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Abstract

Genotyping is used to track specific isolates of Mycobacterium tuberculosis in a community. It has 

been successfully used in epidemiologic research (termed ‘molecular epidemiology’) to study the 

transmission dynamics of TB. In this article, we review the genetic markers used in molecular 

epidemiologic studies including the use of whole-genome sequencing technology. We also review 

the public health application of molecular epidemiologic tools.
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It is estimated that Mycobacterium tuberculosis causes latent infection in one-third of 

humanity. However, only 5–10% of infected individuals, 90% of whom live in low- or 

middle-income countries, will ultimately go on to develop active and infectious disease. 

Disease caused by M. tuberculosis still claims approximately 1.3 million lives per year [201] 

and represents a long-standing public health catastrophe. The transmission of M. 

tuberculosis from the index patient to his/her contacts is influenced by multiple factors. 

These include characteristics of the index patient (i.e., bacillary load [1]) and conditions of 

the environmental air shared by the patient and potential contacts [2]. The absolute risk of 

developing active TB among otherwise healthy persons is highest during the first 2 years 

following infection, when 3–10% of newly infected persons will develop active, infectious 

TB [3]. Differentiation of patients who rapidly evolve to active disease following recent 

infection from those who reactivate following remote infection is an important measure of 

regional TB control efforts.
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Genotyping of M. tuberculosis isolates is primarily used to differentiate between recently 

transmitted and reactivation disease. In population-based studies, isolates that share the same 

genotype are considered clustered and are assumed to be epidemiologically linked, although 

the link may be indirect. By contrast, cases with isolates of a unique genotype not shared by 

other isolates within the population are considered to have resulted from reactivation of 

latent infection, presumably acquired either outside of the population or time period of 

interest. The assumption is that the rate of change of the molecular marker used to determine 

the genotype is rapid enough to show variation in a local community but slow enough that it 

is unlikely to change within a person in a shorter time period. If a patient has recurrent TB 

(more than one episode of active TB) and the isolates from the initial and the recurrent case 

are available, it is also possible to differentiate between relapse (TB caused by the same 

strain that caused the previous episode) and re-infection TB (TB caused by a different 

strain), Since the early 1990s, genotyping of M tuberculosis has been successfully used in 

epidemiologic research in a scientific field known today as molecular epidemiology [4]. 

This field has enabled TB control programs, mainly in high-income settings, to track 

specific isolates of M. tuberculosis in a community [5]. The obtained knowledge has high 

public health importance as it allows these programs to determine population-level risk 

factors for transmission, establish tailored public health strategies and gauge the success of 

control measures [6].

In contrast to genetic markers that change rapidly enough to trace recent transmission in a 

community, genotyping has also been used to characterize the bacterial evolution and 

phylogeny of M. tuberculosis [7]. This information has been used to gain greater 

understanding of pathogen-specific risk factors for transmission and pathogenesis. Until a 

decade ago, host and environmental factors were thought to account for variability in M. 

tuberculosis transmission and pathogenesis. For example, patients infected with HIV are 20–

37-times more likely than people not infected with HIV to develop active TB [202]. 

However, recent studies suggest that different isolates of M. tuberculosis may contribute to 

different clinical outcomes [8,9], an observation made possible by recently discovered 

genetic markers representing a robust phylogenetic classification of M. tuberculosis.

The aim of this article is to review the genetic markers used in molecular epidemiologic 

studies of M. tuberculosis and their applications to public health. We also review the genetic 

polymorphisms used in phylogenetic analyses in the context of molecular epidemiology.

Genetic polymorphism in M. tuberculosis

Mycobacterium tuberculosis is part of the M. tuberculosis complex, which also includes M. 

africanum subtype 1, M. pinnipedii, M. microti, M. bovis subsp. caprae and M. bovis [10], 

all of which are mote than 99.9% similar at the DNA level. Genetic analysis suggests that 

the ancestor of the modern human-adapted M. tuberculosis complex is M. canetti. This is a 

rare bacillus that forms smooth colonies and has been isolated only in patients from 

Djibouti. East Africa. The genetic analysis of fragments of the complete 16S rRNA gene and 

six housekeeping genes (katG, gyrB, gyrA, rpoB, hsp65 and sodA) in several clinical isolates 

of M. canetti showed none or one single nucleotide polymorphism (SNP) in the 1537 base 

pairs of the 16S rRNA sequence and greater diversity in other parts of the genome when 
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compared with isolates of the M. tuberculosis complex [11]. These data suggest that M. 

canetti underwent an extreme bottleneck and that the current M. tuberculosis complex 

emerged in East Africa from a single successful lineage that expanded clonally to the rest of 

the world. Recently published papers have detailed the origin and evolution of M. 

tuberculosis [10,11].

Mycobacterium tuberculosis is considered genetically monomorphic because it has low 

levels of genetic diversity and homoplasies (independent mutational events that result in the 

same genotype among isolates with a different ancestry) and very rare homologous 

recombination events. However, relative to other monomorphic bacteria (i.e., Salmonella 

enterica or Yersinia pestis), M. tuberculosis has substantial genetic variation [12], including 

large sequence polymorphisms (LSPs) [13] and SNPs, which are phylogenetically 

informative and useful for population genetic analyses. Further variation can be attributed to 

a variable number and location of the insertion element (IS) 6110 [14] and the polymorphic 

GC-rich repetitive sequences (PGRSs), as well as polymorphisms in the clustered regularly 

inters paced short palindromic repeats (CRISPRs) [15] and variable number tandem repeats 

(VNTR) [16], all of which have been commonly employed in molecular epidemiology.

Genetic markers in M. tuberculosis

Genetic markers have been used for molecular epidemiology and for phylogeny studies of 

M. tuberculosis (Table 1). For molecular epidemiology, it is important that the markers are 

highly discriminatory. For phylogeny and population genetic analyses, the markers should 

be phylogenetically robust, that is, exhibit low homoplasy and minimal rates of convergent 

evolution. It should also have a solid phylogenetic framework with a strong understanding 

of the genetic population structure in which specific strains can be positioned and could 

delineate biologically meaningful groups.

To date, no single genetic marker is equally suitable for both of these purposes. Therefore, it 

is important to select an adequate genetic marker and corresponding analysis only after 

clearly identifying the goals of genotyping.

Genetic markers for molecular epidemiologic studies

The ideal DNA market for the study of TB transmission dynamics is one that is polymorphic 

enough to distinguish among unrelated isolates, yet stable enough to make the connection 

between isolates that are indeed related. The ideal methodology to determine the genetic 

polymorphism should be simple, affordable, have a rapid turnaround time and the results 

should be in a format that can be easily shared between different laboratories. In this section, 

we will review the different DNA markers used in the study of TB transmission dynamics.

In the early 1990s, the restriction fragment length polymorphism (RFLP) method using 

IS6110 was successfully used to identify and track individual isolates of M. tuberculosis in 

the community [17]. Later, PCR-based methods such as spoligotyping, or spacer 

oligonucleotide typing (based on the polymorphism, of the CRISPRs) [18], and 

mycobacterial interspersed repetitive units (MIRU)-VNTR typing [19] were added to the 

armamentarium of molecular epidemiological tools. Most recently, the availability of high-
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throughput technology and the dramatic decrease in costs have allowed for whole-genome 

sequencing as a viable method to study community transmission and microevolution of M 

tuberculosis [20,21].

IS6110-RFLP—IS6110-RFLP has been considered, until recently, to be the gold standard 

of molecular epidemiologic studies owing to its discriminatory power (ability to differentiate 

between two unrelated strains) and because it has been widely used since the early 1990s 

[5]. IS6110 belongs to the IS3 family of mobile elements. It has 1361 base pairs and is found 

only in organisms of the M. tuberculosis complex. M. tuberculosis has been shown to 

contain between 0 to 25 copies of IS6110. Although IS6110 does not have a known target 

for insertion, it is believed that the insertion sites are not random. Several preferential 

integration loci or hotspots have been reported, some of them in recent years [22]. The 

molecular clock (rate of change for which two M. tuberculosis strains will diverge) of the 

IS6110 element is estimated to be between 3.2 and 8.7 years [23–25]. The genotyping 

method is based on the variability of the number of copies of IS6110 and the molecular 

weights of DNA fragments in which the insertions are found [17].

The main advantages of the IS6110-RFLP method are its high discriminatory power and the 

availability of studies for comparison. A main limitation of the IS6110-RFLP method is the 

low discriminatory power in isolates presenting five or fewer IS6110 bands. In fact, studies 

have demonstrated that the frequency of clinically confirmed epidemiologic links between 

cases is decreased in clusters formed by isolates with five or fewer IS6110 bands [26,27]. 

For these isolates, secondary markers such as PGRS and CRISPRs are used to increase the 

discriminatory power and to determine the epidemiological links among patients. 

Furthermore, IS6110-RFLP has significant technical limitations, including the need for 2–3 

μg of high quality DNA (and therefore the need of prior culture of the isolates) and the 

determination of results based on visual inspection of images of band patterns that are 

difficult to share between laboratories.

PGRS-RFLP—Polymorphic GC-rich repetitive sequence RFLP has been used as a 

secondary typing method in isolates of M. tuberculosis with five or fewer copies of IS6110 

[28]. PGRS is a highly polymorphic GC-rich sequence present in multiple sets of copies on 

the M. tuberculosis chromosome. The evolution of PGRS containing regions is due to 

duplication, recombination and strand slippage [29], however, these mutations rarely induce 

changes that can be observed in the PGRS-RFLP image [30]. It has been estimated that the 

rate of change of PGRS is slower than that of IS6110, however, exact estimates are not 

available [31]. The PGRS is visualized using an RFLP-based methodology [27] and a probe 

based on the consensus sequence of the PGRS: 

ATCGGCAACGGCGGCAACGGCGGCAACGGCGG. The advantage of this technique is 

that it is highly discriminatory [28]. The disadvantages are similar to the technical 

limitations of IS6110-RFLP and PGRS-RFLP produces an image with many more bands of 

different intensities, complicating its reading and interpretation.

Spoligotyping—Spoligotyping has been used for secondary typing of isolates with five or 

fewer IS6110 bands [26,32,33]. It has also been used as a primary genotyping method in 
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combination with MIRU-VNTR [34,35]. Spoligotyping is based on the polymorphism in the 

direct repeat (DR) locus, which is a member of the CRISPRs [36]. This region consists of 36 

base pair DR copies interspersed by non-repetitive 35–41 base pair sequences called spacers. 

The DR and the spacers together are called direct variable repeats (DVRs). There are 94 

spacer sequences; however, 43 spacers are used in the most common typing methodology 

[18]. The DR region evolves through IS6110-mediated mutation, homologous 

recombination between repeat sequences that lead to the deletion of a DVR, strand slippage 

that lead to duplication of DVRs, and point mutations [37,38]. It has been estimated that the 

rate of change of the DR region is slower than that of IS6110; however, exact estimates are 

not available [39]. Spoligotyping is a PCR-based method that amplifies the spacer; the 

presence and absence of spacers will result in different polymorphisms. There are two 

methods currently used to obtain the spoligotype. The first one (the original method.) is 

based on reverse hybridization where the sequences of each of the spacers are attached to 

specific areas on a membrane and the PCR products are hybridized to the membrane [40]. 

The patterns (presence and absence of spacers) are represented as a binary number or, after a 

simple conversion, as an octal numeral. The second method is based on Luminex technology 

(Luminex Technology, TX, USA), where each of the spacer oligonucleotides is covalently 

attached to a microsphere, which serves as a capture probe. Each microsphere also contains 

two covalently attached fluorochromes. One laser will excite the fluorochromes to identify 

the spacer. The second laser will excite a reporter bound to the PCR product containing the 

spacer [41].

The advantages of 43 spacer-spoligotyping are that it is highly reproducible and, since it is 

based on PCR amplification, very little DNA (20–50 ng) is needed. It has been used with 

DNA extracted directly from sputum from smear-positive patients [42]. The simple 

reporting method (binary or octal numeral) has allowed the creation of a global database of 

spoligotyping patterns [43,203]. The main limitation is the inferior discriminatory power 

when compared with IS6110-RFLP and MIRU-VNTR typing. For example, isolates that 

have the spoligotype lacking the spacers 1–34 (also known as the Beijing family) may have 

different IS6110-RFLP and MIRU-VNTR polymorphisms [44]. To overcome this limitation, 

an extended panel of 68 spacer sequences was recently tested using the membrane format 

and Luminex technology [45]. The 68 panel included the original 43 spacers and 25 

additional spacers. The extended panel of 68 spacer sequences was compared with the 43 

original spacers in a convenience sample of 351 isolates. The 68 spacer-typing improved 

discrimination from 33 to 52 spoligotyping patterns.

Recently, we compared the performance of PGRS-RFLP with the 43 spacer-spoligotyping 

for secondary typing of M. tuberculosis isolates with five or fewer IS6110 bands to examine 

the community epidemiology of TB in a population-based study [32]. Our data indicate that 

PGRS-RFLP and the 43 spacer-spoligotyping had similar discriminatory power for isolates 

with five or fewer IS6110 bands and the cluster status of isolates were concordant in 84% of 

the cases. However, patients were included in different clusters depending on which 

genotyping method was employed. Given these data and lack of a clear gold standard, these 

methods should be considered non-interchangeable, and the same method should be used for 

longitudinal studies.
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Over the years, signature 43 spacer-spoligotyping patterns have been identified and used to 

define strain families [43]. The families largely correspond to the geographic regions from 

which the isolates were collected, demonstrating that different spoligotypes predominate in 

different pans of the world [46]. Examples of these strain families include the Beijing 

family, which is highly prevalent in Eastern Asia [47], the Manila family in the Philippines 

[48], the Cameroon family [49], and the Central Asia/Delhi family [50]. Spoligotyping also 

discriminates between M. tuberculosis and M. bovis, which lacks spacers 39–43 [18]. 

Although the spacers used in spoligotyping exhibit a high rate of homoplasy (independent 

mutational events that result in the loss of the same spacer), we recently demonstrated that 

strains from a particular spoligotype family belonged to the same LSP/SNP lineage and that 

spoligotype families should be considered ‘sub-lineages’ within the main LSP/SNP lineages 

[51].

MIRU-VNTR typing—Mycobacterial interspersed repetitive unit VNTR is considered by 

some authors to be the new gold standard for M. tuberculosis genotyping, as it is highly 

discriminatory and reproducible [52]. This genotyping method is based on VNTRs of the 

genetic elements called MIRUs. The repetitive units are 40–100 base pairs in length and are 

located in 41 loci scattered throughout the genome of M. tuberculosis H37Rv [16]. The rate 

of mutation of each locus is variable [53–56]. The polymorphism is based on the variability 

in the number of copies of the repeat unit. The original methodology included 12 MIRU loci 

and was used together with spoligotyping for primary genotyping. However, the 

discriminatory power was less than that of IS6110-RFLP, especially in isolates with the 

Beijing spoligotype [53,57]. The current recommendations are to use a set of 15 MIRU loci 

for molecular epidemiologic studies and 24 MIRU loci for phylogenetic studies (the original 

set of 15 MIRU and nine additional loci) [56]. Special consideration is given to MIRU 

typing of Beijing isolates, where the set of 15 MIRUs are not sufficient to discriminate 

among unrelated Beijing isolates [53,58]. Therefore, hypervariable VNTR targets [53] or 

sets of 24 or more MIRU loci [59–61] are recommended to analyze this family of strains 

(Table 2).

Mycobacterial interspersed repetitive unit VNTR typing is based on PCR amplification 

using primers specific for the flanking regions of the different MIRUs. The original protocol 

includes the amplification of each locus and the visualization of the product in a gel. 

Because the length of the repeat unit is known, the size of the PCR product will reflect the 

number of copies of the repeat unit. The result is a numerical value that reflects the number 

of repeats in tandem at each locus [19]. At present, there is a high-throughput method based 

on multiplex PCR in which one primer of each primer set is tagged with a different 

fluorescent dye. The fluorescently labeled amplicons are subjected to electrophoresis using 

an automatic sequencer in order to estimate the PCR size [62]. The advantage of automated 

MIRU typing is that it is highly reproducible and fast because the results are obtained 

through a computerized analysis of the signals (in contrast with the visualization of each 

product in agarose gel, which is less reproducible and more time consuming). However, it 

requires a sequencer and specialized software packages [56]. A global epidemiological 

database is available [52,204]. The analysis of this data has led to insights into the 
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distribution and evolution of M. tuberculosis, including the identification of clonally related 

M. tuberculosis families in specific geographic distributions [63–65].

Mycobacterial interspersed repetitive unit VNTR typing has similar or more discriminatory 

power than IS6110-RFLP, depending on the MIRU-VNTR locus number and combinations 

[44,66,67]. However, the concordance of the two methods to determine linked cases may 

vary depending on the genotyping method used (i.e., patients may be clustered by both 

methods, but the cases with whom they are linked are different) [35,44,54]. In some studies 

up to 85% of isolates were clustered with the same patients by both methods [35,54], but in 

some instances this concordance was as low as 40%, specifically when using 27 MIRU-

VNTR ser genotypes among isolates of M. tuberculosis of the Beijing family [44]. 

Nevertheless. MIRU-VNTR typing is considered the new gold standard for molecular 

epidemiological studies owing to its acceptable discriminatory power and the easily 

exchangeable format of the data.

Drug resistance-associated mutations—Recently, drug resistance-associated 

mutations have been used together with other genetic markers to define clustering of drug-

resistant M. tuberculosis isolates [68,69]. Drug resistance-associated mutations have also 

been useful in evaluating the impact of specific mutations on the transmission and secondary 

case generation of drug-resistant strains. For example, it has been found that isolates 

resistant to isoniazid and that have a serine to threonine substitution in codon 315 of the 

katG gene are more likely to cause secondary cases than strains with other mutations in katG 

[68–71]. Drug-resistance mutations are determined by amplification and sequencing of a 

target amplicon, such as katG for isoniazid resistance [72], or by reverse hybridization of the 

target amplicon to probes representative of the possible mutations causing drug resistance 

[73]. At present, there are no data about the molecular clock or the overall discriminatory 

power of the drug-resistance mutations.

Whole-genome sequencing—The most recent breakthrough in the field of molecular 

epidemiology is the availability of relatively affordable, high-throughput whole-genome 

sequencing (WGS) technology. The data generated by IS6110-RFLP, spoligotyping and 

VNTR-MIRU typing can determine which patients form part of a chain of transmission, but 

do not always allow us to distinguish the exact transmission chain of events (i.e., order in 

which patients were infected, or the presence of multiple index cases). Recently, Schurch et 

al. performed WGS in three isolates (from 1992, 2004 and 2006) of M. tuberculosis, that 

had the same IS6110-RFLP genotyping pattern [20,21]. These isolates were part of a 

prevalent cluster in the community that was composed of 104 cases identified between 1992 

and 2008. Owing to the number of patients involved, the index patient(s) and the 

transmission events could not be determined. The authors found eight SNPs among the three 

sequenced strains. These SNPs were subsequently investigated in all 104 isolates of the 

cluster, resulting in the identification of secondary and tertiary index patients.

In another study, Niemman, et al. performed WGS of two clinical isolates of M. tuberculosis 

that had matching IS6110 RFLP and spoligotype (Beijing family) and a similar MIRU-

VNTR profile (1 of 24 MIRU-VNTR with one copy difference) [74]. These strains 

originated within a large cluster of prevalent strains in Karakalpakstan, Uzbekistan. One 
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strain was susceptible to isoniazid, rifampin, ethambutol, pyrazinamide and streptomycin, 

while the other was resistant to all five drugs. The authors reported that the two isolates 

differed in 130 SNPs (including putative drug-resistance mutations) and one large deletion, 

suggesting that the epidemiological link between these strains may have been remote.

Whole-genome sequencing will be an important molecular epidemiologic tool in that it will 

have the capability to determine sequence variation at a real epidemiological scale, to 

identify the source(s) of infection and the transmission events among individuals that share 

the same M. tuberculosis isolate, and to determine the evolutionary relationship between 

isolates. Based on the few studies available, WGS may also provide additional resolution to 

strains with matching IS6110 RFLP, spoligotype or MIRU-VNTR profiles to more 

accurately distinguish patients who are part of a recent chain of transmission from those 

with reactivation disease related to distant infection. Such enhanced resolution may prove 

important for drug and vaccine development in high burden areas with a large proportion of 

endemic strains. It is possible that WGS may become the gold standard for strain typing for 

molecular epidemiological studies [75], though efforts to address several limitations are 

needed. These limitations include cost (which has recently decreased substantially), the need 

for specialized software for data analysis, and incomplete understanding of the molecular 

clocks of SNPs and LSPs. Further, the potential impact of WGS on patient care or design of 

public health strategies remains to be determined.

Genetic markers for phylogenetic analysis

In this section, we briefly describe genetic markers used for phylogenetic analysis of M. 

tuberculosis. These markers are useful in classifying the isolates of M. tuberculosis into 

families or lineages with a robust phylogenetic structure. There is evidence suggesting that 

different lineages may have different phenotypic characteristics, including lineage-specific 

effects on the outcome of TB transmission and disease in clinical settings [76–78].

Large sequence polymorphisms—Large sequence polymorphisms are unique event 

polymorphisms that define a phylogeny with a geographic structure from which the M. 

tuberculosis lineage names were derived: Euro–American, East-Asian, Indo-Oceanic, East-

African–Indian and the West-African lineages 1 and 2 (also known as M. africanum) [79]. 

The robustness of this phylogeographic classification has been recently confirmed using 

multilocus analysis of 89 complete genes in 108 strains, [80] as well as with WGS [81].

Multilocus sequence analysis—Multilocus sequence analysis is a technique for the 

typing of multiple loci in M. tuberculosis. It is based on the DNA sequence of multiple 

genes. Hershberg et al. recently performed multilocus sequence analysis using the complete 

coding sequences of 89 genes, corresponding to approximately 70 kb per strain [80].

Implications at different M. tuberculosis lineages on the use of molecular markers

There is evidence that the performance of genetic markers used in molecular epidemiologic 

techniques differs according to specific LSP-based lineages. Recently, we used a novel 

expectation-maximization algorithm to estimate the birth and death of IS6110 elements in 

M. tuberculosis. We analyzed the IS6110-RFLP patterns of 196 patients with two or more 
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isolates obtained 10 or more days apart. We found a substantial difference between death 

rates (deletions) of the IS6110 from the Euro–American (0.036 units of changes per copy of 

transposon per year, 95% CI: 0.015–0.056) and East-Asian lineages (0.004 units of changes 

per copy of transposon per year, 95% CI: 0–0.011). In other words, if a hypothetical isolate 

with ten copies belongs to the Euro–American lineage, there will be 0.3 changes per year or 

one change in approximately 3 years. By contrast, if the hypothetical isolate with ten copies 

is East Asian, it will take ten times as long to observe one change. The birth rate (new 

insertions) was similar among these lineages. We did not find any evidence that the number 

of IS6110 bands confounded our analysis [Doss CR ET AL., SUBMITTED 

MANUSCRIPT]. These data suggest that the molecular clock of IS6110 may differ among 

the various lineages, though the implications of this finding on molecular epidemiologic 

studies is unclear.

The discriminatory power of loci used in the MIRU-VNTR technique also may differ 

according to lineage [82]. This has been studied mainly in M. tuberculosis from the Beijing 

family (East-Asian lineage) in which the discriminatory power is low in several of the 

MIRU-VNTR loci from the MIRU 12 and MIRU 15 sets. As a result, the use of MIRU 24 or 

a combination of different loci has been suggested when typing isolates from this lineage 

(Table 2). The 43 spacer-based spoligotype of M. tuberculosis isolates from the Beijing 

family lacks spacers 1–34; therefore, the probability of detecting polymorphisms is limited 

to the presence or absence of nine DVRs [60,83]. We recently analyzed the performance of 

spoligotyping in combination with the MIRU 12 set. Compared with IS6110-RFLP, the 

performance of spoligotyping/MIRU-12 was lower among isolates of East-Asian lineage (as 

expected), though its performance among the isolates of Euro–American lineage was 

similar.

Public health application of molecular epidemiologic tools

The evaluation of individuals in close contact with an infectious TB patient in order to 

identify secondary cases of active TB and latent TB infection (i.e., contact investigation) has 

been an integral component of the public health approach to TB control in high-income, low 

TB burden countries for decades [84]. Molecular epidemiology of M. tuberculosis was 

introduced as a research tool and supplement to traditional contact investigation in the early 

1990s [85]. Multiple ‘universal’ regional genotyping programs have since been initiated in 

high-income settings [86–91] with the aim to enhance TB control activities through 

identification of previously unrecognized chains of transmission, monitor disease trends 

including drug resistance, and provide for more precise allocation of public health resources 

[92]. Molecular genotyping has also been crucial in estimating relative trends in reactivation 

and transmission of TB within and between native and immigrant subpopulations 

[84,91,93,94], and such findings have been useful in coordinating TB control activities 

[6,93]. In high burden settings where the majority of transmission is thought to occur outside 

the household in community settings [95], contact investigation, along with routine culture 

of isolates, is rarely available. In these settings regional genotyping programs have been 

incorporated into research programs but not evaluated as an adjunct to routine TB control 

activities [96,97].
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Applications in patient management

Genotyping has been shown to have added value in routine patient management and contact 

investigation in establishing epidemiologic linkages, especially within nontraditional groups 

or settings [98–100], and in outbreak situations [101–105]. In addition, molecular 

epidemiologic tools have been used to identify and quantify laboratory cross-contamination 

[106], as well as to distinguish recurrent disease from exogenous re-infection [107,108]. 

This latter distinction, along with the differentiation of strain-specific elicited immune 

response, has important implications for vaccine development. The impact of genotyping 

programs on patient-important outcomes (e.g., case mortality, treatment delay or case 

prevention) has not been studied in any setting.

Epidemiologic measure of transmission dynamics

Within a closed population, the proportion of clustered M. tuberculosis strains directly 

estimates the proportion of cases attributable to recent transmission and rapid progression to 

active disease [85]. Thus, a decrease in the number of clustered cases is considered an 

important measure of the success of regional TB control [6]. Population-level risk factors for 

recent transmission are typically assessed through comparison of ‘clustered’ (shared M. 

tuberculosis genotypes among two or more patients) and ‘unique’ cases (unmatched 

genotypes, assumed to have resulted from reactivation of distantly acquired infection). 

Demographic and clinical risk factors for transmission and pathogenesis of both drug-

susceptible and drug-resistant M. tuberculosis have been well described in multiple 

populations [109,110], though recently, molecular techniques have also sought to clarify the 

contribution of pathogen-specific factors in the generation of secondary TB cases 

[68,69,111].

Influence of strain lineage on M. tuberculosis transmission & pathogenesis

Molecular epidemiologic tools have demonstrated that M. tuberculosis strains may vary in 

their ability to transmit and rapidly progress to active disease (clustered cases) or be 

associated with major outbreaks [112]. Differential clinical outcomes have traditionally been 

considered to be predominantly associated with host and environmental differences among 

cases. More recently, strain diversity has also been implicated as a possible causal factor 

influencing clinical outcomes [7].

The evidence suggesting that M. tuberculosis strains from different lineages have different 

phenotypic properties comes from a variety of sources. Several in vitro and animal studies 

demonstrate strain-specific differences in immunogenicity and virulence [113–115]. 

Recently, clinical studies have demonstrated lineage-specific effects on the outcome of TB 

infection and disease in various settings [76–78]. In the Gambia, transmission of M. 

tuberculosis to household contacts (measured using skin test conversions) was similar 

among M. tuberculosis strains from different lineages. However, the proportion of contacts 

developing active TB within the 2 year follow-up period varied; 1% for those exposed to 

strains of M. africanum (Lineage West Africanum 1 and 2), 5.6% for those exposed to 

strains from the East-Asian family, and 1.2–3.9% for strains from the different sublineages 

that compose the Euro–American lineage [77]. In San Francisco, USA, we found evidence 

that strains from different East-Asian sublineages of M. tuberculosis have varying 
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frequencies of genotypic clustering [116]. In a population-based cohort study of all incident 

multidrug-resistant TB cases occurring in California over a 4-year period, the East-Asian 

lineage was associated with an elevated proportion of genotypic clustering while Indo-

Oceanic strains produced no secondary cases [69]. Taken together, these studies suggest that 

strains from different lineages may have an impact on clinical outcomes. However, owing to 

effects of the complex interaction of host, pathogen and environment on the transmission 

and pathogenesis of TB, a systems epidemiology approach (i.e., multidisciplinary approach 

combining systems biology with epidemiology) may be needed to determine the 

contribution of each element to the TB epidemic [117].

In addition to variable transmissibility and pathogenicity, distinct clinical outcomes have 

been associated with certain lineages. In Vietnam, M. tuberculosis strains of the Euro–

American lineage were positively associated with pulmonary TB and less likely to cause 

tuberculous meningitis [76]. Patients with tuberculous meningitis caused by strains of the-

Asian lineage had a shorter duration of disease and fewer lymphocytes in their cerebrospinal 

fluid at presentation, suggesting a differential intracerebral inflammatory response [78].

Interpretation of molecular epidemiologic studies

The limitations of genotypic methods in the setting of endemic strains, low copy number and 

need for culture isolates has been discussed [118]. The analysis and interpretation of 

molecular epidemiologic studies require at least two special considerations. First, molecular 

epidemiologic studies often have a hierarchical data structure (e.g., individual clustered 

cases occurring within households). A fundamental assumption of traditional statistical 

methods (e.g., logistic regression) is that the analyzed events are independent. Because this 

assumption is often violated in molecular epidemiologic studies, additional statistical 

adjustments, such as generalized estimating equations [119], may be necessary to provide 

unbiased estimates of risk. Second, molecular epidemiology studies must take into 

consideration sampling bias. Misclassification may occur when clustered cases are falsely 

interpreted as unique (e.g., when other cases in a particular cluster are not included due to 

undersampling) or when unique cases are falsely interpreted as clustered (e.g., as would 

occur in epidemiologic settings with a high proportion of endemic strains). Simulations have 

demonstrated that the extent to which sampling of the population base is incomplete affects 

the proportion of cases truly identified as clustered decreases and the variance of the 

estimate increases, with the effect of such incomplete sampling increasing as median cluster 

size decreases [120,121]. Similarly, increasing the length of study duration would be 

expected to increase cluster proportion, though the probability of clustering truly reflecting 

recent transmission and rapid progression to disease decreases with time. ‘Cluster windows’ 

(usually 1–2 years to reflect the increased probability of recently infected individuals 

developing active TB during this time) define the maximum allowable time between two 

matching strains in molecular epidemiology studies, and are meant to improve specificity in 

established chains of transmission. The effect of misclassification on specificity is 

dependent on the population studied, pathogen factors and the molecular clock of the 

specific genotyping element. Specificity is reduced in the presence of endemic strains 

occurring either within the local population [122,123] or among immigrants from other 

populations, or in settings where the genetic diversity of M. tuberculosis is known to be low 
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[89,124]. In addition, there have been several reports of strains with small variations in one 

[37] or multiple genotyping methods [125], which were concluded to be clonal after careful 

consideration of the clinical and epidemiological data. Genetic differences in these cases 

were likely the product of microevolutionary events of M. tuberculosis occurring during 

transmission [37] or during dissemination within an individual patient [125]. Therefore, 

clinical and epidemiological data is important in some cases in order to corroborate 

molecular genotypes.

Future perspective

Molecular epidemiologic studies of TB are intended to identify risk factors for transmission 

and for active TB in order to design effective preventive interventions both at the individual 

and population level. The translation of molecular epidemiologic studies of M. tuberculosis 

into ‘real-time’ clinical management, however, remains a challenge. Information regarding 

cluster/unique status of the bacteria is often not available until 2–3 months following patient 

diagnosis, and, consequently, such data has been mainly employed in retrospective analyses. 

‘Real-time’ molecular epidemiologic data may allow for early identification of M. 

tuberculosis clusters and tailored contact investigation strategies. Therefore, it will be 

important to continue to shorten the time between patient diagnosis and the availability of 

molecular epidemiologic data. Strain classification through robust phylogenetic 

polymorphisms has recently made association of M. tuberculosis genetic markers with 

important clinical consequences, such as high transmissibility, treatment failure or elevated 

propensity to acquire primary drug resistance possible. This information may ultimately also 

prove useful for the clinical management of patients. A remaining challenge is how to 

translate data obtained from molecular epidemiologic studies into a public health database 

that could be integrated through statistical modeling with host information, other pathogen 

characteristics, and environmental and sociological data to aid prediction of future 

epidemics involving specific strains or groups of strains.

Some of the challenges discussed here have the potential to be overcome with data obtained 

through WGS. The comparison of the whole-genome sequences of well-characterized 

isolates may result in identification of genetic markers associated with important clinical 

outcomes. Also, a more thorough understanding of the rate of acquisition of SNPs among 

the clinical isolates of M. tuberculosis will allow determination of temporal evolutionary 

relationships of isolates and dynamics of epidemics involving specific strains. The 

expectations for the information that WGS technology can provide are very high. Thus, well 

designed epidemiologic studies will be required to affirm that this technology can 

demonstrate patient- and population-level benefit.
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Executive summary

• Genotyping of Mycobacterium tuberculosis has been successfully used in 

molecular epidemiology. Genotyping is used to study the transmission dynamics 

of specific isolates of M. tuberculosis in a community by tracking their 

distribution and spread. The DNA marker for the study of TB transmission 

dynamics should be polymorphic enough to distinguish among unrelated 

isolates, yet stable enough to make the connection between isolates that are 

indeed related. By contrast, the DNA marker for phylogeny and population 

genetics should be phylogenetically robust (i.e., all isolates that share the marker 

inherited from the same common ancestor) and with a solid phylogenetic 

framework in which specific strains can be positioned and biologically 

meaningful groups delineated.

• The most recent breakthrough in the field of molecular epidemiology is the use 

of whole-genome sequencing technology. The advantages of this technology are 

its ability to determine the sequence variation at a real epidemiological scale, 

identify the exact source(s) of infection and the transmission events among 

individuals that share the same M. tuberculosis isolate, and to determine the 

evolutionary relationship between isolates.

• Molecular epidemiology has enhanced TB control activities through 

identification of previously unrecognized chains of transmission, by monitoring 

of disease trends, including drug resistance, and by providing information 

critical for more precise allocation of public health resources.

• The challenges facing this field are to obtain real-time molecular epidemiologic 

data and to translate genotyping data into a predictive public health database to 

help elucidate future epidemics of specific strains or groups of strains.
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