IS6110-RFLP typing, labo-
ratory investigation, and clinical features (465).

Identification of contamination events is more difficult in set-
tings where TB is highly endemic, where identical genotypes are
more likely as a result of high transmission rates. In addition, in
many settings where TB is highly endemic, financial constraints
limit the submission of samples for TB diagnostics to patients with
suggestive clinical signs and thus with a high likelihood of having
active TB. As a result, cross-contamination may more likely be
overlooked. However, genotyping has also been applied in settings
where TB is highly endemic to detect cross-contamination events.
In Taiwan, two studies were performed, both using VNTR typing.
The first study was a 1-year, retrospective, single-center study and
showed that for 8/215 (3.7%) patients, cultures were considered
false-positive cultures (466). A later study of a similar type inves-
tigated 400 patients and found that for 3 patients (0.8%), clinical
and genotyping data were suggestive of false positivity of cultures,
arising from laboratory cross-contamination events (467). A re-
cent study from Nigeria assessed 83 M. tuberculosis complex iso-
lates and concluded that 3/83 isolates (3.7%), all MDR M. tuber-
culosis isolates, were likely the result of a single contamination
event, as determined by VNTR typing (468).

Thus, the percentage of false-positive cultures varies widely
between studies but typically ranges from 1 to 3%. Reported risk
factors for false-positive cultures include inadequate training of
technicians (294) and the use of batch processing and liquid cul-
ture systems (463). A low volume of mycobacterial cultures per-
formed annually may also increase the risk of false-positive
cultures. In a 4-year nationwide study in The Netherlands, false-
positive cultures were significantly more frequent in laboratories
processing �3,000 mycobacterial cultures per year (469).

Cross-contamination events and false-positive cultures can re-
sult in unwarranted hospital admissions and drug treatment, with
the potential for adverse events (469, 470). In a study in the United
States, the cost of three false TB diagnoses was estimated to
amount to $10,873 per patient (471). Real-time genotyping can
shorten the time of detection of cross-contamination and aid in
the decision to halt treatment and contact investigations where
applicable.

However, cross-contamination resulting in false-positive cul-
tures can also occur outside the laboratory. Contamination of
cultures through the use of improperly disinfected bronchoscopes
has been reported in various settings (472, 473). Here, however, a
contaminated bronchoscope can lead to false-positive cultures as
well as to actual transmission and TB disease. This aspect was
recently reviewed (474).

Strain typing to discern relapse from reinfection. For patients
with TB infected with pansusceptible strains who receive and take
adequate treatment, recurrences occur in about 2 to 20% of all
patients, depending on the setting (475, 476). After an early study
showed that the stability of IS6110-RFLP patterns was such that in
patients with a relapse after TB treatment, relapse isolates would
have RFLP patterns identical to those of the pretreatment isolate
(477), follow-up studies have assessed which proportion of recur-
rent TB cases is due to relapse versus reinfection. One of the early
contributions to this subject assessed reinfection events in five
HIV-coinfected patients in Kenya. Among them, one of the five
patients was labeled reinfected on the basis of unrelated IS6110-
RFLP patterns of the original and recurrence isolates (478). In
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Estonia, a similar approach was used to investigate recurrent TB in
11 patients. While their first episode of infection was with pansus-
ceptible M. tuberculosis isolates, 5 out of 11 (45%) patients expe-
rienced reinfection by MDR M. tuberculosis isolates of the Beijing
genotype that were unrelated to the original isolates as determined
by IS6110-RFLP typing. The remaining six patients had isogenic
pansusceptible follow-up isolates and thus likely suffered true re-
lapses (479). The extent of reinfection in settings with high HIV
prevalence where TB is highly endemic was assessed in a miner
community in South Africa. Sixty-five (20%) of 326 patients had a
recurrence of TB after treatment. Among 39 patients for whom
IS6110-RFLP typing could be performed on original and recur-
rent isolates, 25 (64%) and 14 (36%) were considered to have
relapse and reinfection, respectively. While HIV infection was a
risk factor for reinfection but not for relapse, persisting cavitary
lesions and continuation of work as a miner were risk factors for
relapse of the disease (480). Conversely, in Cape Town, South
Africa, a similar study measured a recurrence rate of TB of 18%.
Here, IS6110-RFLP typing showed that 24 (77%) of 31 recur-
rences after successful treatment were attributable to reinfection,
whereas only 4 (11%) of 37 recurrences after treatment default
were reinfections (476). García de Viedma et al. performed a sim-
ilar analysis, investigating recurrent TB among 43 patients in Ma-
drid, Spain, most of whom had been poorly adherent to TB ther-
apy (481). Even in this moderate-incidence setting, for 14 (33%)
of these 43 patients, the recurrence isolates were unrelated to the
original isolates, and thus, these patients were in fact reinfected.
Poor treatment adherence and HIV status were not associated
with either relapses or reinfections (481).

It was shown that in low-endemicity settings, recurrences are
infrequent and more likely to be caused by disease relapse than by
reinfection. In a nationwide study in Denmark spanning 13.5
years, 73 cases of recurrent TB (occurring in 1.3% of all TB cases)
were notified, 54 (74%) of which were relapses and 19 (26%) of
which proved to be reinfections (475). In New South Wales, Aus-
tralia, an analysis of 3,731 culture-positive TB cases in the 1994-
2006 period revealed that 15 (0.4%) patients had recurrent TB.
Based on IS6110-RFLP typing, 11 (73%) cases were attributable to
reactivation, and 4 (27%) were attributable to reinfection (482).
Very similar data had previously been reported from The Nether-
lands, where 16% of all recurrent TB cases proved to result from
reinfection on the basis of IS6110-RFLP typing (483).

Whole-genome sequencing has now also been applied to dis-
tinguish relapse from reinfection. Forty-seven patients enrolled in
the ReMox-TB trial experienced recurrent TB and had pretreat-
ment and recurrence isolates available for sequencing. Whole-
genome sequencing identified 33 cases with little genetic distance
(�6 SNPs) between strains, which were thus considered relapses.
In three cases, the distance ranged from 1,306 to 1,419 SNPs,
which was considered indicative of reinfection. Six relapses de-
fined upon whole-genome sequencing would have been consid-
ered reinfections by MIRU-VNTR analysis, based on 1- to 3-locus
differences (484).

Strain typing in drug resistance studies. Linking population-
based strain typing data with data on drug resistance can be useful
on two levels. The first is monitoring the spread of individual
drug-resistant strains in communities to assist local public health
authorities. On a more global level, typing can help in monitoring
the spread of genotypes or clones that are more able to become
resistant or that are better transmissible despite resistance. We say

“despite” since one of the classic concepts that has been the subject
of molecular typing studies is the transmissibility of drug-resistant
M. tuberculosis strains. It has long been held that drug resistance in
M. tuberculosis incurs a fitness cost that decreases its virulence and
transmissibility; this lower virulence was observed in mouse mod-
els of isoniazid-susceptible and -resistant strains (485). In The
Netherlands and San Francisco, CA, isoniazid-resistant isolates
proved to be 30 and 80% less likely to be clustered than drug-
susceptible isolates, respectively (288, 486), and MDR M. tubercu-
losis isolates in South Africa and Mexico were 80 and 70% less
likely to be clustered than drug-susceptible strains, respectively
(487, 488). From these animal model and epidemiological data,
one might conclude that drug resistance incurs a fitness cost lead-
ing to lower transmissibility. However, large outbreaks of MDR
TB and XDR TB have been recorded (489, 490); compensatory
mutations that restore fitness but sustain resistance have been
identified (224); and recent genotyping efforts have provided
strong evidence of the international spread of an MDR M. tuber-
culosis clone of the Beijing genotype, particularly in East and Cen-
tral Asia, Eastern Europe, and South Africa (455, 491), as well as
the large-scale spread of an MDR M. tuberculosis clone of the LAM
genotype family in, and beyond, South Africa (492).

The distribution of MDR M. tuberculosis strains over families
of different genotypes differs by region. In Johannesburg, South
Africa, a selection of 434 MDR M. tuberculosis isolates belonged
mainly to the Beijing (16%) and LAM (16%) families and the
various families that make up the Euro-American lineage (T,
Haarlem, LAM, S, and X; 30%) (493). Further north in Africa, in
Ethiopia, between 2009 and 2012, 183 MDR M. tuberculosis iso-
lates were genotyped by spoligotyping, revealing that the T (27%),
Central Asian (CAS) (25%), U (13%), Manu (11%), Haarlem
(2%), and East African-Indian (1%) genotype families were most
frequent (494). In Europe, too, the situation differs by country. In
Portugal, MDR TB epidemiology is driven largely by the success-
ful spread of an M. tuberculosis clone of the LAM genotype family;
55% of MDR M. tuberculosis isolates in the Lisbon area belonged
to this clone (495). In Spain, 33% of 480 MDR M. tuberculosis
isolates isolated between 1998 and 2008 formed 31 clusters; Euro-
American family genotypes (T, Haarlem, and LAM) are the most
frequently detected genotypes among MDR M. tuberculosis
strains. Strains of the Beijing genotype were noted but were re-
stricted to immigrants from Eastern Europe (496). In Poland,
analysis of 46 MDR TB isolates obtained in 2004 showed that 30%
(n 	 14) of them formed 5 clusters by MIRU-VNTR typing, al-
though evidence for direct transmission was found for only 4 of
the clustered cases (497). By spoligotyping, the isolates belonged
mostly to the T (28%), Haarlem (17%), LAM (13%), and Beijing
(9%) genotype families (498). In countries of the former Soviet
Union, the MDR TB epidemic is driven largely by strains of the
Beijing genotype, as it is in countries in East Asia, although the two
areas see distinct clonal complexes within this genotype family
(491). In East Asian countries, Beijing genotype strains make up
most of the MDR M. tuberculosis isolates. In a recent study in
Thailand, 72% of 192 isolates collected were of the Beijing geno-
type. There, 49.5% of all MDR TB isolates were clustered, suggest-
ing active transmission (499). In a small-scale study in Japan, of 55
isolates in 2002, 62% (n 	 34) proved to belong to the Beijing
genotype, and 13% (n 	 7) belonged to the T genotype family
(500). In the Shandong province of China, 95% of all MDR iso-
lates belonged to the Beijing genotype family, versus 79% of the
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pansusceptible isolates, a statistically significant difference (501).
The importance of the Beijing genotype in the epidemiology of TB
worldwide and possible mechanisms behind the successful emer-
gence of multidrug resistance in this genotype have been reviewed
elsewhere (502).

The high rates of clustering observed among MDR TB isolates
of the Beijing genotype do not necessarily indicate recent trans-
mission. For some of the clonal complexes within this genotype,
IS6110-RFLP typing and routine 24-locus MIRU-VNTR typing
have low discriminatory power and overestimate the extent of
recent transmission (215). This issue can be partly solved by add-
ing a defined set of auxiliary VNTR loci specifically for this geno-
type (503) or by performing WGS (215, 491). The evolutionary
history and global spread of the Beijing lineage were recently stud-
ied by genetic analysis of 4,987 isolates from 99 countries and
WGS of 110 representative isolates linked to drug resistance (491),
confirming its origin around 6,600 years ago in the Far East (geo-
graphical zone centered on northeastern China, Korea, and Ja-
pan), followed by its spread worldwide in several waves, with ma-
jor successive increases in population size coinciding with the
Industrial Revolution, the First World War, and HIV epidemics.
This landmark study underlined that mutations identified in
genes putatively under positive selection and associated with vir-
ulence probably favored the expansion of the most successful
branches of this lineage; incidentally, the latest steps of this evolu-
tion include the specific epidemic expansion of two MDR clones
throughout Central Asia and Russia, concomitantly with the col-
lapse of the public health system in the former Soviet Union.

Molecular Typing of Nontuberculous Mycobacteria

Molecular typing of NTM is still in its infancy, a result of the rather
recent recognition of the pathogenic potential of these bacteria in
patients with local or systemic impairment of immunity. The in-
frequent use of molecular typing of NTM implies that compara-
tive studies of discriminatory power and the stability of various
molecular markers are still few and far between. Also, studies of
the discriminatory power of a single technique across various
NTM species are notoriously lacking. Most studies focus on typ-
ing of a single NTM species and use a convenience sample. Hence,
in this review, we are not able to present an optimal typing algo-
rithm for NTM but rather present an overview of potential uses.
While PFGE was without doubt the most frequently used method,
it is not available to most laboratories, requires adaptation to
NTM species, and is now phased out, in select settings, because of
the advent of whole-genome sequencing.

Given the environmental nature of these organisms, typing has
been applied to investigate possible environmental sources of
strains infecting individual patients or strains causing (pseu-
do)outbreaks. Also, typing has been applied to distinguish be-
tween reinfection and relapse in patients with recurrent disease, to
investigate human-to-human transmission events, and to investi-
gate relationships between mycobacterial genotype and clinical
disease manifestations or response to therapy.

Environmental sources of human NTM disease. The exact en-
vironmental sources of human NTM disease remain largely un-
known, but several studies have applied molecular typing meth-
ods to find sources for individual patients or patient cohorts.

Recently, a research group in Australia performed extensive
environmental sampling and typing by rep-PCR to find environ-
mental sources of M. kansasii (504), M. lentiflavum (505), M. for-

tuitum (506), and M. abscessus (413) and related these strains to
those in patients diagnosed in this region. This led to the interest-
ing conclusion that in Queensland, Australia, clinical isolates of
M. abscessus and M. lentiflavum are (413, 505) but isolates of M.
kansasii and M. fortuitum are not (504, 506) related to environ-
mental—mostly water—isolates of the same species from the
same region. Hence, potable water may be the source of some but
not all NTM species infecting humans in this region.

In the United States, great effort has been made to investigate
environmental sources of M. avium complex (MAC) strains that
cause pulmonary disease. Many of these investigations have fo-
cused on tap or shower water as a possible source of infection for
humans. MAC bacteria are commonly found by culture or molec-
ular detection in household water and showerheads in the United
States (507). However, linking these MAC strains to cases of hu-
man (pulmonary) disease has been successful for only a few pa-
tients. One frequently cited case report focuses on a woman with
M. avium pulmonary disease whose shower water yielded several
strains of M. avium. However, the most closely related strain by
IS1245/IS1311-RFLP typing was only 72% similar (508). Stronger
evidence for water or plumbing as a source of NTM infection has
been reported. In one study, household water sampling was per-
formed for 37 patients, and for 7 of them, M. avium strains iden-
tical to their clinical isolates were cultured from household water
samples (509). Similar results were obtained in a similar study in
Japan, where household water sampling for 49 patients with MAC
pulmonary disease yielded M. avium strains identical to the clin-
ical isolates of 2 patients (510). Another similar case from Japan
was presented, where a woman with M. avium pulmonary disease
had five strains of M. avium isolated from her bathtub tap, one of
which was identical to her respiratory isolates as determined by
15-locus VNTR typing (511). Thus, the strongest evidence for
household water and plumbing as sources of NTM pulmonary
disease (NTM-PD) has been gathered for M. avium in the United
States and Japan. This does not pertain to M. intracellulare, which
is frequently a causative agent of NTM pulmonary disease but
remarkably absent from household water systems in the United
States; all household water isolates in a recent study appeared to be
M. chimaera by molecular identification methods (512). Thus, for
M. intracellulare, the source of infection may best be sought else-
where.

Potting soil has also been investigated as a source of NTM
disease. Cultures yielded known causative agents of disease, such
as M. avium, M. intracellulare, and M. chelonae. For one patient,
M. avium isolates from his/her own potting soil and clinical spec-
imens were closely related on the basis of PFGE typing, suggesting
that potting soil was a possible source of infection (513). In Japan,
soil samples near the households of 100 patients with MAC pul-
monary disease were also sampled. While 60% of all soil samples
yielded MAC isolates, strains identical to the patients’ clinical
samples by 16-locus VNTR typing were identified for only 6 pa-
tients (5 M. avium strains and 1 M. intracellulare strain) (514).

For the majority of the patients in the above-mentioned stud-
ies, no source of infection was found. In The Netherlands, there
was even a striking discrepancy between NTM detected by both
culture (515) and molecular tools (516, 517) in tap water and
water systems and NTM species found in clinical samples; the
absence of MAC DNA was particularly striking (516, 517).

Thus, while both soil and water in the home environment can
be the source of NTM pulmonary disease in some areas, particu-
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larly for M. avium (water and soil in the United States and Japan)
and M. abscessus (water in Australia), the source of infection for
the majority of patients remains elusive. Typing efforts in this field
should continue in order to detect environmental niches that in-
crease our understanding of disease epidemiology and perhaps
offer clues for the prevention of infection in susceptible popula-
tions.

Typing to resolve (pseudo)outbreaks of NTM disease. Given
the fact that NTM are ubiquitous in the environment, contami-
nation of medical devices or water sources with specific NTM can
lead to outbreaks or pseudo-outbreaks that can be detected by
molecular typing. Here, two scenarios are apparent. In the first
scenario, a susceptible host is exposed to NTM through a contam-
inated device, which then leads to disease because the host is im-
munocompromised or because the NTM are inoculated into a
normally sterile site. Many such outbreaks have occurred, and
their descriptions mirror the development of typing tools for
NTM. An interesting example is an outbreak of M. xenopi spon-
dylodiscitis after hernia surgery in France using a trocar washed in
tap water; even though no typing was applied at the time, M.
xenopi was isolated from the hospital water system (518). Crude
typing methods (SDS-PAGE of whole-cell proteins or MLST us-
ing only two loci) helped track outbreaks of injection site abscesses
after intramuscular beta-lactam antibiotic administration caused
by M. abscessus in China and South Korea (519, 520). One of the
first well-described outbreaks where PFGE typing was applied was
an outbreak of M. fortuitum furunculosis related to footbath use at
a nail salon in California (521). In the following years, several cases
of skin and soft tissue infections by rapidly growing mycobacteria
(M. abscessus, M. chelonae, and M. fortuitum) after cosmetic sur-
gery or other therapies performed in the Caribbean and South
America were recorded, including cases involving so-called lipo-
tourists, who travel to these countries for relatively inexpensive
access to these therapies (522). In Brazil, several large outbreaks of
M. abscessus disease after such therapies have occurred and have
sparked genotyping efforts (523, 524), including comparative
studies of typing techniques (148), which are otherwise very rare
for NTM. For M. abscessus, an MLST approach using 7 house-
keeping genes has been designed, with the primary goal of stan-
dardizing M. abscessus typing efforts (149). By using a collection of
93 outbreak strains from Brazil, this approach was compared to
PFGE: MLST identified 33 sequence types, but PFGE identified 49
unique patterns and thus had a higher discriminatory power
(148).

Very recently, multiple European countries have reported
cases of M. chimaera endocarditis and disseminated disease in
patients who had undergone cardiac surgery, typically with valve
replacement. Typing efforts are still in progress, but early results of
RAPD analysis and whole-genome sequencing hint that contam-
inated heater-cooler units that stabilize extracorporeal blood tem-
perature using a water-based system with a ventilator that pro-
duced M. chimaera-containing aerosols are the source (525, 526).

The second scenario is a pseudo-outbreak where contaminated
materials or specific environmental exposures to NTM lead to
series of positive cultures in patients who have no NTM disease.
An example of nosocomial exposure to NTM in patients without
signs of mycobacterial disease was reported by Conger et al., who
described an outbreak of M. simiae infection in 22 patients, 19 of
whom had isolates representing a single clone as determined by
PFGE. This clone was also abundant in the hospital’s water system

but not in the patients’ home water systems. Exposure to M. simiae
led to disease in one patient, making this more than only a pseudo-
outbreak (527).

Pseudo-outbreaks can also be a result of contamination events
in the microbiology laboratory. The best-known NTM involved in
such pseudo-outbreaks is M. gordonae. In Spain, M. gordonae was
isolated from 19 of 21 cultures set up in 1 day for patients sus-
pected of having TB. RAPD typing showed that these isolates were
identical and different from unrelated control strains. Environ-
mental sampling in the laboratory did not yield M. gordonae, but
after sterilization or replacement of all consumables and reagents,
no more related M. gordonae isolates were detected (528). Simi-
larly, a pseudo-outbreak of M. terrae was reported in Philadelphia,
PA, where a laboratory noted that 14 cultures handled in a 6-day
period were positive; all were from AFB-negative clinical samples
and yielded growth only with the ESP liquid medium system but
not on simultaneously inoculated Lowenstein-Jensen slants. Al-
though cultures of reagents were all negative, the introduction was
considered to be related to the setting up of the liquid cultures.
PFGE typing of a subset of five of the isolates showed that they
were identical to each other and different from reference strains.
The outbreak ended without specific action; the slow growth of
the outbreak strain delayed the recognition of the pseudo-out-
break (529), a feature common to NTM pseudo-outbreaks.

NTM are particularly prone to causing true outbreaks and
pseudo-outbreaks owing to their omnipresence in the environ-
ment, particularly in treated water systems; biofilm formation;
and resistance to commonly used methods of disinfection such as
chlorination or the use of glutaraldehyde (530). To assist in de-
tecting and combating such outbreaks, NTM reference laborato-
ries should have access to a typing tool.

Typing to distinguish reinfection from relapse of NTM dis-
ease. Despite long-term multidrug treatment regimens, rates of
recurrence of NTM disease are high. Particularly in patients with
NTM-PD, there has been considerable interest in using molecular
typing to distinguish true relapse from reinfection. Different from
M. tuberculosis, the latter is probable given the ubiquitous pres-
ence of NTM in our environment. However, very few studies have
addressed this issue. The landmark study in this field was reported
by Wallace and colleagues in 2002, when they showed by PFGE
typing that 85% of new positive cultures after prolonged (�10
months) culture conversion during treatment of nodular-bron-
chiectatic M. intracellulare pulmonary disease represented rein-
fections by different strains (531). In patients with cavitary dis-
ease, new positive cultures were related mostly to treatment failure
and proved identical to the baseline isolate (531). In a large-scale
follow-up study, the same group found the same result. Of 180
patients treated for nodular-bronchiectatic M. avium complex
lung disease, 14% experienced a microbiological recurrence. Of
these cases, 73% represented reinfections, as PFGE demonstrated
patterns different from those of the baseline isolates (532).

Very recently, a recurrence of disseminated M. avium disease
in a patient from Japan with anti-interferon gamma autoantibod-
ies was also proven to be a reinfection by PFGE and 16-locus
VNTR typing (533).

Treatment of reinfections is not necessarily different from
treatment of relapses, but no trials have been performed. Typing
for this specific purpose is performed by very few laboratories
worldwide, and its merit is still a subject of debate.
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What does typing tell us about human transmission of NTM
disease? For decades, transmission of NTM between humans sub-
sequently leading to disease was thought not to occur, given the
low pathogenicity of NTM and the prerequisites of an active
spreader and a susceptible recipient. When human transmission
of M. malmoense infection was suspected in an area of Scotland
with an unexpectedly high incidence rate, this hypothesis was re-
futed after PFGE typing revealed strain diversity (534). However,
in recent years, transmission of M. abscessus strains in cystic fibro-
sis (CF) centers was shown to occur. The first recognized possible
transmission event involved a CF patient with M. abscessus subsp.
massiliense (formerly “M. massiliense”) disease caused by a strain
with mutational resistance to amikacin and macrolides. This
patient transferred to a new CF center, which, over the next 8
months, noted four additional patients with new positive cultures
yielding the same species and an identical susceptibility pattern.
Typing by PFGE and rep-PCR revealed identical isolates for the
five patients, and four of the five patients were found to have had
overlapping clinic visit days; environmental sampling did not
yield M. abscessus (412). A second report covered a large-scale
single-center typing study using whole-genome sequencing. Us-
ing whole-genome sequences from 168 isolates of 31 patients, two
clustered outbreaks of M. abscessus subsp. massiliense involving 11
patients were uncovered. The limited variance between patient
isolates and the fact that all patients had overlapping clinic visits
strongly suggested human transmission. Transmission was thought
to occur through fomites and not through direct human transmis-
sion, even though environmental sampling has yet to reveal the
exact routes (484). A second study of a pediatric CF cohort could
not confirm these findings and found identical strains only in two
siblings with CF (535). Possible human transmission of M. kansa-
sii pulmonary disease in an elderly couple was also noted in a study
using AFLP typing (536).

Therefore, the dogma has been challenged, but exact routes of
transmission and other populations susceptible to NTM pulmo-
nary disease and capable of transmitting it need to be further stud-
ied. Molecular typing is important for understanding routes of
transmission as well as for monitoring the emergence of success-
fully spreading clones, particularly clones of M. abscessus, akin to
the spread of the Beijing genotype of M. tuberculosis.

Is the mycobacterial genotype associated with disease mani-
festation or response to treatment? Diagnosis of NTM-PD can be
difficult, and if it is treated, the outcomes are relatively poor. Rates
of treatment failure differ by species but may range from 5% (M.
kansasii) to 50% (M. abscessus or fibrocavitary M. avium complex
isolates) (537). Molecular typing of NTM to assess virulence (i.e.,
the chance that the isolate signifies a true NTM-PD isolate) or to
predict the response to treatment has thus been of significant in-
terest. The results from the few available studies highlight inter-
esting differences between species and between patient cohorts in
different settings.

For M. kansasii, it has long been realized that there are 5 dis-
tinct genetic groupings based on 16S-23S ITS sequencing, PFGE
analysis, or RFLP analysis using the major polymorphic tandem
repeat (MPTR) probe (111). Mycobacterium kansasii subtype 1
causes mostly pulmonary disease and disseminated disease in im-
munocompromised individuals; subtype 2 causes disseminated
disease, particularly in HIV-infected patients, but few cases of pul-
monary disease; and the remaining types are typically environ-
mental strains that do not cause disease, as studied in a cohort in

Switzerland (358). Despite its clinical significance, this phenome-
non has not been confirmed in cohorts in other countries. The
different subtypes later proved to have differences in the gene
sequences of two key virulence factors (the early secreted antigenic
target 6-kDa protein [ESAT-6] and culture filtrate protein [10
kDa] [CFP-10]) (538) and to differ in their ability to translocate
from the phagolysosome to the cytosol of macrophages. Mycobac-
terium kansasii subtype 1 can do this but is less able to do so than
M. tuberculosis, whereas subtype 5 strains cannot (539).

In South Korea, two studies looked into strain variation in M.
intracellulare/M. chimaera and potential relationships with clini-
cal disease manifestations and the course of disease. The first study
applied a basic MLST approach using two partial hsp65 gene se-
quences, a full 16S-23S ITS sequence, and a partial 16S rRNA gene
sequence on a set of 94 isolates from 94 patients. Five distinct
genotypes were discerned, one of which was M. chimaera and one
of which was a fused genotype combining traits of both M. intra-
cellulare and M. chimaera, similar to the M. chimaera variant re-
ported from The Netherlands (540). The genotypes were not as-
sociated with true disease according to diagnostic criteria, a
particular disease manifestation, or particular patient characteris-
tics, except for a possible trend (P 	 0.051) toward correlation
between genotype and the percentage of patients with cavitary
disease (541). The second study assessed the potential of 16-locus
VNTR typing to distinguish strains or groupings of M. intracellu-
lare associated with particular disease manifestations and disease
courses. While this typing technique proved to be highly discrim-
inatory, no grouping was associated with any disease manifesta-
tion, patient category, or disease course (542).

A relationship between grouping on the basis of 16-locus
VNTR typing and disease progression was postulated for M.
avium pulmonary disease. In Japan, a study of 37 patients reported
that 15 patients showed progressive disease in the first year after
diagnosis. Based on genotyping, strains from 8 of these patients
grouped together; no strain from the 22 patients who had stable
disease fell into the same group. From this, those authors con-
cluded that progressive M. avium pulmonary disease was associ-
ated with specific VNTR genotypes (543). In a follow-up study
with 59 patients with M. avium pulmonary disease, the same re-
search group attempted to link grouping on the basis of 16-locus
VNTR typing to the response to treatment. Again, VNTR typing
revealed three groups of strains, but no information on whether
these groups are the same as those in the previous study was pro-
vided. Looking at these groupings, no significant relation with
treatment outcome was noted. Only after principal-component
analysis and multivariate analyses were statistically significant as-
sociations between genotype and response to treatment seen, but
these associations drew heavily on results for just two patients
(544). At the same time, a similar study was performed in South
Korea; in 102 patients with M. avium pulmonary disease, VNTR
typing showed the same three groups of strains, but no associa-
tions between groupings and disease manifestation, clinical course,
or drug susceptibility could be established (545).

A very similar study was also performed on patients with pul-
monary disease caused by M. abscessus group bacteria in South
Korea. A total of 53 M. abscessus and 58 “M. massiliense” isolates
were assembled into 3 clusters based on VNTR genotyping. The
patients in cluster A typically had stable nodular-bronchiectatic
disease and were monitored without antibiotic treatment for �2
years after diagnosis. Patients with isolates in cluster B mostly had
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progressive nodular-bronchiectatic disease and started antibiotic
treatment within 2 years after diagnosis. All patients whose iso-
lates fell into cluster C had fibrocavitary disease and had to start
treatment directly after diagnosis. The clinical isolates that were
genetically most distant from the species type strain showed the
highest likelihood of disease progression and fibrocavitary disease
manifestation (546).

While these results for M. abscessus are absolutely striking, as
are the results of M. avium typing in Japan (543, 544), they are
difficult to match with the biology of these opportunistic infec-
tions, where host, bacterial, and environmental factors ultimately
lead to infection and disease. This concept is of interest, and bac-
teriological factors are likely to impact the chance of having pro-
gressive disease and experiencing treatment failure. It was previ-
ously observed that the M. avium strains that cause disseminated
disease in HIV-infected patients are genetically distinct from the
strains that cause chronic pulmonary infections in patients with
preexisting pulmonary disease (547). Specific traits were associ-
ated with subgroups within the latter group. However, the ob-
served effects are based on groups and cannot be applied to indi-
vidual patients. Moreover, the bacterial factor is likely the result of
specific virulence factors and not the difference in the number of
tandem repeats in a noncoding region of the genome. Rather than
focusing on results of VNTR typing, which are most likely inde-
pendent of virulence factors and can thus be misleading, it is better
to find these virulence factors and integrate them, as well as data
on host genetics and immunological status, into patient diagnos-
tics (548). Also, these observations stem from studies performed
in East Asia; given the observed differences in clinical relevance
and frequency of isolation of NTM species between East Asia and
other regions (549, 550), these findings remain to be validated in
studies in other regions.

PHYLOGEOGRAPHY AND EVOLUTION OF MYCOBACTERIA

The epidemiological expansion of TB, throughout its whole his-
tory, has been a consequence of the global human population
increase and cross-border and cross-continental movements of
people. The ever-increasing rate of travel/migration of popula-
tions for leisure or work in the last decades has led to a new chal-
lenge in countries where TB was declining due to changes in the
socioepidemiological scenarios generated by massive immigra-
tion from countries where TB is highly endemic (551). Some key
questions include comparison of the role of recent transmission
with that of reactivation/importation of TB among foreign-born
cases, the impact of potential importation of previously unidenti-
fied M. tuberculosis strains, and cross-transmission between cases
of different nationalities. It is therefore important to understand
how tubercle bacilli are transmitted and which clones are involved
in drug-resistant cases and/or outbreaks, identify new clones that
may be emerging in a setting versus those that may be facing ex-
tinction, identify subpopulations with the highest threat of and
risk factors for contracting infection, and be able to interpret these
results within the evolutionary framework of the MTBC. It is clear
today that these questions would prove difficult to answer without
the support of molecular epidemiology.

Until recently, all human-adapted strains of the MTBC were
traditionally considered to be essentially identical; hence, the
question of individual genetic variation within MTBC strains
gained little attention, which led to most previous research being
focused on individual organisms. The advent of molecular meth-

ods and their widespread use in population-based studies intro-
duced both new conceptual and technological developments. Al-
though the MTBC constitutes a remarkably homogeneous group
genetically with proven evidence of clonal evolution, recent stud-
ies have shown that the genetic diversity among individual clones
is much higher than previously assumed, with much of it being
driven by genetic drift potentially linked to human demographic
and migratory events and with a potential impact on pathobio-
logical properties and functional consequences, such as the emer-
gence and spread of drug-resistant TB (151). In this section, var-
ious successive global TB genotyping databases initiated since
1999 as well as currently available Web-based tools developed to
offer the possibility of creating worldwide geographical distribu-
tion maps displaying the frequencies of TB genotypes worldwide
at various geographical scales are summarized.

TB: Origin, Spread, and Coadaptation with Its Hosts

The isolation of M. tuberculosis complex DNA from an extinct
bison dated to 17000 BC suggested its presence in America in the
late Pleistocene era (552). A study thereafter looked at ancient
DNA in human remains and helped trace the presence of M. tu-
berculosis and M. africanum DNAs in Egyptian mummies (350).
Subsequently, the origin of human TB was thought to be associ-
ated with the Neolithic demographic transition (NDT) starting
around 11,000 years ago, as the development of animal domesti-
cation increased the likelihood of zoonotic transfer of novel
pathogens to humans, while agricultural innovations supported
increased population densities that helped sustain the infectious
cycle (553). Although TB displayed a pattern of chronic progres-
sion, latency, and reactivation that is characteristic of pre-NDT
disease (554), it was not clear whether (i) human TB descended
from a ruminant mycobacterium that recently infected humans
from domestic animals or from an ancient human mycobacte-
rium that came to infect domestic and wild ruminants and (ii)
whether TB originated independently in both hemispheres or was
brought to the Americas by Europeans.

The answers to these questions were potentially answered
thanks to new research by Comas et al. (555), who proposed that
TB is probably as old as humanity itself. By studying the diverse
genetic variations in MTBC strains, those researchers were able to
show that TB probably spread around the world with the first
modern humans to emerge from Africa. This study analyzed the
whole genomes of a collection of 259 contemporary strains of the
MTBC from around the world and compared MTBC phylogenic
diversity to human diversity inferred from mitochondrial genome
data. These results suggested that the MTBC accompanied migra-
tions of anatomically modern humans out of Africa and expanded
as a consequence of increases in human population density during
the Neolithic period (555). This early origin of TB and the fact that
the genome-based phylogeny of the MTBC mirrored that of hu-
man mitochondrial genomes further showed that TB lung infec-
tion did not spread to humans from domesticated animals, since
farming came much later. This study also showed striking similar-
ities in the evolutionary paths of humans and the MTBC and
suggested not only that pathogen evolution paralleled human evo-
lution but also that bacterial diversity directly benefited from hu-
man demographic explosions. In parallel, the latency and chronic-
ity of this intracellular pathogen possibly allowed it to adapt to
lower host densities, survive, and strike back when favorable con-
ditions allowed massive host infections.
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In the context described above, a recent paper on seals as a
source of tuberculosis in pre-Columbian Peru (556) provides an
interesting perspective on the origin of “New World” TB. Al-
though the strains found in the Americas today are closely related
to those in Europe, earlier archaeological evidence suggested that
the disease was present in the New World before contact with
Europeans (557). Soon after the study by Comas et al. (555) on
out-of-Africa migration and Neolithic coexpansion of M. tuber-
culosis with modern humans during the Pleistocene epoch, subse-
quent analyses of three 1,000-year-old mycobacterial genomes
from human remains in Peru showed that a member of the M.
tuberculosis complex caused human disease before contact with
Europeans (556). The ancient DNA of the pathogen causing hu-
man disease in the precontact New World was found to be most
closely related to M. tuberculosis complex strains adapted to seals
and sea lions, leading to a suggestion that sea mammals probably
contracted the disease from an African host species and carried it
across the oceans, leading to zoonotic transfer in coastal popula-
tions of South America. Whatever the exact route, this particular
M. tuberculosis complex strain was probably well adapted to hu-
mans before being replaced by European strains introduced post-
contact. Nonetheless, regular contacts would be required for an-
throponotic transmission; since humans did not herd or farm
seals, the possibility of transmission from both “seal to human”
and “human to seal” remains equally rare, and human transfer of
the bacterium to marine mammals cannot be totally ruled out
with these data. Finally, one cannot definitely exclude the possi-
bility that besides ancient M. pinnipedii-related strains, other
members of the M. tuberculosis complex may have caused TB in
pre-Columbian Americans.

Last but not least, the dating of the origin of key MTBC lineages
remains argumentative, since estimates of the dates of origin hu-
man- and animal-associated lineages varied by an order of mag-
nitude, from 70,000 years ago (555) to �6,000 years ago (556).
Indeed, the substitution rate used to calculate the date of origin as
70,000 years ago in the out-of-Africa theory is much lower than
those suggested by subsequent studies (556, 558). The higher rate
does not preclude a role for Neolithic expansion, but it does call
into question the idea that TB has been coevolving with humans
since they first emerged from Africa. Ongoing and future studies
will certainly bring new information in this regard in the coming
years.

Molecular Typing Methods for TB Phylogeny

For the purposes of evolutionary studies, two sets of molecular
markers are essentially applicable. These markers include (i)
IS6110-RFLP types, spoligotypes, and MIRU-VNTRs, which are
extensively used for epidemiological investigations, and (ii) large
sequence polymorphisms (LSPs)/regions of difference (RDs) and
single nucleotide polymorphisms (SNPs), which are specifically
useful for phylogenetic and evolutionary studies. Note that spoli-
gotyping and MIRU-VNTR typing also provide concomitant phy-
logenetic information but that IS6110-RFLP typing does not,
since strain lineage cannot be derived from a band pattern/posi-
tion alone.

One of the earliest studies used subtractive genomic hybridiza-
tion to identify three distinct genomic regions between virulent
M. bovis, M. tuberculosis, and the avirulent M. bovis BCG strain,
designated RD1, RD2, and RD3, respectively (197). In another
study, a distinction among three genetic groups of M. tuberculosis

was achieved based on two polymorphisms occurring at high fre-
quency in the genes encoding catalase-peroxidase (katG) and the
A subunit of gyrase (gyrA), which led to classification into three
principal genetic groups (PGGs), with group 1 bacteria being an-
cestral to groups 2 and 3 (559). Almost immediately thereafter,
restriction-digested bacterial artificial chromosome (BAC) arrays
of the H37Rv strain were used to reveal the presence of 10 regions
of difference between M. tuberculosis and M. bovis (RD1 to -10),
7 of which (RD4 to RD10) were deleted in the latter species (560).
In a major contribution, Brosch et al. analyzed the distribution of
20 variable regions resulting from insertion-deletion events in the
genomes of tubercle bacilli in a collection of strains belonging to
all MTBC subspecies and showed that based on the presence or
absence of M. tuberculosis-specific deletion 1 (TbD1) (a 2-kb se-
quence), M. tuberculosis strains could be divided into “ancient”
TbD1-positive (TbD1�) and “modern” TbD1-negative (TbD1�)
strains (53). In this new evolutionary scenario of the M. tubercu-
losis complex, the RD9 deletion identifies an evolutionary lineage
represented by M. africanum, M. microti, and M. bovis that di-
verged from the progenitor of the present M. tuberculosis strains
before TbD1 occurred, a finding which contradicts previous as-
sumptions that M. tuberculosis evolved from a precursor of M.
bovis (53). Since M. canettii and other ancestral M. tuberculosis
complex strains lacked none of these regions, they are supposed to
be direct descendants of the tubercle bacilli that existed before the
“M. africanum-M. bovis” lineage separated from the M. tuberculo-
sis lineage.

Using a global MTBC collection and 212 SNPs, Filliol et al.
(561) identified six deeply branched phylogenetically distinct SNP
cluster groups (SCGs) and five subgroups. The SCGs were
strongly associated with the geographical origin of the M. tuber-
culosis samples and the birthplace of the human hosts. Those au-
thors proposed an algorithm that was able to identify two minimal
sets of either 45 or 6 SNPs out of 212 SNPs tested, which could be
used for screening of global MTBC collections for studies on evo-
lution, strain differentiation, and biological differences among
strains. In another study, Gutacker et al. (562) examined MTBC
genetic relationships by analyzing 36 synonymous SNPs (sSNPs)
among a large collection of strains from patients enrolled in 4
population-based studies in the United States and Europe and
assigned the strains in the collection to 1 of 9 major genetic clus-
ters. A similar classification was revealed by analysis of other ex-
tended SNPs. Since the classification patterns of the SNP-based
phylogenetic lineages were nonrandomly associated with IS6110
profiles, spoligotypes, and MIRU-VNTRs, those authors argued
for a strongly clonal MTBC population structure.

In parallel, by using DNA microarrays to comprehensively
identify LSPs, a stable association between MTBC strains and their
human host populations was observed (200); phylogenetic analy-
sis indicated not only that horizontal gene transfers were rare
among MTBC strains but also that associations between host and
pathogen populations were stable even in a cosmopolitan urban
setting (like San Francisco) and were dictated largely by the com-
position of the local immigrant population. The authors of that
study concluded that M. tuberculosis is organized into several
large, genetically differentiated populations, which in turn are di-
rectly and stably associated with host populations delineated ac-
cording to their place of origin. A subsequent report by the same
group confirmed this variable host-pathogen compatibility, with
the global M. tuberculosis population structure being defined by
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six RD/LSP-defined phylogeographic lineages, each associated
with specific, sympatric human populations, i.e., the Indo-Oce-
anic lineage, the East Asian lineage, the East African-Indian (EAI)
lineage, the Euro-American lineage, and two West African lin-
eages (201).

The correspondence among various lineage nomenclatures is
summarized in Table 5. It is important to underline that one must
keep in mind the marker used when discussing a lineage, particu-
larly for the East African-Indian lineage, which denotes 2 com-
pletely different groups of M. tuberculosis by spoligotyping versus
LSP analysis. Interestingly, good congruence between spoligotyp-
ing and SNP analysis was observed (561), with the East African-
Indian and Beijing spoligotypes being concordant with SCG-1
and SCG-2, respectively; X and Central Asian spoligotypes were
also associated with one SCG or subgroup combination. Other
clades had less consistent associations with SCGs. Furthermore,
the various spoligotyping-defined lineages fit well with the previ-
ous PGGs; hence, MTBC strains can be tentatively classified as the
ancestral TbD1� group/PGG1 (subset 1; M. africanum and EAI),
the modern TbD1� group/PGG1 (subset 2; Beijing and CAS), and
the evolutionarily recent TbD1� group/PGG2/PGG3 (subset 3;
Haarlem, X, S, T, and Latin American and Mediterranean [LAM]).
Nonetheless, proper epidemiological and phylogenetic inferences
are not always an easy task due to a lack of understanding of the
mechanisms behind the mutations leading to the polymorphisms
of these genomic targets. Recent studies have shown that phylo-
genetically unrelated MTBC strains were sometimes found to
have the same spoligotype pattern as a result of independent mu-
tational events (563), an observation that corroborates the fact
that spoligotyping is more prone to homoplasy to a greater extent
than MIRU-VNTR typing (376). Furthermore, spoligotyping has
little discriminative power for families associated with the absence
of large blocks of spacers, e.g., the Beijing lineage (503). For all
these reasons, we recommend that a finer phylogenetic analysis of
the most significant circulating MTBC clones as determined by
multiple genetic markers should be made and that the data ob-
tained should be compared to the existing data worldwide, a com-
plicated task by itself if not for the availability of large interna-
tional databases.

TB Genotyping Databases and Tools: What Is Available?

Knowledge about TB is wider today than ever before, but what is
our ability to compare the data generated to all the data that have
accumulated over years? Is it possible to instantaneously compare
the genetic information on the circulating MTBC strains in con-
junction with all demographical, clinical, bacteriological, and
epidemiological information available in various registers? The
necessity of databases in such a context is obvious, and the
conception and design of databases for the control/surveillance of
TB as well as other communicable diseases will certainly be essen-
tial for the “End TB Strategy” (to reduce TB deaths by 95% and to
cut new cases by 90% between 2015 and 2035) proposed by the
WHO (564). Indeed, databases allow the storage of large amounts
of information in a structured way, facilitating data processing
and interrogation and streamlining the decision process by
knowledge-based data mining (565). In the last couple of years,
various databases and Web tools have been developed in the TB
field, devoted mostly to studying TB molecular epidemiology and
evolution; some examples are as follows.

• SpolDB4 and SITVITWEB are genotyping databases devel-
oped at the Pasteur Institute of Guadeloupe (381, 566). The
later version of SITVITWEB is a multimarker database with
genotyping data on 62,582 clinical isolates corresponding to
153 countries of patient origin (105 countries of isolation)
(http://www.pasteur-guadeloupe.fr:8081/SITVIT_ONLINE).

• SpolTools (http://www.emi.unsw.edu.au/spolTools/) is a
collection of online browser programs and a visualization
tool designed to manipulate and analyze MTBC
spoligotyping data (567, 568). It also contains an online
repository of data on spoligotyped isolates collected from
the literature (currently 30 data sets containing 1,179
spoligotype patterns corresponding to 6,278 isolates). In
particular, it allows one to draw spoligoforest trees that
illustrate evolutionary relationships between spoligotypes
in a given setting. GraphViz software (http://www.graphviz
.org/) (569) allows one to color the spoligoforests as a
function of the lineages.

• WebLogo version 2.8.2 (http://weblogo.berkeley.edu/) (57
0, 571) allows evaluation and visualization of the allelic
diversity of the spoligotyping patterns as a function of their
associated lineages. This method of representation, adapted
to 43-spacer spoligotyping, has been labeled “Spoligologos”
(572).

• MIRU-VNTRplus (http://www.miru-vntrplus.org/) is a
Web-based tool dedicated to analysis of molecular typing
data on TB, particularly the 12-, 15-, and 24-locus
MIRU-VNTR formats (379, 380). Tools for data
exploration include searches for similar strains, creation of
phylogenetic and minimum spanning trees, and mapping of
geographic information. It also provides detailed results
(geographical origin, drug susceptibility profiles, genetic
lineages, spoligotyping patterns, SNP and LSP profiles, and
IS6110-RFLP fingerprints) for a collection of 186 well
-characterized reference strains.

• The TB Genotyping Information Management System (TB
GIMS) is a secure Web-based system designed to improve
access to and dissemination of genotyping information na-
tionwide in the United States (573). It stores and manages

TABLE 5 Comparison of spoligotype-based nomenclature for M.
tuberculosis lineages versus PGGs, SNP-based grouping, SCGs, and LSP-
based lineagese

Spoligotype-based
nomenclaturea PGG SCGb

SNP-based
groupingc LSP-based lineaged

East African-Indian PGG1 1 sSNP-I Indo-Oceanic
Beijing PGG1 2 sSNP-II East Asian
CAS PGG1 3a sSNP-IIA East African-Indian
Haarlem PGG2 3b sSNP-III Euro-American
X1 PGG2 3c sSNP-IV Euro-American
X1, X2, X3 PGG2 4 sSNP-V Euro-American
LAM PGG2 5 sSNP-VI Euro-American
T (miscellaneous) PGG2-3 6 sSNP-VII sSNP-VIII Euro-American
Bovis PGG1 7 MTBC MTBC
M. africanum PGG1 NA NA West African 1
M. africanum PGG1 NA NA West African 2
a See reference 586.
b See reference 561.
c See reference 562.
d See reference 201.
e NA, not applicable.

Molecular Typing of Mycobacteria

April 2016 Volume 29 Number 2 cmr.asm.org 265Clinical Microbiology Reviews

http://www.pasteur-guadeloupe.fr:8081/SITVIT_ONLINE
http://www.emi.unsw.edu.au/spolTools/
http://www.graphviz.org/
http://www.graphviz.org/
http://weblogo.berkeley.edu/
http://www.miru-vntrplus.org/
http://cmr.asm.org


genotyping data on TB patients in the United States; allows
authorized users to submit and track MTBC isolates to and
from the contracted genotyping laboratories; provides im-
mediate notification of genotyping results and updates to
TB laboratories and programs; links isolate data to patient-
level surveillance data; provides reports on genotype clus-
ters, including national genotype distribution; and provides
national, state, and county maps of genotype clusters. This
database is not publicly available.

• Mbovis.org (http://www.mbovis.org/) is a spoligotype
database with over 1,400 patterns belonging to the following
RD9-deleted MTBC lineages: M. africanum, M. bovis
(antelope), M. microti, M. pinnipedii, M. caprae, and M.
bovis (574).

• MycoDB.es (http://www.vigilanciasanitaria.es/mycodb/) is
a Spanish database of animal TB (575), which was created as
an epidemiological tool at the national level (Spain). It
contains 401 different spoligotype patterns comprising 17,
273 isolates of M. bovis, M. caprae, and M. tuberculosis as
well as limited amounts of MIRU-VNTR data. It is
restricted to those with authorized access, limited to the
Spanish Animal Health Agency, Centro de Vigilencia
Sanitaria Veterinaria (VISAVET).

• TB-Lineage (http://tbinsight.cs.rpi.edu/run_tb_lineage.html)
is an online tool for analysis of MTBC genotypes and
classification of MTBC genotypes into major lineages using
spoligotyping and, optionally, 24-locus MIRU analysis (57
6). It was developed and tested by using genotyping data
from the Centers for Disease Control and Prevention
(CDC), Atlanta, GA, on 37,066 clinical isolates
corresponding to 3,198 spoligotype patterns and 5,430
MIRU-VNTR patterns. However, if 24-locus MIRU data are
not available, the system utilizes predictions made by a naive
Bayes classifier based on spoligotype data alone. The
accuracy of automated classification using both spoligotyping
and 24-locus MIRU typing is �99%, and that of
spoligotyping alone is �95%. This website also provides a
tool to generate spoligoforests in order to visualize the
genetic diversity and relatedness of genotypes and their
associated lineages.

• tbvar (http://genome.igib.res.in/tbvar/) is a searchable
database with a systematic computational pipeline that allows
annotation of potential functional and/or drug resistance
-associated variants from clinical resequencing data on MTBC
strains (577). For this purpose, the authors reanalyzed
resequencing data sets corresponding to �450 MTBC
isolates available in the public domain to create a
comprehensive variome map comprising �29,000 single
nucleotide variations. This database can be accessed by
browsing the location of variants (e.g., position 1417019,
3037367, or 4222628, etc.), genes (e.g., katG, pncA, or gyrA,
etc.), Rv gene code number (RvID, e.g., Rv1059, Rv1069c,
or Rv3693, etc.), or genome position range (positions 10000
to 15000, 30000 to 35000, or 80000 to 85000, etc.).

• InTB (http://www.evocell.org/inTB) is a Web-based interface
/system for integrated warehousing and analysis of clinical,
sociodemographic, and molecular typing data on TB (578).
It allows users to insert and download standard genotyping

data in conjunction with an extensive array of clinical and
sociodemographic variables that are used to characterize the
disease. It also allows classification of new isolates into a
well-characterized set of isolates based on internal
references and multiple types of data plotting and to
generate trees for filtered subsets of data combining
molecular and clinical/sociodemographic information.

• Although it is difficult to keep up with all databases and
online resources, it is worthwhile to mention efforts to de-
termine the drug resistance of M. tuberculosis isolates from
genotyping data. One such example was one of the first
comprehensive online databases on TB drug resistance
mutations (TB Drug Resistance Mutation Database
[TBDReaM] [https://tbdreamdb.ki.se/Info/]), which was
established by Sandgren et al. (579). However, it required
prior processing of nucleotide sequences for mutation
detection prior to interrogation, which is no longer required
in a new database of mutations associated with antibiotic
resistance in M. tuberculosis (MUBII-TB-DB [http://umr55
58-bibiserv.univ-lyon1.fr/mubii/mubii-select.cgi]) (580).
MUBII is an analysis-and-interpretation engine that uses
reconstructed mutated gene sequences, which can be
searched by BLAST, aligned against the wild-type gene
sequence, and compared with data in the mutation
database. Results printed as graphs (alignments) and text
(description of the mutation and therapeutic significance) can
be generated. Moreover, this system provides interpretation
in biological and therapeutic terms and can evolve by the
addition of newly described mutations.

• Another example of a useful online resource is PhyResSE
(581), a simple and reliable viewer for mycobacterial DNA
reads that allows delineation of M. tuberculosis drug resis-
tance and lineages from WGS data (https://bioinf.fz-borstel
.de/mchips/phyresse/). In parallel, a library of 1,325 muta-
tions predictive of resistance to 15 antituberculosis drugs
was recently compiled and validated for 11 of them by using
genomic-phenotypic data from 792 M. tuberculosis strains
by Coll et al. (225). Those authors also developed the rapid
online “TB-Profiler” tool that allows detection of drug re-
sistance mutations and strain type profiles directly from raw
sequences (http://tbdr.lshtm.ac.uk/).

• Finally, an ongoing new development is ReSeqTB (Rela-
tional Sequencing TB Data Platform), which seeks to in-
crease the understanding of the genetic basis of resistance by
correlating molecular data with results from drug suscepti-
bility testing and, optimally, associated patient outcomes
(582). The ReSeqTB consortium is jointly managed by the
Critical Pathways to TB Regimens (CPTR), the Foundation
for Innovative New Diagnostics (FIND), the WHO, the
CDC, the New Diagnostics Working Group (NDWG), and
the National Institute of Allergy and Infectious Diseases
(NIAID), and investigators are invited to contribute anony-
mized genotypic, phenotypic, demographic, and/or clinical
data from M. tuberculosis studies that reside in their respec-
tive repositories to the ReSeqTB database.

Publicly Available Global TB Genotyping Databases

The first public database, SpolDB1, was initiated at the Pasteur
Institute of Guadeloupe more than 15 years ago by sorting avail-
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able spoligotype patterns (n 	 610) in an Excel spreadsheet (583);
this led to the first description of 69 major spoligotype patterns,
allowing distinction of predominant patterns, to trace the origin
of the strains and their potential movements. This was followed by
the launch of SpolDB2, containing data on 3,319 isolates (584),
and SpolDB3, containing data on 13,008 isolates grouped into 813
shared types (containing 11,708 isolates) and 1,300 orphan pat-
terns (585, 586). More recently, development of the fourth
MySQL-based version, SpolDB4, in 2006 (n 	 39,295 clinical iso-
lates) (566) and SITVITWEB in 2012 (n 	 62,582 clinical isolates)
(381) permitted a finer phylogeographical snapshot of circulating
MTBC genotypic lineages worldwide. The most recent version,
designated SITVIT2 (to be publicly released in 2016 for online
consultation), contains spoligotyping information on approxi-
mately twice the number of strains (n 	 111,635 isolates) as that in
the previous SITVITWEB version (381). A Web-based interface in
SITVIT2 allows users to search for strains in the database by indi-
vidual criteria or combined searches (year, country of isolation,
country of origin, investigator’s name, genotype, genotypic lin-
eage, or drug resistance, etc.), making it possible to retrieve geno-
typing data in conjunction with data on geographical distribution,
drug resistance, and demographic and epidemiological character-
istics.

Here, we briefly describe pertinent information retrieved from
the SITVIT2 database (Nalin Rastogi, personal communication),
since it constitutes a useful tool for analyzing TB genotyping data
within the global context of TB molecular population genetics,
historical demography, and epidemiological monitoring and
modeling.

Table 6 shows a comparison of the SITVITWEB and SITVIT2
databases and the corresponding phylogenetic lineages in the 2
versions, and Fig. 3 shows a map of the worldwide distribution of
major lineages in the SITVIT2 database. The most noticeable in-
crease in prevalence between the 2 versions is observed for M.
bovis strains (10.36% versus 23.06%), underlining the increased
potential of SITVIT2 for studying not only M. tuberculosis epide-
miology but also bovine TB. Furthermore, some lineages were
relabeled in the SITVIT2 database compared to the previous ver-
sion; e.g., some spoligotypes previously classified as belonging to
H3/H4 sublineages within the Haarlem family were recently rela-
beled “Ural” (587). This includes patterns belonging to the H4
sublineage, relabeled “Ural-2,” and some patterns previously clas-
sified as belonging to the H3 sublineage but with an additional
specific signature (presence of spacer 2 and absence of spacers 29
to 31 and 33 to 36), relabeled “Ural-1.” Additionally, two LAM
sublineages were recently raised to the independent-lineage level:
LAM10-CAM was designated the Cameroon lineage (588), and
LAM7-TUR was designated the Turkey lineage (589, 590). A ma-
jor contribution of publicly available global TB genotyping data-
bases is the ease with which one can map genotyping data to de-
scribe the TB genetic landscape. Indeed, georeferencing of
genotyping data will represent an efficient bacteriological comple-
ment to the WHO’s Communicable Disease Global Atlas (http:
//apps.who.int/globalatlas/) by bringing together analysis and
interpretation of MTBC genotyping data in conjunction with
information on demography, socioeconomic conditions, and
environmental factors in a single electronic platform. Accompanied
with suitable tools and software, a user today is better armed to
describe the TB genetic landscape; potential tools include STATA
and R software for statistical comparisons and bioinformatic

software (list not exhaustive) such as BioNumerics (Applied
Maths, Sint-Martens-Latem, Belgium) and MLVA-Compare
(Ridom GmbH and Genoscreen, Lille, France), which come with a
variety of plug-ins and applications to analyze data generated by
using CRISPR analysis, SNP analysis, MLPA, and MIRU-VNTR
typing, etc.

Examples of Recent Studies Using the SITVIT2 Database

Findings from recent studies showing an association between phy-
logenetic lineages and demographic and epidemiological param-
eters using the SITVIT2 database include (i) the finding of high
phylogeographical specificity of M. africanum for Western Africa,
with Guinea-Bissau being the epicenter (591); (ii) evidence that
the TB epidemic in Sweden a century ago was caused by a closely
knit pool of evolutionarily recent strains restricted to Sweden and
its immediate neighbors (592); (iii) evidence for a prolonged,
clonal, hospital-based outbreak of MDR TB among HIV-positive
patients in Peru (593); (iv) determination of the predominance of
the Euro-American family among elderly TB patients in Finland
just as in Sweden, with the main difference being the presence of
significant proportions of isolates of the Ural lineage among Finn-
ish-born cases (also found in Russia, Latvia, and Estonia) but not
in Sweden (594); and (v) determination of the association of the
Beijing lineage with excessive drug resistance, including MDR
and/or XDR TB (286, 502, 595), and the finding that even though
the proportion of drug-resistant strains is significantly higher for
Beijing than for non-Beijing strains globally, there are important
variations in the distribution of drug resistance (596). Thus, drug
resistance was significantly linked to Beijing strains in Russia,

TABLE 6 Summary of data in the SITVITWEB and SITVIT2 databases
and corresponding major phylogenetic lineages of the M. tuberculosis
complex

Major lineagea

SITVITWEB
(n 	 62,582)

SITVIT2
(n 	 111,635)

No. of
isolates

% of
isolates

No. of
isolates

% of
isolates

Beijing 6,159 9.84 10,850 9.72
M. africanum 695 1.11 965 0.86
M. bovis 6,486 10.36 25,741 23.06
M. canettii 12 0.02 12 0.01
CAS 2,480 3.96 4,362 3.91
EAI 4,674 7.47 6,617 5.93
Haarlem/Ural 7,058 11.28 10,580 9.48
LAM 8,042 12.85 12,245 10.97
Cameroon 650 1.04 1,095 0.98
Turkey 370 0.59 593 0.53
Manu 675 1.08 1,064 0.95
M. microti 29 0.05 29 0.03
M. pinnipedii 152 0.24 159 0.14
S 1,151 1.84 1,606 1.44
T 12,038 19.24 17,947 16.08
X 4,088 6.53 4,683 4.19
a The strains are classified into major phylogenetic clades assigned according to
signatures provided previously (381), which include various MTBC members as well as
lineages/sublineages of M. tuberculosis sensu stricto (note that the sublineages are not
shown), i.e., the Beijing clade, the Central Asian (CAS) clade, the East African-Indian
(EAI) clade, the Haarlem/Ural clades, the Latin American-Mediterranean (LAM) clade,
the Cameroon (previously LAM10-CAM) and Turkey (previously LAM7-TUR)
lineages, the “Manu” family, the IS6110 low-banding X clade, and the ill-defined T
clade.
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Southern Asia, Southeast Asia, and European countries but not to
those in the Americas, Western Asia, China, and Japan. Further-
more, global data in the SITVIT2 database show that the SIT190/
Beijing pattern, a rare but emerging spoligotype pattern, was sig-
nificantly more associated with MDR TB than was the traditional
SIT1/Beijing pattern (P � 0.0001) (596).

Finally, regarding information provided by bioinformatic tools
and online georeferencing using Google API, a recent study was
conducted in Baghdad, Iraq (597), where spoligoforest analysis
showed that the bulk of TB isolates in postwar Iraq is limited to
two phylogenetically related groups of MTBC strains belonging to
the T and CAS lineages (SIT1144/T1 and SIT309/CAS1-Delhi),
while georeferencing highlighted statistically significant differ-
ences between isolates from Baghdad and those from other cities
in Iraq, regarding both demographic and drug resistance informa-
tion.

Although many evolutionary and pathobiological characteris-
tics of the prevailing TB epidemic remain to be discovered, studies
of associations between MTBC phylogenetic lineages and demo-
graphic and epidemiological characteristics may significantly help
to achieve an improved global overview of the worldwide TB sit-
uation. Collections of various databases and Web tools in con-
junction with extended genotyping markers can make a difference
in our understanding of the ongoing circulation of MTBC strains.
Future developments should ideally include other markers such as
RDs/LSPs and SNPs as well as future information that will be
generated thanks to next-generation sequencing.

CONCLUSION

Molecular typing has revolutionized epidemiological studies of
infectious diseases, including those of a mycobacterial origin.
With the advent of fingerprinting techniques, many of the tradi-
tional concepts regarding the transmission, infectivity, or patho-

genicity of mycobacterial bacilli have been revisited, and their
conventional interpretation has been challenged. Since the mid-
1990s, when the first typing methods were introduced, a plethora
of other modalities have been proposed, with some designed as
multipurpose tools and some tailored to address specific research
questions. Common to all typing methods is that they disclose
genetic differences at both the species and strain levels. These dif-
ferences can either be used as a proxy for tracking strains, delin-
eating transmission routes, and identifying sources of infection or
be translated into phenotypic differences and act as surrogate
markers of pathogenic characteristics such as virulence and drug
resistance. Apart from epidemiological and diagnostic purposes,
DNA fingerprinting methods are and have been successfully ap-
plied to resolve taxonomic ambiguities and evolutionary path-
ways within the Mycobacteriaceae. Currently, there is no single
genotyping method that could serve as a panacea for all research
problems. Each method has its pros and cons and differs from
other methods in terms of discriminatory power, stability of
genetic profiles, reproducibility, or amenability to computer-
assisted analyses and databasing. Nevertheless, amid a myriad of
typing approaches that have evolved over the last 2 decades, re-
searchers can now configure a typing scheme that will most ap-
propriately answer the question posed. Several methodological
criteria have been established to assess the resolution of a partic-
ular typing system, and several approaches have been developed to
evaluate its efficacy in different research contexts.

As whole-genome sequencing strategies are progressing at a
fast pace, generating immense information on genome organiza-
tion and diversity, a significant improvement of fingerprinting
methods is to be expected. A key issue to consider is that the
refinement of typing methodologies should be in tune with the
financial capacities of the laboratories performing routine myco-
bacterial diagnostics, particularly in low- and middle-income

FIG 3 Worldwide distribution of lineages contained in the SITVIT2 database. AFRI, M. africanum; BOV, M. bovis; TUR, Turkey lineage; CAM, Cameroon
lineage; Unk, unknown.
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countries, which account for the vast majority of the burden of TB
and other mycobacterial diseases.

Molecular typing has been incorporated as a frontline strategy
in most epidemiological studies of mycobacterial infections, and
molecular epidemiology has become an integral component of
modern mycobacteriology. Since genotyping continues to unravel
the biology of mycobacteria, it offers enormous promise in the
fight against and prevention of the diseases caused by these patho-
gens.
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University of Łódź, Poland. Since 1998, she has
worked at the University of Rzeszów, currently
at the position of assistant professor in the De-
partment of Biochemistry and Cell Biology at
the Faculty of Biology and Agriculture. Her re-
search activities concentrate on developing new
methods for the identification and differentia-
tion of bacteria and pathogenic species in par-
ticular, such as Mycobacterium spp. She is spe-
cifically interested in the molecular epidemiology of tuberculosis and
molecular mechanisms of drug resistance in tubercle bacilli. Dr. Żaczek has
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