
[Frontiers in Bioscience 8, d440-450, January 1, 2003]

440

MOLECULAR EPIDEMIOLOGY OF TUBERCULOSIS

Zhenhua Yang

Department of Epidemiology, University of Michigan, School of Public Health, 109 S. Observatory Street, Ann Arbor, MI 48109

TABLE OF CONTENTS

1. Abstract
2. Introduction
3. Genotyping methods

3.1. Genetic markers
3.1.1. Insertion sequences
3.1.2. Short repetitive DNA sequences

3.2. Restriction fragment length polymorphism analysis
3.2.1. IS6110 RFLP analysis
3.2.2. PGRS RFLP analysis

3.3. PCR-based typing
3.3.1.  Mixed-linker PCR
3.3.2.  Spoligotyping
3.3.3. VNTR and MIRU-VNTR typing

3.4. Comparison of genotyping methods
4. Molecular epidemiological studies

4.1. Epidemiological applications of molecular techniques
4.2. Approach for systematic molecular epidemiological studies
4.3. Interpretation of molecular epidemiological studies

5. Perspectives
6. Acknowledgement
7. References

1. ABSTRACT

Recent development of molecular techniques in
typing pathogenic organisms has changed the way of
epidemiologic study of infectious disease. Here I review
the recent achievements and challenges in molecular
epidemiology of tuberculosis.

2. INTRODUCTION

Tuberculosis (TB) remains the leading infectious
cause of global mortality. The emergence of drug resistant
TB in recent years and its deadly synergy with HIV
highlight the need for a better understanding of the
dynamics of TB epidemiology (1-5). Recent advances in
molecular techniques have enabled the development of a
variety of genotyping methods for differentiation of clinical
isolates of Mycobacterium tuberculosis , the causative agent
of TB disease (6-19). The emerging field of molecular
epidemiology, which is the integration of the molecular
techniques to track specific strains of pathogen with
conventional epidemiological approaches to understanding
the distribution of disease in populations, has provided new
insights regarding the epidemiology of TB (20-22).

3. GENOTYPING METHODS

During the last 10 to 15 years, a variety of
genotyping methods that utilize the insertion sequence (IS)
and the short repetitive sequence associated DNA

polymorphisms in M. tuberculosis  complex strains have
been established (6-19). In principle, these methods can
be categorized into two groups: 1) Southern blot
hybridization-based RFLP analysis and 2) PCR-based
typing. As discussed in this review, each genotyping
method has its advantages and disadvantages, in terms
of technical demand, turnaround time, discriminatory
power, reproducibility, and complexity of patterns
generated. Most researchers, therefore, usually use a
combination of multiple methods to differentiate M.
tuberculosis  strains for the purpose of epidemiological
investigation.

3.1. Genetic markers
M. tuberculosis complex strains include five

genetically related subspecies:  M. tuberculosis, M.
africanum, M. bovis , M. microti, and M. canetti (23, 24).
Studies have demonstrated a high degree of evolutionary
conservation of M. tuberculosis  complex strains (25-32).
The characteristic features of M. tuberculosis  include its
slow growth, dormancy, complex cell envelop, intracellular
pathogenesis, and genetic homogeneity (33). Despite this
genetic homogeneity in the M. tuberculosis complex,
however, the high degree of DNA polymorphism
associated with repetitive DNA sequences, including ISs
and short repetitive DNA sequences, provides the basis for
molecular typing methods to differentiate these strains (8,
14, 18, 34-44).
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3.1.1. Insertion sequences
Prior to the completion of genomic DNA

sequencing of M. tuberculosis  H37Rv, four ISs, IS6110 (6,
35), -1081 (36), -1547 (42), and the IS-like element (39),
had been identified in M. tuberculosis  complex strains.
Analysis of the complete genomic DNA sequence of strain
H37Rv disclosed one to three copies of 25 unknown ISs,
two prophages, and a novel type of repetitive sequence, the
REP13E12 family (44, 45). Of all the insertion sequences
found in M. tuberculosis complex strains to date, IS6110 is
the one that has been most extensively used in M.
tuberculosis strain typing for epidemiological investigation
because of its apparent mobility and its high copy number
in most strains. In contrast, IS1081 is almost invariably
present in only five to seven copies per genome and shows
limited DNA polymorphism (36, 46). IS1547 and the IS-
like element are present in one or two copies  per genome
(39, 42, 44), thus limiting their value in discriminating
between strains (42). The presence of more recently
identified ISs was investigated in the five species of the M.
tuberculosis complex, including 32 M. tuberculosis strains,
and four of these (IS1532, -1533, -1534, and -1561') were
absent from some of the strains tested (45). The usefulness
of these new ISs in genotyping is limited by the low copy
number of these elements.

3.1.2. Short repetitive DNA sequences
Besides IS elements, five types of short repetitive

DNA associated with some degree of genetic diversity have
been identified in M. tuberculosis  complex strains. Three of
these, the polymorphic GC-rich tandem repeat  sequence
(PGRS) (8, 41), a repeat of the triplet GTG (14), and the
major polymorphic tandem repeat (MPTR) (38), are present
in multiple genomic clusters composed of many non perfect
repeats. The genome sequence of M. tuberculosis  H37Rv
shows that PGRSs and MPTRs  are often part of the so-
called Pro-Glu and Pro-Pro-Glu multigene families,
respectively. It has been postulated that the DNA
polymorphism associated with these repetitive elements
may result  in antigenic variation (44). In addition, six exact
tandem repeat  (ETR) loci containing tandem repeats of
identical DNA sequences have been identified (40, 43). The
remaining type of the short repetitive DNA found in M.
tuberculosis complex strains is the direct repeat (DR)
elements, which are 36 base pair (bp) long and present  at a
single genomic locus (37). The polymorphism associated
with this locus is driven by the 35-41 bp unique DNA
spacer sequences that intersperse the DRs. (18). Although
all types of the short repetitive DNA have been used for the
strain differentiation of M. tuberculosis, the PGRS RFLP
analysis has been most widely used in molecular
epidemiology studies.

3.2. Restriction fragment length polymorphism analysis
3.2.1. IS 6110 RFLP analysis

The IS6110 RFLP analysis, also called IS6110
DNA fingerprinting, is the most standardized and widely
applied genotyping method for M. tuberculosis (12). This
method is based on the variability of genomic location and
the copy number of this 1,355 base pair (bp) element in M.
tuberculosis complex strains. Sequence analysis showed
that IS6110 is related to the IS3 family of insertion

elements, which was initially discovered in gram-negative
bacteria. IS6110 was initially identified in M. tuberculosis
(35) and subsequently found to be distributed through the
M. tuberculosis complex, with copy numbers ranging from
0 to 25 per strain (6, 47). The genomic restriction fragments
of tubercle bacilli carrying IS6110 are therefore highly
polymorphic.

The IS6110 RFLP patterns visualized by
Southern blot of M. tuberculosis genomic DNA restricted
with endonuclease PvuII, using peroxidase-labeled IS6110
as a probe, are relatively simple and amenable to
computerized analyses and comparison. Recommendations
for a standardized method of strain typing for M.
tuberculosis were formulated in 1993 (12), and in virtually
all published studies, investigators have complied with
these recommendations. Thus, fingerprints generated in
different laboratories theoretically can be compared, thus
allowing the investigation of the prevalence of various
types  or genotypes in different regions and the trace of
interregional transmission of M. tuberculosis  (48-51). In the
standard IS6110 RFLP analysis, the probe used is a PCR
product complementary to the sequence on the right side of
the PvuII site within the IS element, designated as IS6110-
3' probe.

Numerous investigations of TB outbreaks have
demonstrated that epidemiologically related isolates show
identical IS6110 RFLP patterns (52-54). Some M.
tuberculosis clinical isolates, however, contain a low copy
number (0-5) of IS6110 and the variability in genomic
location is rather limited among the low-copy strains. For
these strains, the IS6110 RFLP typing is therefore not
discriminatory. Secondary typing with other genetic
markers is required when M. tuberculosis  strains contain no
or few copies of IS6110, such as seen in a significant
number of the M. tuberculosis isolates  from Asia (55-58)
and M. bovis  strains from cattle (59). Furthermore,
although in most studies isolates with identical IS6110
fingerprints comprising > 5 hybridizing bands have been
considered to be from the same strain, a recent study found
that 53% (10 of 19) of the IS6110-3' identified interstate
high-copy-number clusters in the CDC National
Genotyping and Surveillance Network project during the
time period between 1996 and 1997 were subdivided by
one or more secondary typing methods, including the
PGRS and IS6110 left-hand probe (IS6110-5') secondary
fingerprinting and the spoligotyping based on the unique
DNA spacer sequences that intersperse the DRs (60). In
contrast, clustering of the control group comprising isolates
from a single state in the Untied States was virtually
identical by all methods. These results demonstrate the
importance of secondary typing for investigating the
relatedness of clinical isolates of M. tuberculosis  obtained
from widely separated geographic regions. The study also
suggests that a combination of IS6110-3' and IS6110-5'
fingerprinting will increase the reliability of IS6110
fingerprinting in studying the clonal relationship of M.
tuberculosis isolates and that IS6110-5' fingerprinting
might serve as a more appropriate primary typing method
for a genotyping network that compares isolates from
different  geographic regions.
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3.2.2. PGRS RFLP analysis
The secondary typing that has been used in most

molecular epidemiology studies to date is the PGRS RFLP
analysis using recombinant plasmid pTBN12 that carries an
insert of PGRS as a probe (8, 17, 61-63). The PGRS RFLP
analysis is therefore often referred to as pTBN12
fingerprinting and is based on the DNA polymorphism
associated with the PGRS. The PGRS occurs at 61 loci of
the genome of M. tuberculosis  H37Rv, where each one has
a common 9-bp consensus repeat (GCCGCCGTT) (44). In
M. tuberculosis the number of PGRS and their distribution
vary from strain to strain. The procedure of PGRS RFLP
analysis includes digestion of genomic DNA with
endonuclease AluI, separation of the restriction fragments
on 0.7 % agarose gel, and Southern blot hybridization with
peroxidase-labeled pTBN12 probe (17, 61).

To validate the use of PGRS RFLP analysis in
molecular epidemiological study of TB, Yang and colleagues
fingerprinted M. tuberculosis isolates from 67 patients in five
states in the United States and in Spain with both IS6110 and
pTBN12 (61). Epidemiological links among the 67 patients
were evaluated by patient interview and/or review of medical
records. The 67 isolates had five IS6110 fingerprint patterns
with two to five copies of IS6110 and 18 PGRS RFLP
patterns, of which 10 were shared by more than one isolate.
Epidemiological links were consistently found among patients
whose isolates had identical PGRS RFLP patterns, whereas no
links were found among patients whose isolates had unique
PGRS RFLP patterns. The study suggests that PGRS RFLP
analysis is a useful tool to identify epidemiologically linked
TB patients whose isolates have identical IS6110 fingerprints
containing fewer than six bands. Furthermore, in a population-
based study, Burman and colleagues found that the use of
secondary PGRS typing decreases clustering and improves the
correlation between the transmission links predicated by
genotyping and epidemiological investigation (63).

3.3. PCR-based typing
Although DNA fingerprinting using IS6110 and

PGRS as probes have proven to be useful tools for
molecular epidemiological study of TB, they are
technically demanding and time consuming because the
methods require a sufficient amount of extracted DNA. To
obtain the required amount of genomic DNA, one needs to
culture the organisms before DNA extraction, and the
minimum turnaround time for RFLP analysis is at least
three to four weeks. These disadvantages promoted the
development of less expensive and less laborious PCR-
based genotyping methods, which include mixed-linker
PCR fingerprinting (9), IS6110 inverse PCR (19), IS6110
ampliprinting (11), double repetitive element PCR (DRE-
PCR) (15), spoligotyping (18), arbitrarily primed PCR
(APPCR) (10), VNTR and MIRU-VNTR typing (43, 64).
Reviewed below are those that have proven to be useful for
genotyping of M. tuberculosis isolates, in terms of their
reproducibility, specificity, and discriminatory power.

3.3.1. Mixed-linker PCR fingerprinting
Mixed-linker PCR fingerprinting is a rapid typing

method based on specific amplification of genomic RFLP
fragments containing IS6110 (9). The procedure of mixed-

linker PCR fingerprinting includes four steps. First, the M.
tuberculosis genomic DNA is restricted with HhaI, then a
synthesized double-stranded oligonucleotides linker that
contains uracil instead of thymidine on one of its two
strands is ligated to the ends of the restriction fragments,
followed by a treatment with uracil N-glycosylase (UNG)
to eliminate the uracil-containing oligonucleotides. Finally
the target sequence is amplified using one primer specific
for IS6110 and a second primer complementary to a linker
ligated to the HhaI restricted genomic DNA. The main
advantage of mixed-linker PCR fingerprinting is its
independence from mycobacterial growth, which is
required for traditional IS6110 fingerprinting. A mixed-
linker PCR fingerprint can be obtained directly from a
single colony of the primary isolate without further culture,
indicating that single colony mixed-linker PCR
fingerprinting may facilitate the investigation of the
frequency of simultaneous infections with more than one
strain of M. tuberculosis. Furthermore, this method can also
be used to genotype non-viable tubercle bacilli, enabling
outbreak investigation when the original isolates fail to
grow due to their inappropriate storage.

3.3.2. Spoligotyping
Spoligotyping is a relatively simple, rapid

subtyping method. This method is based on the DNA
polymorphism present at one particular genomic region of M.
tuberculosis complex strains (18). The DR region contains a
variable number of direct repeat (DR) of 36 bp that are
interspersed by non-repetitive DNA named spacers, each 35
to 41 bp long. Based on the knowledge of the DNA
sequences of the spacers present in the DR locus of M.
tuberculosis strain H37Rv and M. bovis BCG vaccine strain
P3, 43 synthetic oligonucleotides representing each of the
unique spacer sequences have been designed and applied in
lines on a DNA membrane. In order to examine the presence
of these 43 spacers in the DR region of a particular strain, the
whole locus of that strain is amplified by PCR, using two
inversely oriented primers complementary to the sequence of
the DRs. By using such primers, DNA in between DRs next
to each other and in between DRs more distantly positioned
is amplified. The PCR products of multiple sizes are applied
on the membrane, in rows that overlay and are perpendicular
to the rows with the synthetic oligonucleotides. Because one
of the PCR primers is labeled with a biotin label, through a
streptavidine-peroxidase conjugate and a substrate, the
hybridization on the synthetic oligonucleotides can be
detected by chemilumminescence. It is observed that the
order of “spacers” is about the same among different strains.
However, insertions or deletions of spacers and DRs do
occur. The spoligotyping pattern therefore reflects the
presence or absence of the 43 known spacer sequences.
Spoligotyping data can be entered as a word document
allowing a rapid comparison of large number patterns in a
word processor. For strains containing < 5 copies of IS6110,
spoligotyping shows higher discriminating power than
IS6110 fingerprinting; it is, however, less discriminating for
strains that have > 5 copies of IS6110.

3.3.3. VNTR and MIRU-VNTR typing
Variable number of tandem repeats (VNTR)

typing of M. tuberculosis  is a PCR-based typing method
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introduced by Frothingham and Meeker-O’Connell (43).
This method is based on the variability in the number of
exact tandem repeat (ETR) at five loci of M. tuberculosis
genome. Each locus contains a unique sequence 53 to 79 bp
in length that is repeated exactly. The VNTR loci are
amplified by PCR by using specific primers
complementary to the flanking regions. The number of
tandem repeat units is determined by estimating the size of
the PCR product on agarose gels. The results are expressed
as a five-digit allele profile in which each digit represented
the number of copies at a particular locus. Analysis of
multiple isolates of particular reference strains
demonstrates that all the alleles are reproducible and stable
(43).

MIRU-VNTR typing is a new PCR-based typing
method introduced recently by Supply and colleagues (65).
This method is based on the variable-number tandem
repeats of mycobacterial interspersed repetitive units
(MIRU-VNTR), including both ETR and MPTR. MIRUs
are 40-100 bp DNA elements often found as tandem repeats
and dispersed in intergenic regions of the M. tuberculosis
complex genomes. The M. tuberculosis  H37Rv genome
contains 41 MIRU loci. After PCR and sequence analyses
of these loci in 31 M. tuberculosis  complex strains, 12 of
them were found to display variations in tandem repeat
copy numbers and, in most cases, sequence variations
between repeat units as well. Of the 12 variable loci, only
one was found to vary among genealogically distant BCG
substrains, suggesting that these interspersed bacterial
minisatellite-like structures evolve slowly in mycobacterial
populations. In MIRU-VNTR typing, each isolate is typed
based on the number of copies of repeated units at the 12
variable loci scattered throughout the genome. The number
of repeated units can be determined by the size of the
fragment produced by amplification of the entire locus.
Recently, an automated MIRU-VNTR typing system was
established by Supply and colleagues (66). This system
combines analysis of multiplex PCRs on a fluorescence-
based DNA analyzer with computerized automation of the
genotyping. To fully exploit the portability of this typing
system, a website was set up for the analysis of M.
tuberculosis MIRU-VNTR genotypes via the Internet (66).
MIRU-VNTRs can be used for analysis of the global
genetic diversity of M. tuberculosis complex strains at
different levels of evolutionary divergence.

3.4. Comparison of genotyping methods recipient
As described above, each typing method has its

own advantages and disadvantages. The reproducibility,
discriminatory power, and specificity of currently known
typing methods for M. tuberculosis isolate was
systematically compared through an international
collaborative study involving 12 laboratories in five
different countries in 1999 (67). In this study, 90 M.
tuberculosis  complex strains, originating from 38 countries,
were tested in five RFLP typing methods and in seven PCR-
based assays that target one or more repetitive DNA
elements. The strain typing and the DNA fingerprint
analyses were performed in the laboratories that were most
experienced in the respective method. By including blinded
duplicate samples, the intralaboratory reproducibility was

assessed. The specificity of the various methods was tested
by inclusion of 10 non-M. tuberculosis  complex strains.

The study found that the most highly
reproducible techniques were the RFLP-based methods,
mixed-linker PCR, VNTR typing, and spoligotyping. The
reproducibility of these methods, ranging from 94 to 100 %
(P > 0.1). The 90 strains were best discriminated by IS6110
RFLP typing,  yielding 84 different banding patterns. The
mixed-linker PCR, PGRS RFLP, spoligotyping, and VNTR
typing each generated 81, 70, 61, and 56 patterns
respectively. In this study, IS1081 and DR, and (GTG)5
RFLP were also evaluated and found to have very limited
discriminatory power. The specificity analysis shows that
Southern blot–based RFLP analysis surpasses the PCR-
based techniques. In this study, the methods that allowed
subtyping of the two low-copy-number IS6110 clusters of
two and five M. bovis  strains, in decreasing order of
discrimination, were VNTR typing, PGRS RFLP or DR
RFLP, spoligotyping,  (GTG)5 RFLP, and IS1081 RFLP.
Furthermore, traditional methods to reveal polymorphisms
among bacterial populations were found not to be useful for
M. tuberculosis complex strain typing, because of the
unusually low structural gene variation among M.
tuberculosis isolates, even when they  originate from very
diverse geographic regions (67). The conclusion drawn
from the study was for epidemiological investigations,
IS6110 RFLP or mixed-linker PCR is the methods of
choice for strain differentiation. When less strain
discrimination is required, VNTR typing and spoligotyping
are reproducible alternatives.

The greater discriminating power of PGRS RFLP
analysis in typing low-copy-number isolates as compared
with spoligotyping was also found in another study (68).  In
this study, a total of 88 isolates (100% of the isolates with
fewer than six copies of IS6110 isolated in Arkansas during
1996 and 1997) were included. Among the 88 isolates, 34
different IS6110 patterns were observed, 10 of which were
shared by more than one isolate, involving a total of 64
isolates. The 64 isolates were subdivided into 13 clusters
(containing 37 isolates) and 27 unique isolates based on a
combination of IS6110 and PGRS RFLP analysis and into
11 clusters (containing 51 isolates) and 13 unique isolates
based on a combination of IS6110 fingerprinting and
spoligotyping. Identical spoligotypes were found among
isolates having different IS6110 patterns, as well as among
isolates showing different PGRS RFLP patterns. The
clustering rate was 73, 58, and 42%, respectively, for
IS6110 fingerprinting alone, IS6110 fingerprinting and
spoligotyping combined, and IS6110 and PGRS RFLP
combined fingerprinting.

Comparison between IS6110 fingerprinting and
MIRU-VNTR typing on 44 isolates from Paris with no
known epidemiological links found that MIRU-VNTR
provided a resolution comparable to that of IS6110 RFLP
(65). Furthermore, MIRU-VNTR typing appears to surpass
ETR-VNTR typing in regard to discriminatory power and
reproducibility, most likely because more loci are
compared in MIRU-VNTR typing. Recently, another study
that included a set of 180 M. tuberculosis and M. bovis
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isolates having low copy numbers of IS6110 found that
MIRU-VNTR produced more distinct patterns (80 patterns)
than did IS6110 RFLP (58 patterns.), and spoligotyping
identified 59 patterns. In this study, no single method
defined all unique isolates, and the combination of all three
typing methods generated 112 distinct patterns, identifying
90 unique isolates and 90 isolates in 22 clusters. The results
indicate that typing with multiple methods is required to
attain maximum specificity (69).

In regard to analysis of genotyping results,
IS6110 RFLP patterns are relatively easy to compare,
because they generally show hybridizing bands of equal
intensity, as most IS6110-containing restriction fragments
carry an intact  part of an IS6110 copy of equal size. In
contrast, RFLP typing using repetitive DNA as a probe
results in hybridizing bands of variable intensity. Therefore,
it has been a common practice to analyze such patterns by
eye. Mixed-linker PCR, VNTR typing, and spoligotyping
are the methods of choice for reproducible PCR-based
typing of M. tuberculosis . Moreover, VNTR, MIRU-VNTR
typing and spoligotyping have the advantage that their
results can be fully expressed in a simple, digital format.
Thus, inter- and intralaboratory comparisons should be
equally  reproducible.

4. MOLECULAR EPIDEMIOLOGICAL STUDIES

4.1. Epidemiological applications of molecular
techniques

The disease burden of TB is influenced by the
risk of an individual in the community being infected with
tubercle bacilli in a given time period, the risk of disease
following such infection, and the risk of disease occurring
long after the original infection owing to the reactivation of
latent infection (70). Epidemiological studies have sought
to measure these risks and to identify factors that modify
them, particularly those factors that can be changed through
specific intervention measures. Prior to the development of
molecular typing techniques for M. tuberculosis  complex
strains, much of our understanding of the dynamics of TB
in population has been derived indirectly by inference from
descriptive epidemiology data (71-73). Our ability to
determine transmission links, to define the human and
environmental factors associated with risks for acquiring
infection with M. tuberculosis, and to answer the
longstanding question regarding the relative contribution of
disease due to the reactivation of latent infection and
disease due to progression of currently acquired infection to
the burden of TB in populations is limited by technology.
The development of molecular typing techniques for M.
tuberculosis has revolutionized the epidemiology of TB
and offered new opportunities for understanding
transmission dynamics and control of TB (20-22).

During the last decade, molecular
epidemiological study of TB has evolved from traditional
outbreak investigation (74-78), detection of
epidemiologically unsuspected transmission of TB (79),
confirmation of epidemiologically suspected transmission
of M. tuberculosis (47, 52), identification and investigation
of nosocomial or institutional transmission of M.

tuberculosis (74, 75, 78, 80), and identification of
laboratory cross-contamination (81, 82) to systematic
population-based studies that address specific
epidemiological questions or test hypotheses, such as the
risk for infection, accelerated progression, and community
transmission; relative contribution of recent
transmission/rapid progression and reactivation of remote
infection to the disease burden in populations; and
specificity and sensitivity of contact investigation (53, 83-
90). Molecular epidemiology has helped to determine the
extent of TB transmission between immigrants and non-
immigrants in developed countries (84, 91, 92), and it has
allowed us to monitor the spread of drug resistant TB and
to study the etiology of MDR emergence (93-95). Yet, it
has assisted to detect the occurrence of reinfection in both
immunocompetent and immunocompromised patients (96-
101). Furthermore, large-scale non-population-based
investigations of genotypes of M. tuberculosis in different
geographic regions have allowed the identification of
strains of M. tuberculosis that have specific properties, such
as infectivity, transmissibility, and virulence (32, 50, 102-
104). The type of study has also led to the recognition of
well-defined genotype families within the M. tuberculosis
complex (48, 95). Strains belonging to these genotype
families possibly  share particular phenotypic properties,
such as antigens and virulence factors, which may be
expressed as distinct manifestations in the pathology and
the epidemiology of TB.

4.2. Approach for systematic molecular epidemiology
study

The premise on which the approach for
systematic molecular epidemiology has been developed is
that TB cases clustered by identical genotypes are
epidemiologically  related, or in other words, caused by
recent transmitted infection while cases whose isolates
show unique genotypes are due to the reactivation of
remote infection. In these systematic molecular
epidemiological studies, investigators have applied IS6110
typing and appropriate secondary typing methods to
quantify the isolates in clusters versus isolates having
unique genotypes, thereafter to quantify the extent of
ongoing transmission of M. tuberculosis  and to determine
the relative contributions of recent and remote infection to
the burden of TB disease in communities. In conjunction
with molecular typing information, conventional
epidemiological data are used to identify host-,
environment-, and strain-specific risk factors for recent
transmission of the disease (53, 62, 63, 83-90).

The approach that has been used for systematic
molecular epidemiological study typically include the
following steps: 1) enrolling a cohort of TB patients from a
specific population at risk for the disease over an extended
period of time; sampling strategies  have ranged from
complete ascertainment of all available cases  in a hospital-
(54, 105), city- (53, 83), or country- (84, 106, 107) to
convenient sampling of a small proportion of the available
cases (48, 79, 85, 108, 109); 2) collecting M. tuberculosis
isolates from the study patients and genotyping the isolates
obtained; 3) collecting conventional epidemiological data
including demographic information, life-style variables,
clinical characteristics, and contact information of the study
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patients through routine patient data collection at the time
of diagnosis according to the Centers for Disease Control
and Prevention’s “Report of a Verified Case of
Tuberculosis”, routine investigation of contacts to a case of
pulmonary TB, and interview of clustered patients and their
contacts by a research nurse using a standardized
questionnaire; 4) categorizing study patients as either
clustered or unique based on the genotypes of their isolates;
and 5) assessing risk factors for recent TB transmission
based on the covariates associated with clustered cases.

While there is no gold standard for cluster
definition, in most epidemiological studies a cluster is
defined as two or more isolates having identical IS6110
fingerprints with > 5 hybridizing bands, or similar IS6110
fingerprint patterns (with only one band difference) with >
5 hybridizing bands and an identical pTBN12 pattern, or
identical IS6110 fingerprints with < 5 hybridizing bands
and identical PGRS patterns (17, 62, 63). In these
systematic studies, the proportion of cases that cluster
within the cohort is used to infer the relative proportions of
clustered and unclustered cases in the community from
which the cohort was drawn. Two different methods have
been used to estimate the proportion of clustered cases. The
first method, usually referred to as the “n” method, uses the
number of all cases that fall into clusters as the estimator of
clustered case (54). The second method, the “n minus one”
method, assumes that one case per cluster is a case of
reactivation TB and thus removes one case per cluster from
the counts of “clustered” cases (110). Choosing “n” versus
“n minus one” method is based on the specific
epidemiological question being addressed; “n” method is
used when the objective of the study is to estimate the
number of people involved in transmission chains and “n
minus one” method if the investigators want to ascertain
the number of people with primary versus reactivated
disease. (111).

4.3. Interpretation of molecular epidemiological studies
While the integration of modern molecular

techniques into traditional epidemiology offers more and
more opportunities to understand the epidemiology of TB,
considerable caution should be exercised in conducting and
interpreting these studies (110-114). Groups of clinical
isolates may be identical for reasons other than recent
transmission, depending, for example, on the stability of
the marker and the number of strains in the community
over time. Cases actually due to recent transmission may
not be seen as clustered if they are new immigrants to the
population or if not all cases in the population are included
in the study, as in most studies where a convenient or
random sample has been used. If cases that share identical
genotype are not included in the study because the sample
is too small, clustered cases will be misclassified as unique
and the resulting proportion of clustered cases will be
underestimated. This, in turn, results in underestimation of
the extent of recent transmission and overestimation of the
extent of reactivation TB, as well as biased estimation of
the effects of risk factors for transmission.

Using stochastic simulation models based on real
and hypothetical populations, Glynn and colleagues
demonstrated the influence of incomplete sampling on the

estimates of clustering obtained. They showed that as the
sampling fraction increases, the proportion of isolates
identified as clustered also increases and the variance of the
estimated proportion of clustered case decreases; the biased
estimate of proportion of clustered cases is a function of
sampling fraction and the underlying cluster distribution
(112). Recently, Murray reported an individual-based
micro-simulation of TB transmission that demonstrated that
multiple host-related factors contribute to wide variation in
cluster distributions even when all strains of M.
tuberculosis in the community are assumed to be equally
transmissible. These host factors include interventions such
as chemotherapy, vaccination and chemoprophylaxis, HIV
prevalence, the age structure of the population, and the
prevalence of latent TB infection (113). Using a Monte
Carlo simulation model, Murray further assessed the
magnitude of bias incurred by sampling strategies
commonly used in the molecular epidemiology of TB and
the impact of risk factors for recent TB transmission
resulted from sampling bias. Depending on the underlying
distribution of cluster sizes, the error involved in
overestimating the proportion of unique TB isolates in a
sample may be sizeable, even when up to 70% of the
complete data is sampled. The odds ratios for risk factors
for clustering are markedly underestimated in the
transmission scenarios in which there are lower proportions
of unique cases or in which smaller clusters predominate.
This bias is especially marked when odds ratios are high; in
the worst-case scenario, an odds ratio of 10 could be
estimated as 1.58 when only 10% of the isolates are
sampled. This finding implicates that, in areas with high
TB prevalence and low TB detecting and reporting rates,
the bias expected in these studies would be so extreme that
the findings would be useful only as lower bounds for the
proportion of recently transmitted cases and for risk factors
for recent transmission. Nevertheless, lower bounds may be
informative in situations in which undetected transmission
is incorrectly attributed to reactivation disease alone or
when a new risk factor for transmission is identified (114).
Using data from a published investigation of the
epidemiology of TB conducted from 1990 to 1993 among
tuberculosis patients in New York City, New York, Murray
and Alland further showed how selecting different
measures of disease frequency, comparison groups, and
sampling strategies may impact the results and
interpretability of the study. They demonstrated that current
study design and analysis of the molecular epidemiology  of
tuberculosis do not consistently yield interpretable and
comparable results, especially when small sampling
fractions have been used (111). In addition, the amount of
clustering seen will also depend on the duration of the
study. The proportion of clustered isolates increases with
the increase of duration of observation (115).

Furthermore, as current studies  of risk factors for
recent transmission compare the probability of exposure in
clustered cases to the probability of exposure in unique
cases, they do not identify factors that  put uninfected people
at risk of primary  disease. This question can be addressed
by using an appropriate comparison series to determine the
distribution of the exposure in the population that gave rise
to the cases. Although the true distribution of cluster sizes
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cannot be observed in the absence of complete sampling,
epidemic models may elucidate factors that contribute to
these distributions and help investigators arrive at prior
expectations of cluster distributions in the specific
transmission scenarios under study (114).

5. PERSPECTIVES

The exponential development of molecular
techniques for strain typing of M. tuberculosis  complex and
the increased integration of these techniques with
conventional epidemiology approaches over the last decade
have enabled researchers to study many important but
previously unanswered questions in the epidemiology of
TB. Findings from the molecular epidemiological studies of
TB have increased our knowledge about the etiology,
pathogenesis, and epidemiology of the disease. A better
understanding of the disease dynamics in populations has
led to the strengthening of TB control. Nevertheless, some
methodological problems in the molecular epidemiology of
TB remain to be solved. In order to be maximally
informative, studies should involve a high proportion of all
cases in a population and be conducted in conjunction with
conventional epidemiological investigations. The
interpretation of molecular epidemiological study results
should be made with the consideration of the study setting,
the proportion of cases included, the incidence of TB in the
population, the duration of study, and the study patients’
HIV status, social and ethnic group, and immigration
status.
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