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Molecular Strain Typing of Mycobacterium tuberculosis: A Review 
of Frequently Used Methods

Tuberculosis, caused by the bacterium Mycobacterium tuberculosis, remains one of the 
most serious global health problems. Molecular typing of M. tuberculosis has been used 
for various epidemiologic purposes as well as for clinical management. Currently, many 
techniques are available to type M. tuberculosis. Choosing the most appropriate technique 
in accordance with the existing laboratory conditions and the specific features of the 
geographic region is important. Insertion sequence IS6110-based restriction fragment 
length polymorphism (RFLP) analysis is considered the gold standard for the molecular 
epidemiologic investigations of tuberculosis. However, other polymerase chain reaction-
based methods such as spacer oligonucleotide typing (spoligotyping), which detects 43 
spacer sequence-interspersing direct repeats (DRs) in the genomic DR region; mycobacterial 
interspersed repetitive units-variable number tandem repeats, (MIRU-VNTR), which 
determines the number and size of tandem repetitive DNA sequences; repetitive-sequence-
based PCR (rep-PCR), which provides high-throughput genotypic fingerprinting of multiple 
Mycobacterium species; and the recently developed genome-based whole genome 
sequencing methods demonstrate similar discriminatory power and greater convenience. 
This review focuses on techniques frequently used for the molecular typing of M. 
tuberculosis and discusses their general aspects and applications.
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INTRODUCTION

Tuberculosis (TB) is one of the most common global health 
problems and also one of the world’s deadliest communicable 
diseases. For example, in 2014, an estimated 9.6 million persons 
developed tuberculosis, and 1.5 million died. More than half 
(58%) of the estimated affected people were from the South-
East Asia and Western Pacific Regions. Another one quarter of 
cases was from the African region, which also had the highest 
rates of cases and deaths relative to population. With the emer-
gence of multi-drug-resistant (MDR)-TB, which is defined as 
Mycobacterium tuberculosis resistant to at least isoniazid and 
rifampicin, TB has become an even greater threat (1). 
 As recent molecular typing methods based on the direct anal-
ysis of genomic polymorphisms now are widely used and high-
ly valuable, understanding of the evolutionary history, popula-
tion dynamics, and patterns of dissemination of bacteria has 
been greatly improved (2). Molecular typing of M. tuberculosis 
has been used for various epidemiologic purposes such as out-
break investigations in health care settings and communities, 
to estimate the proportion of epidemiologic links not identified 
by conventional contact tracing, to identify misdiagnosis result-
ing from laboratory cross-contamination, to determine the dis-
tinction between re-infection and re-activation, to quantify tu-

berculosis transmission between subpopulations, and to detect 
the relation between drug resistance and specific genotypes 
(3,4).
 Since the early 1990s, genotyping of M. tuberculosis has been 
used in molecular epidemiology. Recent worldwide strain dis-
tribution of M. tuberculosis lineages demonstrated that the Bei-
jing strain was the most prevalent in East Asia region and found 
as more than 50% of all strains. Similarly, the Beijing genotypes 
were the most prevalent in Central Asia, Northern Asia and 
Southeastern Asia while only small portion appeared in South-
ern Asia, Western Asia, Central Asia, Austral Africa, Australasia, 
North America, Northern Europe and South America regions 
(5). Genotyping not only helps us to understand the epidemio-
logic aspects of the disease but also is useful for the clinical man-
agement of patients by strain classification, which has made as-
sociation of M. tuberculosis genetic markers with important 
clinical consequences such as drug-resistance potential, treat-
ment failure, or high transmissibility. Currently, molecular typ-
ing is widely used by TB control programs because genotyping 
results have helped to monitor epidemiologic trends, evaluate 
program performance, and identify instances of false-positive 
and cross-contamination of cultures or define the transmission 
dynamics of drug-resistant organisms (4,6,7).
 For the genetic fingerprinting of M. tuberculosis, the gold 
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standard is insertion sequence IS6110-based restriction frag-
ment length polymorphism (RFLP) analysis (8-10). However, 
similar discriminatory power and greater convenience has 
been demonstrated with other methods such as spacer oligo-
nucleotide typing (spoligotyping), which detects 43 spacer se-
quences interspersed with direct repeats (DRs) in the genomic 
region uniquely present in members of M. tuberculosis complex 
(11); mycobacterial interspersed repetitive units-variable num-
ber tandem repeats (MIRU-VNTR) that uses polymerase chain 
reaction (PCR) amplification and gel electrophoresis to deter-
mine the number and size of tandem repetitive DNA sequence 
in 12 independent loci in the M. tuberculosis genome (12,13); 
repetitive-sequence-based PCR (rep-PCR), which is a fast and 
unified method for high-throughput genotypic fingerprinting 
of multiple Mycobacterium species (14); and whole genome se-
quencing (WGS), a recent method with high discriminatory 
power (15-17).
 Ideally, molecular typing methods should be reproducible 
and stable, have high discriminatory power and epidemiologic 
concordance, be adaptable, be easy to perform and interpret, 
and be cost-effective and time-effective. We have described the 
currently available typing methods for M. tuberculosis and the 
current status of strain distribution in Korea (18). In this review, 
we described the five techniques, including whole genome se-
quencing (WGS), frequently used for characterizing M. tuber-
culosis isolates and their applications.

MOLECULAR TYPING

IS6110-RFLP
Mycobacterium tuberculosis insertion sequence IS6110 was first 
described by Thierry et al. (19), and its value as the standard ap-
proach to genotyping of M. tuberculosis isolates based on RFLP 
analysis has been proved by many studies (8,20,21). IS6110 be-

longs to the IS3 family of mobile elements and is 1,355 bp long. 
The IS6110 is found only within the M. tuberculosis complex, 
and, in most other members of the complex, the sequence is 
present in multiple copies, although M. bovis normally contains 
only one copy. In general, the copy number of IS6110 ranges 
from 0 to 25, depending on the frequency of transposition, which 
is conditioned largely by the nature of the genomic region at 
which transposition occurs (22). Differences in the copy num-
ber and locations within the genome are responsible for the 
high degree of IS6110 polymorphism and have predisposed 
this sequence to be useful as a specific molecular marker for 
genotyping M. tuberculosis strains (23,24). 
 In brief, the methodology includes genomic DNA digestion 
with the PvuII restriction enzyme that cleaves the IS6110 se-
quence into fragments, which are separated by gel electropho-
resis (Fig. 1C). Then they are transferred to a membrane, and 
Southern blot hybridization is carried out with a labeled probe 
complementary to part of the 3´end of the IS6110 sequence. The 
IS6110 DNA probe is prepared by in vitro amplification of the 
245-bp fragment using PCR and labeled by appropriate materi-
al. As a result, every visualized fragment represents a single copy 
of IS6110 surrounded by different lengths of flanking DNA se-
quences (8). Because the IS6110-RFLP method has been stan-
dardized and published, recommendations have been adopted 
by most research groups; the fingerprints generated in different 
laboratories can be compared and catalogued (25,26). To ana-
lyze the large number of RFLP patterns, a sophisticated pattern-
matching computer program has been developed, and RFLP 
images on film or membrane are scanned and digitized for com-
puter analysis. The sizes of the bands in the image are calculated 
by comparison with size standards run on the gel. The comput-
er program compares the results from a new isolate with previ-
ously analyzed isolates to determine if any matches exist (26,27). 
A schematic diagram of the RFLP method is shown in Fig. 1.

Fig. 1. Principles of RFLP. (A) M. tuberculosis genome with insertion segment IS6110 showing the PvuII cleavage sites. (B) Digestion of the whole genome with PvuII. (C) DNA 
segments of different sizes after run in the gel are transferred onto a membrane followed by hybridization. (D) Visualized fragments, which represent a single copy of IS6110 
surrounded by flanking DNA of different lengths.
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 The IS6110-RFLP method is highly discriminatory and repro-
ducible, and its profiles are stable over time. It allows us to dis-
tinguish epidemiologically related isolates from unrelated ones. 
The half-time of the change of the IS6110-RFLP pattern has been 
estimated in many studies. The rate at which IS6110-RFLP pat-
terns change is essential to know for the correct interpretation 
of molecular typing in the epidemiology of TB. An estimated 
rate of change may support the utility of IS6110-RFLP typing for 
identifying TB cases associated with recent transmission or long 
term epidemiological study. The half-time of the change of the 
IS6110-RFLP pattern has been estimated in many studies. de 
Boer et al. (28) calculated that the half time was 3.2 year. How-
ever, Warren et al. (29) calculated the half time as 8.74 years and 
also revealed different rate of change in RFLP band pattern de-
pending on the stage of the disease. A high rate of change oc-
curred during the early disease phase (half-time of 0.57 years) 
and a low rate of change in the late disease phase (half-time of 
10.69 years). They also reported that changes were observed in 
4% of tested strains.
 The main advantages of the IS6110-RFLP method are its high 
discriminatory power, reproducibility, and the stability of its 
pattern. The main limitation of the method is the low discrimi-
natory power in isolates presenting five or fewer IS6110 copies. 
In fact, studies have demonstrated that the frequency of clini-
cally confirmed epidemiologic links between cases was decre-
ased in clusters formed by isolates with five or fewer IS6110 cop-

ies (30-32). Those strains with low copy numbers, which make 
low discriminatory power of RFLP, have been frequently isolat-
ed from Asian, South East Asian and some African countries 
ranging from 26%-56% (9,33,34) and to improve discrimination 
on those strains, additional use of other typing method like MI-
RU-VNTR or spoligotyping is usually needed (35,36). 
 Furthermore, IS6110-RFLP has significant technical limita-
tions, including the need for 2-3 μg of high-quality (intact) DNA 
for restriction enzyme digestion, which means it requires time-
consuming bacterial culture. Moreover, the method is techni-
cally demanding and requires sophisticated and expensive com-
puter software as well as personnel with great technical expertise. 
 Despite these limitations, the IS6110-RFLP method remains 
one of the most commonly used approaches for M. tuberculosis 
typing, indeed still considered the gold standard technique in 
molecular epidemiologic investigations of TB.

Spoligotyping
Spoligotyping is a hybridization assay that detects variability in 
the DR region of the DNA of M. tuberculosis. It is one of the most 
frequently used PCR-based molecular typing methods. The DR 
region consists of multiple copies of a conserved 36-bp sequence 
(the DRs) separated by multiple unique spacer sequences. The 
entire DR locus is amplified by PCR using primers that are com-
plementary to the sequence of the DRs. The PCR products are 
hybridized to a membrane with 43 spacer oligonucleotides. 

Fig. 2. Principle of spoligotyping and the processing of signals. (A) M. tuberculosis genome with well-conserved 36-bp direct repeats (DRs) which are interspersed by 35-43 bp 
of unique spacer sequences. Genetic diversity depends on the deletion of these spacer regions. The spacer regions are amplified by primers, and the presence of at least one 
spacer fragment shows a PCR positive reaction. On the membrane, 43 probes targeting each spacer are spotted, and a unique pattern of spoligotyping is visualized after hy-
bridization with PCR product. (B) Signals of reference strain H37Rv. (C) A typical signal pattern of Beijing family M. tuberculosis strain. (D) To analyze signal patterns, the signals 
are converted to binary code of ‘on (1) and off (0)’. (E) The 43-digit binary code is converted to a 15-digit octal (i.e., base 8, having the digits 0-7) designation by a two-step 
process. First, the 43-digit binary code is divided into 14 sets of three digits (spacers 1 through 42) plus one additional digit (spacer 43). (F) Each 3-digit binary set is converted 
to its octal equivalent, with the final additional digit remaining as 1 or 0. The translation of binary numbers to octal numbers is done as follows: 000 = 0; 001 = 1; 010 = 2; 
011 = 3; 100 = 4; 101 = 5; 110 = 6; and 111 = 7.
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Each of the spacers produces either a dark band (indicating the 
presence of the spacer) or no band (indicating the spacer’s ab-
sence). For each M. tuberculosis isolate, the spoligotyping assay 
produces a series of bands. The pattern is converted to a 43-dig-
it binary code system that has 1 second and 0 seconds (1 means 
that the band is present and 0 means it is absent). Then the 43- 
digit binary code is converted to a 15-digit octal numbers. Each 
octal designation is unique and represents one specific band-
ing pattern. From an octal designation, the binary code of the 
spoligotyping pattern can be re-created. A simple spreadsheet 
application can be used to convert binary to octal and octal to 
binary (4,11,37). Fig. 2 shows the principle of the spoligotyping 
method.
 The sensitivity of spoligotyping is estimated to be 10 fg of chro-
mosomal DNA, considerably less than what is needed for RFLP 
(38). The results can easily be interpreted and compared by differ-
ent laboratories. An international spoligotyping database, which 
can be accessed online (http://www.pasteur-guadeloupe.fr.8081), 
describes 1,939 shared types (STs; i.e., spoligotype patterns shared 
by two or more isolates) and 3,370 orphan types (i.e., spoligo-
type patterns reported for only singleisolates) from a total of 
39,295 M. tuberculosis complex isolates from 122 countries, clas-
sified temporarily into 62 clades/lineages. The SITVIT database 
was incorporated, and it describes a total of 7,105 spoligotype 
patterns, corresponding to 58,180 clinical isolates, grouped into 
2,740 STs representing 53,816 clinical isolates and 4,364 orphan 
patterns (39,40).
 Many studies reported spoligotyping as a simple, cost-effec-
tive, and high-throughput method, although it has a lower dis-
criminatory power than IS6110-RFLP typing. However, spoligo-
typing can differentiate M. tuberculosis strains with low IS6110 

copy numbers (≤ 5 bands in RFLP patterns). Spoligotyping could 
be performed as a first-line screening test, to be followed by an-
other typing method(s) of greater discriminatory power if nec-
essary (30,41).

MIRU-VNTR typing
Almost all higher eukaryote genomes possess tandemly repeat-
ed sequences that are dispersed by thousands of copies (42). 
Their repeat numbers are highly variable in many loci and there-
fore are called “variable number tandem repeat” (VNTR) loci 
(43,44). Small repetitive DNA sequences with different unique 
characters were found in M. tuberculosis and other mycobacte-
rial genomes by different scientists (45-50). In 1997, Supply et 
al. (13) identified a novel minisatellite-like structure in the M. 
tuberculosis genome composed of 40- to 100-bp repetitive se-
quences and named them “mycobacterial interspersed repeti-
tive units” (MIRU). These are scattered in 41 locations through-
out the genome of M. tuberculosis H37Rv. Among those 41 loca-
tions, 12 show polymorphisms in copy number of non-related 
M. tuberculosis isolates (51). These MIRUs are located mainly in 
intergenic regions and are dispersed throughout the mycobac-
terial chromosome. They have different characteristics from 
other repetitive sequences. For example, there are no obvious 
palindromic sequences; rather, they are direct tandem repeats. 
Orientation occurs in one direction relative to transcription of 
the adjacent gene, and they contain small open reading frames 
(ORFs) (11). In 2001, Supply and colleges proved the usefulness 
of MIRUs in mycobacterial strain identification for epidemio-
logic study by developing an automated PCR method with com-
puterized automation of the genotyping. The principle of the 
typing system is PCR analysis of 12 variable tandem repeat loci 

Fig. 3. Principle of MIRU-VNTR genotyping. (A) MIRU-VNTR loci of different repetitive numbers scattered in M. tuberculosis genome are amplify by specific primers for each lo-
cus. (B) Different sizes of amplicons after PCR. (C) Amplicons can be seen after gel electrophoresis with different sizes that reflect the repetitive number of each VNTR locus.
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with specific primers complementary to the flanking regions 
followed by gel electrophoresis. The size (bp) of the amplicon 
reflects the tandem repeat unit and is converted into numerical 
code to get digital format results in which each digit represents 
the number of copies at a particular locus (52).
 Typing by comparison of these numeric codes makes the me-
thod easier to handle a large number of strains. Furthermore, 
the MIRU-VNTR technique is a reliable genotyping method, as 
it is 100% reproducible (51-54), sensitive, and specific for M. tu-
berculosis complex isolates. At the same time, a website was set 
up for the analysis of M. tuberculosis MIRU-VNTR genotypes via 
the Internet (54). Development of this method has been used 
for the real-time tracing of transmission, comparison of inter-
laboratory data, and global database construction (52,55). The 
way for worldwide epidemiologic surveillance of tuberculosis 
therefore has been opened. 
 The MIRU-VNTRs are remarkably stable, and their evolution 
rate is slightly slower than that of IS6110-RFLP, so that the meth-
od is appropriate for long-term epidemiologic analyses (56). The 
discriminatory power of MIRU-VNTR typing based on 12 loci is 
slightly less than that of IS6110-RFLP analysis when M. tubercu-
losis isolates have high copy numbers of IS6110 (36,54,56) but is 
more discriminatory than the IS6110-RFLP if isolates have low 
copy numbers of IS6110 (57). Another drawback of 12 loci MI-
RU-VNTR is its limited power for discriminating the Beijing 
family strains of M. tuberculosis (58,59). In 2006, Supply et al. 
(60) selected 15 loci (including 6 previously investigated) as the 
new standard for epidemiologic discrimination of M. tubercu-
losis as well as 24 loci (including 12 previously investigated) as a 
high-resolution tool for phylogenetic studies. This newly pro-
posed set of 15 loci of MIRU-VNTR for strain typing has been 
accepted as highly discriminatory in a population dominated 
by Beijing family strains (61) and 24 loci as equal in discrimina-
tory power to that of IS6110-RFLP (62,63). Additional use of hy-
pervariable loci such as VNTRs 3232, 3820, and 4120 has been 
recommended to be added to standardized loci set for second-
line typing if more detailed genotyping is necessary to differen-
tiate Beijing strains (61).
 While doing amplification of tandem repeats, PCR failure was 
found in some loci, which occurred repeatedly even though the 
tests were performed under different PCR conditions and with 
different primer sets. This can be assumed to be characteristic 
of certain strains. It may be attributable to the presence of un-
expectedly large numbers of repeat units or deletion of this re-
gion (61). In some cases, double alleles are found at a single lo-
cus in MIRU-VNTR profiles, and they are considered to be a 
clonal variant of the same strain. But when double alleles are 
found at two or more loci of the same isolate, the sample should 
be considered a mixed infection (64,65). 
 Identical MIRU-VNTR patterns are considered to be in a clus-
ter. Using the dice coefficient and the un-weighted pair group 

method with arithmetic averages (UPGMA), dendrograms can 
be generated. The discriminatory power of strain typing meth-
ods is calculated using the method described by Hunter and 
Gaston (66). Free software named MIRU-VNTRplus is appro-
priate to analyze the multi-locus variable number tandem re-
peat analysis (MLVA) and spoligotyping, large sequence poly-
morphism, and single nucleotide polymorphism data. A weight-
ed combination of these markers has been applicable from the 
Web since 2010; it is now widely used. By this Web tool, strain 
similarity search, generating phylogenetic trees and minimum 
spanning trees, and geographic information mapping all can 
be done (67). A schematic diagram of the MIRU-VNTR geno-
typing method is shown in Fig. 3.

Rep-PCR
The rep-PCR is one of the PCR amplification-based methods in 
which spacer fragments lying between repeat motifs of the ge-
nome are amplified using two outwardly directed primers at 
high stringency (68). The fragments are repetitive extragenic 
palindromic repetitive elements 38 bp long that consist of six 
degenerate positions and a 5-bp variable loop between each 
side of the conserved palindromic stem (69). The genetic relat-
edness is determined by comparing the banding pattern after 
gel electrophoresis of the amplicons, differences in the number 
of repetitive elements, and their relative position within the bac-
terial genome.
 For convenience, a semi-automated rep-PCR commercial 
system (DiversiLab microbial Genotyping System; bio Merieux, 
Marcy-l’Etoile, France) has been developed using microfluidic 
chip-based DNA fragment separation that can overcome the 
reproducibility problem (70). Analysis can be performed with 
the Web-based DiversiLab software, which uses the Pearson 
correlation coefficient and an un-weighted pair group method 
with arithmetic means to perform automatic comparison of the 
rep-PCR-based DNA fingerprints of unknown isolates. By this 
system, a dendrogram, a scatter plot for sample comparison 
electropheogram, gel-like images, and selectable demographic 
fields can be generated. Like spoligotyping and MIRU-VNTR 
typing, rep-PCR is a fast time- and labour-saving method that 
can generate real-time strain typing results. Its discriminatory 
power is high, and it can be used for samples that are not typ-
able by RFLP because of low copy number of the target inser-
tion elements (14). Above all, this method has proved to dis-
criminate strains of Beijing family members well, whereas dis-
crimination of members of this family is unsatisfactory using 
the gold standard RFLP method (71). Therefore, by combina-
tion with another amplification method such as MIRU-VNTR, 
the rep-PCR method can be considered to replace the currently 
accepted gold standard method, especially in countries where 
Beijing family strains are prevalent. As its significant advantage 
is its broad applicability, it is especially useful to laboratories 
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that also work on non-tuberculous mycobacteria (NTM).

WGS
In recent years, WGS has been used for genotyping of M. tuber-
culosis and is especially useful to examine outbreaks by identi-
fying transmission events where strains are genetically indistin-
guishable by current methods (15,72-74). WGS-based genotyp-
ing also offers an optimal resolution of M. tuberculosis complex 
isolates in molecular epidemiologic studies and can provide 
additional information (e.g., on drug resistance) (73,75). Bryant 
et al. (76) performed a randomized controlled trial of tubercu-
losis treatment using WGS and MIRU typing as molecular tools 
and reported that WGS enables the differentiation of relapse 
and re-infection with better resolution than MIRU-VNTR. A re-
cent population-based study using a long-term large-scale WGS 
approach in a high-prevalence area provided strong evidence 
for differences in transmission patterns and virulence in vari-
ous M. tuberculosis lineages (77).
 One major obstacle to WGS-based genotyping is the difficul-
ty of data standardization and integration into a readily accessi-
ble and expandable database. A number of studies were carried 
out to improve the standardization of WGS genotyping and the 
creation of Web-assessable databases for global TB surveillance 
(78). Bio-informative programs such as CLC Genomics Work-
bench (www.clcbio.com/products/clc-main-workbench/), and 
UniproUGENE (http://ugene.unipro.ru/) can be used for WGS 
data analysis (75). With the decreasing price of WGS, which has 
a higher discriminatory power and a single rapid analysis for 
identification, drug resistance prediction, and epidemiologic 
typing, the method is expected to become a new standard for 
routine typing of M. tuberculosis in the near future.

Other molecular typing methods
Apart from WGS, the methods described above belong to meth-
ods based on repetitive sequences. There are many other meth-
ods based on repetitive sequences that are less frequently used 
for M. tuberculosis typing. One of them is the polymorphic GC-
rich repetitive PGRS-RFLP method which has the same princi-
ple as IS6110-RFLP with the exception of the use of a different 
restriction enzyme and a recombinant plasmid pTBN12 for the 
probe. The pTBN12 fingerprinting method has limitations simi-
lar to those of IS6110-RFLP typing, and in addition, the hybrid-
ization patterns produced by PGRS typing are more complex 
and difficult to interpret (79,80). Before development of WGS, 
the following are the methods based on nonrepetitive sequenc-
es also used for TB genotyping. During the 1990s, there were re-
ports that randomly amplified polymorphic DNA (RAPD) anal-
ysis, which uses the PCR with arbitrarily designed primers, can 
provide highly pleomorphic and easily interpretable result pro-
files. However, its poor reproducibility limits its use for molecu-
lar typing (81,82). Pulse-field gel electrophoresis (PFGE) is of 

limited use because of its requirement for a large amount of 
DNA and lack of a standard protocol for analysis of M. tubercu-
losis patterns (83). Amplified fragment length polymorphism 
(AFLP) can be used as a complement to RFLP because AFLP 
can differentiate between clusters identified by RFLP (84,85). 
The conventional radioactive AFLP method has a lower discrim-
inatory potential than IS6110-RFLP typing, but the improved 
fluorescent AFLP (fAFLP) provides greater discriminatory abili-
ty, and these methods are widely used for species differentia-
tion of NTM isolates (86,87). In 1998, Maiden et al. (88), pro-
posed a typing scheme for pathogenic microorganisms called 
multilocus sequence typing (MLST) which enables electronic 
portability of nucleotide sequence data for the characterization 
of microorganisms. MLST method has proved to be valuable in 
investigations of MTB when seven high discrimination gene 
loci (rec X, rps L, rmlC, rpmG1, mprA, gcvH, ideR) were chosen 
(89) and also useful in detecting NTM in laboratory outbreak 
settings (90). Although single nucleotide polymorphisms (SNPs) 
represent the most reliable markers for lineage classification of 
M. tuberculosis complex, their use is hampered by the need to 
test a large set of genes to achieve satisfactory resolution (2,91).

DISCUSSION

Molecular strain-typing methods have been rapidly advancing 
toward computer-assisted design and increasing automation, 
resolution, throughput, and reproducibility. Tools of bioinfor-
matics, such as computer-based programs for genotyping mark-
ers, genotyping design and comparison of genotyping data, de-
velopment of software analysis, and phylogenetic analysis lead 
to convenience in retrospective studies, inter-laboratory com-
parison, and long-term epidemiologic surveillance. In this re-
view, we have provided an overview of five molecular typing 
techniques that are used mostly for the differentiation of M. tu-
berculosis isolates. We compare the advantages and disadvan-
tages of each method in Table 1. Although we have said that 
IS6110-RFLP typing is universally accepted as the gold standard 
for tuberculosis genotyping, one of its drawbacks is insufficient 
discrimination for those strains whose copy number of IS6110 
is 5 or less. For those strains, additional typing method(s) such 
as spoligotyping or MIRU-VNTR usually is needed to comple-
ment the genotype pattern. Moreover, some NTM have multi-
ple copies of sequences homologous to IS6110 and may hybri-
dize with the IS6110 probe (92). Thus, PCR-based typing is more 
reliable than other genotyping methods.
 Spoligotyping, for which the discriminatory power is less than 
that of IS6110-RFLP and MIRU-VNTR (93,94), nevertheless has 
advantages over IS6110-based genotyping, as it requires only 
small amounts of DNA so that it can be performed on clinical 
samples or liquid culture shortly after inoculation. The method 
is simple, the results can be obtained from a M. tuberculosis 
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culture within one day, and they are expressed in digital format. 
Because of its rapidity, this method is useful in the clinical set-
ting to detect causative bacteria and to provide epidemiologic 
information on strain identities (95). In recent years, some re-
searchers have proved that VNTR typing has a discriminatory 
power equal to that of IS6110-RFLP (96), and the combination 
of MIRU-VNTR typing and spoligotyping is accepted as an ap-
propriate way to obtain a rapid and reliable genotyping result 
(97). Automated MIRU typing is now available, which is based 
on multiplex PCR in which one of each primer set is labeled 
with a different fluorescent dye. To estimate the PCR size, an 
automated sequencer is used to electrophorese the fluorescent-
ly labeled amplicons (54). This method is highly reproducible 
and fast, as the results are obtained through a computerized 
analysis of the signals, although it has the disadvantage of a need 
for a particular sequencer and a specialized software package 
(60).
 Spread of MDR- and extensively drug resistant (XDR)-TB is 
endangering the world; real-time tracing of tuberculosis strains 
therefore is of major importance for control of these super spre-
aders. This aspect makes PCR-based genotyping a suitable meth-
od for tuberculosis surveillance systems and tracing current 
spreading routes. Moreover, WGS, a recently developed high-
cost technique, is expected to become a new standard method 
for routine typing of M. tuberculosis in the near future because 
it provides a single rapid analysis that contains identification, 

drug resistance profiles, selection of locus-specific typing mark-
ers, and rational design of genotyping strategies. 
 In a short term outbreak of tuberculosis, the strains might be 
derived from one main family like Beijing or Haarlam, and dis-
crimination and tracing of source and the transmission route 
may be difficult to work out. Studies working on the differentia-
tion of clustered strains from one method with other methods 
revealed different results and give us a light to choose the typ-
ing methods when a short term outbreak occur (75,98). In the 
study of Kremer et al. (98), 51 isolates (74% of the study sam-
ples) were found to be Beijing genotype by spoligotyping with 
HGDI of 0.253. However, the HGDI of MIRU-VNTR and IS6110 
RFLP for those isolates were 0.982 and 0.997 respectively, and 
discriminating powers were much better than that of spoligo-
typing. In another study, a large cluster of Haarlem lineage was 
identified by two classical strain typing methods, IS6110 DNA 
fingerprinting and 24-loci MIRU-VNTR typing, and clustered 
strains from those typing results had undergone WGS. The anal-
ysis of WGS data showed SNP and small deletions which sub 
divided 53% of that 86 cluster isolates (75). A study on a 3-year 
period outbreak in Canada also revealed that WGS could differ-
entiate two genetically distinct lineages of M. tuberculosis with 
identical MIRU-VNTR genotypes, and suggesting that there 
were two concomitant outbreaks (15). Those researches not 
only revealed that WGS has higher discriminatory power than 
classical genotyping, but also showed better correlation with 

Table 1. Comparison of frequently used molecular typing methods for M. tuberculosis

Method Advantages Disadvantages

RFLP High discriminatory power
Reproducible
Stable

Lower discriminatory power in isolates with ≤ 5 copies
Need large amount of high-quality DNA (2-3 µg)
Laborious and time consuming
Requires sophisticated and expensive computer software and experienced 

personnel with considerable technical expertise
Spoligotyping Simple

Need only small amount of chromosomal DNA
Cost effective and high throughput
Results are easy to interpret
Useful for the differentiation of low IS6110 copy-number strains
Can be compared between laboratories using online database

Lower discriminatory power than RFLP
Single pattern in Beijing family strains

MIRU-VNTR Simple to perform, fast and labor saving
Stable, and evolution rate is slightly slower than that of RFLP
Need only small amount of DNA
Easier to handle large number of strains by comparison of numeric codes
Cost effective and 100% reproducible
Real-time tracing of spreading strains 
A free web tool is available to compare the strains internationally

12 loci and 15 loci MIRU VNTR has lower discriminatory  
power than IS6110 RFLP

Rep-RCR Simple to perform, fast and labor saving
Generate real-time strain-typing results
Analysis can be performed with Web-based software
Highly discriminatory for Beijing strains 
Broadly applicable to different strains of mycobacteria

Relatively less reproducible

WGS High discriminatory power
Precise genetic information can be obtained

Expensive
Difficulty of data standardization 
Do not have readily accessible and expandable database

RFLP = restriction fragment length polymorphism, MIRU-VNTR = mycobacterial interspersed repetitive unit-variable number of tandem repeat, Rep-PCR = repetitive element 
palindromic PCR, WGS = whole genome sequencing.
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the spatial distribution of the cases, contact tracing data, and 
involvement of multiple source cases (15,75).

CONCLUSION

Each technique has its own advantages and disadvantages, and 
we have to consider these facts when we select, implement, and 
combine those techniques according to our specific laboratory 
conditions and the particular features of the geographic region. 
Currently, molecular typing is widely used by TB control pro-
grams because it offers a powerful tool to monitor epidemio-
logic trends and transmission dynamics of drug-resistant strains. 
It has been witnessed that simple conventional technologies 
moved to more advanced ones, such as molecular diagnostics, 
and now we are facing a brand new technology of ‘WGS’ even 
though still there are many things to be solved; normalization 
of the data, mining meaningful data sets from enormous amounts 
of data, high costs, etc. WGS will soon replace most of the typ-
ing methods that are currently being used. However, it will take 
quite a long time to replace the whole typing settings in the world. 
Meanwhile, we need to, and will, use current molecular typing 
methods in combination with WGS. It will be important not 
only for the transition phase of moving to the new technology, 
but also important that through such a combination, we will get 
deeper knowledge that relies on the genetic characters and dif-
ferences of each M. tuberculosis strain. We support the fact that 
TB molecular typing may play as an essential role in monitor-
ing of the progress toward eliminating TB transmission.
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