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Genome variation in Mycobacterium tuberculosis
N.C. Gey van Pittius , S.L. Sampson , R.M. Warren and P.D. van Helden *

Genome variation is the main underlying reason for phenotypic
differences observed between organisms from the same species.
This includes minor variations like single nucleotide polymorphisms,
but also large sequence polymorphisms due to deletions and
insertions. Some of these variations are of insignificant functional
importance, but others may lead to an increase in viability and, in the
case of microbes, possibly an increase in pathogenicity. However,
the influence of variations on phenotype is not always dependent
on the size of the mutated domain, and even single nucleotide
polymorphisms can cause significant changes in an organism. This
is of course an important area of research into studying pathogenic
organisms and their epidemiological features. Mycobacterium
tuberculosis strains also display a degree of strain variation, which
has been previously suggested to be important for the outcome of
disease. Certain strains are postulated to be more or less virulent,
persistent, transmissible, or immunopathological. These variations
do not only have important implications for the spread of the
disease, but provide us with tools to characterize transmission,
which have been used extensively for a number of years in tuberculosis molecular epidemiology. In this article, we discuss the different methods which are available for detecting genome variation;
we look at the different mechanisms which cause this variation
(including insertions, deletions, duplications and single nucleotide
polymorphisms), and review the consequences and implications of
this genome variation with regard to Mycobacterium tuberculosis
pathogenicity.

Introduction
It is well known that different strains of the same species of an
organism can have dramatically different phenotypic characteristics.1,2 For pathogenic organisms, host range and virulence (or
disease-causing capabilities) have become common measures of
differences among strains. This trait-specific genetic diversity
has been particularly relevant in the field of virology, where
fast-changing genotypes play a significant role in yearly disease
outbreaks with newly evolved strains.3 Mycobacterium tuberculosis strain variability has also been suggested to be important for
the outcome of disease after exposure, as different clinical strains
can have distinct differences in phenotype and virulence.4–6
Since the advent of genomics, it has become clear that most, if
not all, of these phenotypic differences between strains and
species can be attributed to genome variation (including
variation that will lead to differential expression and regulation).
The use of comparative genomics to compare and analyse
genomic differences between sequenced whole genomes has
become increasingly popular due to the growing availability of
large amounts of completed and partially completed genome
sequences (e.g. ref. 7). Variation in genome make-up has thus
become an important field of study in an effort to identify
disease-causing virulence factors (e.g. ref. 8). Furthermore,
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genome variation also allows us to study disease dynamics by
identifying and tracking the spread of specific epidemic strains
within a community by use of markers specific for a certain
strain.9 In this article, we focus on the methods of identifying
genome variation within the species Mycobacterium tuberculosis;
we look at the specific mechanisms that could lead to phenotypic
differences between strains within this species, and we discuss
the implications of the translation of these genomic variations
for functional differences between strains present in a community with a high incidence of tuberculosis (TB) disease. We also
discuss the way in which genomic variation translates to phenotypic differences at a species level.
Methods for detecting genomic variation
A number of common markers are in use today for the molecular
differentiation of Mycobacterium tuberculosis isolates. These
typing techniques form the basis of modern molecular epidemiology of tuberculosis and are all based on genome variation. This
includes the IS6110 insertion sequence,10 the direct repeat (DR)
region,11,12 the polymorphic GC-rich sequences (PGRS)13 and the
variable number tandem repeats (VNTR) sequences (or mycobacterial interspersed repetitive units — MIRUs).14 Various combinations of these markers are used in different settings in order
to study the disease dynamics of TB by identifying and tracking
specific strains within the community.15
The insertion sequence IS6110
The IS6110 insertion element, identified by Thierry and
co-workers,10 is the most well known of the insertion sequences
in the mycobacterial species, due to its widespread application
in molecular epidemiological studies of tuberculosis. This insertion element is 1355 base pairs (bp) in length with imperfect 28 bp
terminal inverted repeats.16 It contains two transposase ORFs
(ORF 1 and 2), which overlap by 1 bp. M. tuberculosis strains have
between 0 and 25 copies of the IS6110 element in their genomes,
and variation in both the number and location of IS6110 elements present in the genome makes it a very useful marker of
strain genotype, leading to IS6110 DNA fingerprinting being
considered as the reference typing technique for M. tuberculosis
isolates.15,17
Based on IS6110 RFLP fingerprinting, the strain collection of
our Cape Town study community shows over 340 different
strains of M. tuberculosis isolated from approximately 800 TB
patients, with three dominant strain families, namely F11, the
W-Beijing family (F29), and F28.18,19 The well-known W-Beijing
strain family, which is disseminated throughout the world, is
currently the second most dominant family in our study
community, present in approximately one out of every five
patients,20 with F11 and F28 being present in 22% and 10% of
patients, respectively.
The direct repeat region
Spoligotyping (spacer oligotyping) is a PCR-based method
that exploits the unique structure of the direct repeat (DR)
region in M. tuberculosis.12,21 The DR region is made up of direct
repeat sequences interspersed with variable spacer sequences,11
which in combination have been termed DVRs.12,22 This region
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has been shown to be polymorphic in different clinical isolates of
M. tuberculosis and M. bovis,11,23 due to IS6110 insertion, homologous
recombination-driven deletion and strand slippage-generated
duplication.22,24–27 Different M. tuberculosis strains thus contain
different numbers and variants of DVRs and are distinguished
from each other as such. The spoligotyping method uses reverse
line-blot hybridization to detect the presence and absence of the
spacers of 43 unique DVR repeat sequences after being amplified
from the genomic DNA of the M. tuberculosis isolate.21 We have
used this method extensively in our own studies for the accurate
classification of strains of episodes of recurrent tuberculosis.28
The polymorphic GC-rich sequences
Ross and co-workers13 identified a number of sequences in the
genome of M. tuberculosis with a GC content of around 80%,
containing characteristic expansions of a consensus repeat
CGGCGGCAA, which encode multiple tandem repeats of a
glycine-glycine-alanine or a glycine-glycine-asparagine motif.
These polymorphic GC-rich sequences (PGRS) form the C-terminal domains of a subgroup of the PE multigene family, which
is present in approximately 99 copies in the genome of M. tuberculosis.29 DNA fingerprinting analysis using these repeats as probes
shows extensive polymorphism in different strains of M. tuberculosis, making it useful for exploitation in molecular epidemiology
as an informative secondary probe.13,30–32
The mycobacterial interspersed repetitive units
The genome of M. tuberculosis contains 41 MIRU loci.14 MIRUs
(mycobacterial interspersed repetitive units) are 40–100 bp
minisatellite DNA elements often found as tandem repeats and
dispersed in intergenic regions of the genome.14 Twelve of these
MIRU loci display polymorphisms (variations in MIRU tandem
repeat copy numbers and sequence variations between repeat
units) when compared in different clinical isolates of M. tuberculosis, and thus present an opportunity for use as powerful
markers in tuberculosis molecular epidemiology, population
genetics and phylogenetic studies.33 In our study community,
these markers are often utilized in the differentiation of M. tuberculosis strains belonging to the low IS6110-copy number clusters,
which are difficult to separate into smaller groups and of which
the genetic relationships to other strains have thus traditionally
been difficult to elucidate.34,35
Single nucleotide polymorphisms
Single nucleotide polymorphisms (SNPs) result from random
nucleotide mutations. SNPs can occur synonymously (sSNPs) or
non-synonymously (nsSNPs) in genes, resulting in either silent
mutations or in amino acid changes, respectively. nsSNPs cause
changes in protein sequence and are thus an agent of phenotypic
evolution in an organism. Two nsSNP polymorphisms in the
genes katG and gyrA have been used in a restricted fashion to
assign M. tuberculosis strains to three principal genetic groups.36
sSNPs, on the other hand, cause no change to protein sequence
and are thus more useful targets for phylogenetic studies due to
their neutrality and ease of assay.37 A study of 230 sSNPs in 432
M. tuberculosis complex strains demonstrated that sSNP genotyping efficiently delineates relationships among closely-related
M. tuberculosis strains, as well as successfully resolving the
phylogenetic positions of organisms belonging to the low
IS6110-copy number clusters,37 thereby providing valuable new
insights into phylogenetic relationships among different M.
tuberculosis strains. Nevertheless, care should be taken when
using these markers as their accuracy relies heavily on the use of
properly distanced reference strains, failure of which results in
distorted and re-rooted outgroups.38
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Agents of genomic variation
In the preceding section we discussed different regions of
genome variation in M. tuberculosis and the ways in which these
could be utilized to identify polymorphic M. tuberculosis strains.
This section will focus on ways in which these polymorphisms
originate.
Insertions
Unlike the DR and MIRU markers, IS6110 not only serves as an
excellent marker to differentiate between strains, it is also an
agent of genome evolution, since it acts as a highly mobile unit
able to integrate (transpose) into multiple places in the genome
of M. tuberculosis.24 These insertions can have a number of different effects, for example an insertion event may knock out or
disrupt a gene,39,40 it can up- or down-regulate expression of
downstream genes via its internal promoter,41,42 or it may cause
genomic rearrangements to take place.26,43 These effects all have
the potential to change the phenotype of the organism and
influence the fitness of the strain. We have previously shown
that IS6110 insertion events in the strains present in our study
community predominantly takes place into coding regions,39
with 57 of 95 (60%) of discrete IS6110 insertion sites occurring
within potential open reading frames in the genome of M. tuberculosis.44 This points to a high rate of gene disruption via IS
element insertion in the genome of M. tuberculosis and implicates
the IS6110 element as a significant agent in genome variation
between strains. A further 7% of insertions could not be mapped
to the genome of M. tuberculosis H37Rv (implying that the
percentage of gene disruption may be even higher), and 33%
were found to be intergenic, which may also disrupt gene
regulation. Examples of disrupted genes include: adenylate
cyclases, phospholipase C (plcD), small membrane protein
family (mmpS1), serine-threonine kinases (pknJ), and PPE gene
family members.
Deletions
Deletions are another important mode of genome variation.
These deletions could affect whole gene sequences or parts of
genes, as well as regulatory regions up- and downstream of
genes. Previously, it has been suggested that deletions mediated
by the IS6110 insertion sequences may be an important mechanism of variation in the genome of M. tuberculosis.43,45 This was
confirmed by work from our group, which suggested that
adjacently situated, inversely orientated IS6110 elements in
clinical isolates of M. tuberculosis can mediate genome deletion
by mechanisms that include (but are not limited to) homologous
recombination.26,27 This finding highlights the importance of the
IS6110 element not only as an instrument of genome evolution
via insertion events, but also via deletion mechanisms.
In a microarray analysis of 100 clinical isolates of M. tuberculosis, dozens of discrete deletions were found, which ranged in
size from 196 bp to 11 986 bp.46 The largest of these single deletion
events caused the deletion of 217 ORFs, and the range of ORF
deletion per deletion event ranged from 0–33 ORFs, with a
median size of 15 ORFs.46 This has led to the theory of reductive
evolution, where it is postulated that M. tuberculosis undergoes
changes on its way towards a minimal genome in which only the
necessary genes are kept and the rest can be lost.4 As proof
of this, Small and co-workers have shown that dispensable
M. tuberculosis genes are twice as likely to be absent, and five
times as likely to be pseudogenes in the genome of M. leprae.
Furthermore, even when present, dispensable genes are not
expressed in this organism.46
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Gene duplications – the PE and PPE gene families
The existence of two highly duplicated gene families within
the genome of M. tuberculosis provides evidence for the presence
of another means of gene disruption and phenotypic changes
within this species, namely gene duplication. The PE and PPE
gene families are large (99 and 68 members, respectively),
dispersed throughout the genome of M. tuberculosis, and
comprise approximately 10% of the genome.29 The PE and PPE
gene families are named after the presence of a prolineglutamic-acid (PE) motif at positions 8 and 9 in a conserved
N-terminal domain of around 110 amino acids47 for the PEs, and
a highly conserved N-terminal domain of around 180 amino
acids, with a proline-proline-glutamic acid (PPE) motif at
positions 7–9 for the PPEs.29 The C-terminal domains of both of
these protein families are of variable size and sequence and
contain repeat sequences of different copy numbers in a number
of cases.47 The mobility of the PE and PPE genes present them as
agents of genome evolution as they have the potential to disrupt
gene sequences with each duplication event, as well as inserting
into regulatory elements in intergenic regions. These multigene
families are themselves also prone to gene disruption and
variation, as a number of IS6110 insertions and disruptions were
identified within the PPE gene family,39 and PPE gene polymorphisms were detected by hybridization with IS6110 flanking
sequences (S.L. Sampson et al., unpubl. results).
Although evidence has been presented that indicates that they
may be cell wall associated proteins,44,48,49 and that they may
inhibit antigen processing or may be involved in antigenic
variation due to the highly polymorphic nature of their C-terminal domains,29,47,50 the function of these glycine-rich protein families are still unknown,29 and as such the influence of disruptions
within these genes are also unknown. Because they are located
in a wide variety of genomic positions, where they may also be
regulated differently, these multiple gene family members may
have developed different functional roles through evolution.
This is supported by the fact that not only are the same PE
and PE-PGRS genes differentially expressed within different
M. tuberculosis strains during in vitro growth,51 but different
members of the gene family are also expressed differentially
under different in vitro and in vivo conditions within the same
organism (S.L. Sampson et al., unpubl. results; and refs 52–54).
Furthermore, sequence and protein size differences were detected between the same PE and PPE orthologues in different
strains of M. tuberculosis, 8,55 and hybridization analysis
performed in our laboratory on 18 randomly selected clinical
isolates with five PPE 5’ terminal probes revealed some highly
variable fragments in terms of size (S.L. Sampson et al., unpubl.
results).
Additional gene sequence analysis revealed long tandem
repeats (LTRs) in three members (Rv1753c, Rv1917c and
Rv1918c) of the MPTR (major polymorphic tandem repeat)
subgroup of the PPE family (S.L. Sampson et al., unpubl. results;
and refs 29, 44). This is the largest PPE subgroup and proteins
of this subgroup contain multiple repeats of the motif
AsnXGlyXGlyXAsnXGly encoded by a consensus repeat sequence GCCGGTGTTG, separated by 5-bp spacers.56 Analysis of
the sequence data from the three PPE-MPTR genes containing
LTRs obtained from different clinical strains demonstrated that
expansion or contraction of tandem repeat regions (by slipped
strand mispairing or homologous recombination) was responsible for variations in size between the same genes from different
strains (S.L. Sampson et al., unpubl. results; ref. 44). These differential expression and sequence variation results contribute to a
growing body of evidence supporting the hypothesis that the

467

members of these two gene families may function as variable
surface antigens. The fact that these genes encode for about 4%
of the proteome of the organism (if all members are expressed),
indicates that they most probably fulfil an important function or
functions in the organism.
Single nucleotide polymorphisms
nsSNPs arising from random nucleotide mutations may, as
described in the preceding section, be an important agent of
genome variation in M. tuberculosis, because nucleotide changes
lead to amino acid replacements in protein sequences. It has
been extrapolated from data generated from 56 genes studied in
several hundred M. tuberculosis complex strains, that about one
synonymous nucleotide substitution occurs per 10 000 synonymous nucleotide sites in structural genes within the genome of
M. tuberculosis.36 Due to the greater propensity for random
mutations to occur in nonsynonymous positions of codons, it
points to an even higher rate of mutations that will likely
influence protein sequence and structure/function and which
will ultimately lead to evolutionary changes in the specific
strain. Fraser et al.57 estimated genome-wide frequency of SNPs
to be about 1 in 3000 nucleotide sites, with Musser58 estimating
this to correspond to around 1500 total SNPs, with approximately 750 present in ORFs. In agreement with this assumption,
Gutacker and co-workers 37 have shown that 65% of the
~900 SNPs detected in a comparison between the genomes of
M. tuberculosis H37Rv and M. tuberculosis CDC1551 were
nsSNPs.
Consequences of genome variation
In the preceding sections we have discussed methods of
detecting genomic differences between different strains of
M. tuberculosis, as well as the mechanisms by which these differences originate. The present section explores the influence of
these genomic changes when translated to functional differences, which may lead to phenotype changes and thus be
driving forces in the evolution of the organism.
In a wide-ranging study of mycobacterial growth in human
macrophages, 17 different clinical isolates of M. tuberculosis as
well as the laboratory strain H37Rv were assayed to determine
the influence of interstrain genomic variation on intra-macrophage mycobacterial replication.59 Although no consistent or
marked differences were observed between the clinical isolates,
they all grew consistently faster (29% on average) than H37Rv,
implying greater levels of fitness when compared to the laboratory strain.59 This could be because H37Rv has been subjected to
decades of culturing and possible corresponding progressive
loss in virulence.
In a follow-up study by Hoal-van Helden and co-workers,60
diversity of in vitro cytokine responses by human macrophages
to infection with different M. tuberculosis strains was investigated. Macrophages infected in vitro with the same 17 different
clinical M. tuberculosis strains as well as the laboratory strain
H37Rv, produced varying levels of both TNF-" and IFN-(
(cytokines released by macrophages upon activation). Once
again, the laboratory strain H37Rv was markedly less effective at
inducing cytokines than the clinical isolates, while efficiency of
response generation also varied between different clinical
isolates, probably reflecting genomic variations and subsequent
differences in the host response elicited to infection.
Manca and co-workers61 provided early evidence for bacterial
phenotype differences by showing that the M. tuberculosis strain
CDC1551 is not more virulent than other M. tuberculosis strains
(for example, the clinical isolates HN60 and HN878 and the
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laboratory strains H37Rv and Erdman) in terms of in vivo and in
vitro growth, but that it does elicit a more vigorous host immune
response. Similarly, significant differences were observed in the
ability of different M. tuberculosis clinical isolates to grow within
human monocytes, with the four most rapidly growing isolates
all being members of the Beijing strain family.62 The Beijing strain
210 was also shown to have an enhanced capacity to grow in human macrophages when compared to small cluster and unique
M. tuberculosis strains, while eliciting the production of similar
amounts of cytokines.63 Patients infected with Beijing strains
more often have fever unrelated to disease severity, toxicity, or
drug resistance,64 and a study by Lopez et al.65 showed that mice
infected with Beijing strains had extensive pneumonia, a
non-protective immune response signified by early but
short-term TNF-" and iNOS expression, and high levels of early
death when compared with infections with H37Rv. In the same
study, it was shown that Canetti strains induced limited pneumonia, continued expression of TNF-" and iNOS, and almost
complete survival, while Somali and Haarlem strains displayed
varying survival rates.65
In a comparison of the survival rates of three different M. tuberculosis strains (M. tuberculosis Erdman, H37Rv and CDC1551) in a
rabbit model of tuberculosis, Erdman strain appeared to be the
most virulent, with the greatest spectrum of disease and fewer
organisms required to cause tubercle formation.66 These differences may possibly be correlated with genomic differences
found in the RD6 deletion region between the Erdman and
H37Rv strains. 66 Kato-Maeda and co-workers 4 previously
observed that the likelihood that a certain M. tuberculosis strain
would cause pulmonary cavitation decreased with the increase
in the amount of deletions in its genome.
Another dramatic example of genomic variations translating to
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Table 1. Major SNP positions conferring drug resistance.
Drug

Gene (codon)

Isoniazid (INH)

katG (315)
inhA (–15)
ahpC (–10)
kasA
Ndh (110)

Rifampicin (RMP)

RpoB (531,526,526)

Streptomycin (SM)

RpsL (43, 88)
rrs (513)

Ethambutol (EMB)

embB (306)

Pyrazinamide (PZA)

pncA (139)

Fluoroquinolones (FQ)

GyrA,B (95)

Adapted from Victor et al.67

phenotype changes is observed in drug resistance generation by
SNPs. It is well known that resistance to antimycobacterial drugs
is due to a number of genomic mutations in specific genes
present within the genome of M. tuberculosis.67 Table 1 gives an
indication of some of the main SNP positions, which are known
to confer drug resistance to the organism, clearly showing the
remarkable effect that even single nucleotide polymorphisms
could have on the phenotype of an organism.
Deletions are also major agents of phenotypic change, and a
growing body of evidence is pointing to deletions as the most
important factor distinguishing different species of the same
genus.68–72 This evidence is becoming especially evident in the
genus Mycobacterium, where a large number of genomes from
different species have been or are in the process of being
sequenced (for a complete updated list see the Gold Genomes
Online Database at http://wit.integratedgenomics.com/GOLD/).
An important example of a mycobacterial region that, when

Fig. 1. Diagrammatic representation of the genes present in the RD1 region, detailing published positions of natural and knockout deletions causing attenuation of the
specified species.
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totally or partly deleted, causes significant phenotypic change, is
that of the RD1 deletion region. This region was deleted during
serial passage of M. bovis, generating the attenuated strain
M. bovis BCG, which is used worldwide as a vaccine against
childhood tuberculosis.70,73–75 In the last few years, others have
shown attenuation of the organism when parts of this region are
deleted from M. bovis 76 and M. tuberculosis Erdman or
H37Rv74,75,77–80 (Fig. 1). Intriguingly, evidence has also become
available showing deletions in this region in naturally-attenuated
mycobacterial species, for example M. microti,70,81 M. avium,
M. paratuberculosis,7 and the Dassie bacillus.82 Furthermore, even
when the whole region is present, significant down-regulation
seems to exert the same effect as deletion, with the expression
of the whole RD1 region being suppressed in the attenuated
M. tuberculosis strain H37Ra.83
Implications of M. tuberculosis genome variation
The study of M. tuberculosis strain variation could lead to useful
information that would help identify targets for drug and/or
vaccine design. It also provides us with markers to study and
understand the epidemic by using molecular epidemiological
techniques. Molecular epidemiology attempts to answer a
number of questions about the epidemic, for example: whether
the disease is driven by transmission or by reactivation (which is
important for understanding the efficacy of current treatment
regimes), whether transmission occurs within the household or
in the community, whether drug resistance is acquired or transmitted, whether relapse cases are true relapses or reinfections,
whether the frequency of given strain families are the same in
primary and subsequent episodes of disease, whether certain
strains are better adapted to certain host conditions, whether a
previous infection is able to protect against subsequent infection, and whether vaccines will thus be able to prevent disease.
This will help us to understand disease dynamics, ensure
efficient monitoring of any interventions (for example, chemoor vaccine-therapy and its outcome), identify points for intervention, help identifying strains for analysis (e.g. for microarrays, deletion mutants, antigens, or virulence) and ultimately
assist with the improvement (by design) of an efficient
anti-tuberculosis vaccine.
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