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Abstract Recent years have witnessed an increased appreciation of the extent and
relevance of strain-to-strain variation in Mycobacterium tuberculosis. This para-
digm shift can largely be attributed to an improved understanding of the global
population structure of this organism, and to the realisation that the various
members of the M. tuberculosis complex (MTBC) harbour more genetic diversity
than previously realised. Moreover, many studies using experimental models of
infection have demonstrated that MTBC diversity translates into significant dif-
ferences in immunogenecity and virulence. However, linking these experimental
phenotypes to relevant clinical phenotypes has been difficult, and to date, largely
unsuccessful. Nevertheless, emerging high-throughput technologies, in particular
next-generation sequencing, offer new opportunities, and have already lead to
important new insights. Given the complexity of the host-pathogen interaction in
tuberculosis, systems approaches will be key to define the role of MTBC diversity
in the fight against one of humankind’s most important pathogens.

Contents

1 Introduction.......................................................................................................................... 2
2 Genomic Diversity Among Human-Associated MTBC .................................................... 3

2.1 The Current Definition of MTBC.............................................................................. 3
2.2 Current Genotyping Methodologies for MTBC ........................................................ 4
2.3 From Genotypes to Whole Genomes......................................................................... 6
2.4 What is the Role of HGT and Recombination in MTBC?....................................... 9
2.5 Using DNA Sequence Data to Predict the Impact of Genome Diversity ................ 10
2.6 From MTBC Genotype to Phenotype........................................................................ 12

S. Gagneux (&)
Swiss Tropical and Public Health Institute (Swiss TPH),
University of Basel, Basel, Switzerland
e-mail: Sebastien.Gagneux@unibas.ch

Current Topics in Microbiology and Immunology (2013) 374: 1–25 1
DOI: 10.1007/82_2013_329
� Springer-Verlag Berlin Heidelberg 2013
Published Online: 16 May 2013



3 Micro-Evolution of Drug-Resistant MTBC........................................................................ 13
3.1 Compensatory Evolution ............................................................................................ 14
3.2 The Role of the Strain Genetic Background ............................................................. 15

4 Conclusions.......................................................................................................................... 16
References.................................................................................................................................. 17

1 Introduction

The outcome of tuberculosis (TB) infection and disease is extraordinarily diverse,
ranging from lifelong asymptomatic infection to pulmonary TB and disseminated
disease. In the past, this variable outcome has largely been attributed to host and
environmental factors, but there is mounting evidence suggesting variation in the
causative agent might also play a role. Indeed, the fact that this book, which is
primarily focusing on the pathogenesis and host-pathogen interaction in TB,
includes a chapter on ‘‘genetic diversity in M. tuberculosis’’ is a testimony to the
recent paradigm shift with respect to the importance of studying strain variation
(Comas and Gagneux 2009). Early sequencing studies revealed little DNA
diversity across clinical isolates (Musser et al. 2000; Sreevatsan et al. 1997)
leading to the dogma that strain variation in M. tuberculosis was ‘‘negligible’’ and
therefore clinically irrelevant. Even though genetic diversity in M. tuberculosis is
limited compared to other bacteria (Achtman 2008), this does not necessarily mean
that the existing variability, as minor it may be, will not translate into any relevant
phenotypes. Already in the 1960s, Mitchison and colleagues observed differences
in virulence in clinical strains of M. tuberculosis when infecting guinea-pigs
(Mitchison et al. 1960). At the time, no molecular tools were available to classify
these strains into phylogenetically meaningful groupings. When the first geno-
typing tools became available in the early 1990s (van Embden et al. 1993), epi-
demiologist noticed very soon that M. tuberculosis strains also differed in their
propensity to spread between individuals, and that some of these strains were
associated with prolonged outbreaks (Rajakumar et al. 2004; Valway et al. 1998;
Zhang et al. 1999). In some cases, experimental studies identified molecular
features that might contribute to the success of outbreak strains (Newton et al.
2006; Reed et al. 2004). However, the relevance of these characteristics relative to
non-bacterial factors remains unclear.

Over the last 10 years, several reviews have been published on the extent and
relevance of strain diversity in M. tuberculosis (Gagneux and Small 2007;
Kato-Maeda et al. 2001a; Malik and Godfrey-Faussett 2005; Nicol and Wilkinson
2008; Parwati et al. 2010). One of the most comprehensive articles published
recently reviewed 100 papers on the topic, and concluded that even though the
phenotype of clinical strains of M. tuberculosis undoubtedly differs significantly
in vitro and in animal models of infection, if and how these differences are
reflected in clinical settings is less clear (Coscolla and Gagneux 2010). Two years
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later, this view largely still holds. Nevertheless, recent technological advances, in
particular large-scale DNA sequencing and other–omics platforms, are now able to
approach the subject at an unprecedented scale, with the potential to generate
important novel insights. Given the biological complexities in TB, it is too sim-
plistic to think that variable strain behaviour will be the product of just one or few
genomic differences. It is much more likely that the various genomic features of a
given strain will have combined effects. Such epistatic interactions will be difficult
to detect and link to relevant phenotypes, but systems biology approaches might
offer a way forward (Comas and Gagneux 2011).

This chapter summarises some of the recent advances in our understanding of
the nature and consequence of strain variation in M. tuberculosis, with a special
focus on comparative whole-genome sequencing. I will start by reviewing the
current definition of the M. tuberculosis complex (MTBC), and briefly discuss the
main genotyping methods for MTBC as well as their limitations. I will then review
our current understanding of the global phylogeography of human-associated
MTBC based on the available whole-genome data, discuss some of the new forms
of genomic variation that have become evident through comparative genome
sequencing, and review recent examples where large-scale DNA sequence data
was used to predict putative phenotypic effects. Moving from the genome diversity
to phenotypic variation, I will review some recent insights into strain-specific
transcriptomes and strain-specific differences in innate immune recognition.
Finally, I will discuss recent findings on the microevolution of drug-resistant
MTBC, and end with a few thoughts on possible future research directions.

2 Genomic Diversity Among Human-Associated MTBC

2.1 The Current Definition of MTBC

MTBC consists of several closely related species and sub-species of acid-fast bac-
teria also referred to as ‘ecotypes’ (Smith et al. 2005). Even though these ecotypes
share identical 16S ribosomal RNA sequences and 99.9 % nucleotide identity at the
whole-genome level (with the exception of Mycobacterium canettii and the other so-
called ‘‘smooth tubercle bacilli’’ further discussed below), they appear to be adapted
to different host species. M. tuberculosis sensu stricto and Mycobacterium africa-
num are the main agents of TB in humans. M. africanum is limited to West Africa for
reasons that are unknown, but causes up to 50 % of human TB in parts of that region
(de Jong et al. 2010). In addition to these human pathogens, several animal-asso-
ciated members of MTBC are found in various domestic and wild animals. These
include Mycobacterium bovis, the agent of bovine TB (Garnier et al. 2003),
Mycobacterium caprae (sheep and goats) (Niemann et al. 2002), Mycobacterium
microti (voles) (Frota et al. 2004), Mycobacterium pinnipedii (seals and see lions)
(Cousins et al. 2003), Mycobacterium mungi (mangoose) (Alexander et al. 2010),
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Mycobacterium orygis (antelope) (van Ingen et al. 2012) and the ‘‘dassie bacillus’’
(rock hyrax) (Mostowy et al. 2004a).

M. canettii and the other smooth TB bacilli (also referred to as ‘‘Mycobacterium
prototuberculosis’’) are regarded by some as human-adapted pathogens (Gutierrez
et al. 2005), but several factors point to a likely environmental reservoir for these
microbes (Koeck et al. 2010). First, only about 60 isolates have been described in
the literature since the original discovery of M. canettii in 1969 (van Soolingen
et al. 1997). Second, the majority of these organisms have been isolated from
patients in Djibouti (Fabre et al. 2010). Third, no human-to-human transmission
has been documented thus far (Koeck et al. 2010). And forth, these bacteria show
clear evidence of extensive ongoing horizontal gene transfer (HGT) (Gutierrez
et al. 2005), which stands in contrast to the other members of MTBC (the role of
HGT and recombination in MTBC is further discussed below).

For the remainder of this chapter, I will focus on M. tuberculosis sensu stricto
and M. africanum , which are the most important agents of human TB. Based on
the various strain genotyping techniques, M. tuberculosis and M. africanum have
been further subdivided into strain lineages and families. For example, the
‘‘Beijing’’ family of strains was originally defined based on characteristic IS6110
RFLP patterns (van Soolingen et al. 1995). This strain family has gained con-
siderable attention because of its association with drug resistance (reviewed in
Borrell and Gagneux 2009) and hypervirulence in some experimental models
(reviewed in Parwati et al. 2010). Other human-associated MTBC lineages have
been studied less, partially because of the lack of a standardised and phyloge-
netically robust classification system and associated nomenclature (Gagneux and
Small 2007). Ultimately, such a system should be based on whole-genome
sequencing of a large and representative collection of MTBC clinical strains.
However, until genome-sequencing becomes more readily available, the different
genotyping methodologies and the corresponding nomenclatures are likely to
continue to be used in parallel (for a comparison of the various nomenclatures for
human-associated MTBC refer to Coscolla and Gagneux 2010). Let me thus
briefly review these different genotyping techniques, and discuss some of their
advantages and disadvantages.

2.2 Current Genotyping Methodologies for MTBC

Strain typing in MTBC is usually performed for one of three main purposes: (i)
‘‘classical’’ molecular epidemiology , (ii) phylogenetic and evolutionary studies
and (iii) strain classification . However, the existing genotyping techniques are not
equally suited for all of these applications. Classical molecular epidemiological
studies in TB usually involve measuring ongoing transmission, differentiating
between relapse and re-infection, or detecting laboratory cross-contamination
(Kato-Maeda et al. 2011). Such studies require highly discriminatory genotyping
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tools such as IS6110 RFLP analysis (van Embden et al. 1993) or MIRU-VNTR
typing (Supply et al. 2006). These techniques rely on mobile and repetitive DNA
elements, respectively, which exhibit a rapid rate of change (i.e. a fast ‘‘molecular
clock’’), providing a high discriminatory power for differentiating between patient
isolates. However, whilst useful for genotyping closely related strains, these high
rates of change lead to convergent evolution and homoplasy (i.e., emergence of
identical patterns in phylogenetically unrelated strains), which complicates phy-
logenetic inference and strain classification (Comas et al. 2009). Spoligotyping is
another genotyping technique which has been widely used for both molecular
epidemiology and evolutionary studies. It usually shows a lower discriminatory
power than IS6110 RFLP or MIRU-VNTR typing, and is therefore often used as a
complementary genotyping method in epidemiological studies (Kamerbeek et al.
1997). Spoligotyping is based on the CRISPR (Clustered Regularly Interspaced
Short Palindromic Repeats) region, also known as the Direct Repeat (DR) region
of MTBC. Unique so-called spacer sequences are interspersed between repetitive
sequences and are variably present or absent in a given MTBC isolate. Interro-
gation of 43 of these unique spacer sequences results in a strain-specific fingerprint
which is easily digitalised and compared across laboratories. Several large inter-
national databases have been compiled containing spoligotypes of thousands of
clinical isolates from many countries (Allix-Beguec et al. 2008; Demay et al.
2012). Based on some characteristic spoligopatterns, several MTBC lineages and
families have been defined. For example, the Beijing family shows a typical
spoligopattern in which the first 34 unique spacers are deleted (Bifani et al. 2002).
Unfortunately, spoligotyping patterns, too, are prone to homoplasy as individual
spacers can be deleted independently in phylogenetically unrelated strains (Comas
et al. 2009). For example, a recent study reported clinical strains exhibiting a
‘‘pseudo-Beijing’’ spoligotype, referring to the fact that these strains showed a
spoligotype pattern characteristic of Beijing strains but belonged to a different
phylogenetic lineage (Fenner et al. 2011). Moreover, some spoligotyping patterns
do not exhibit any of the recognised signatures and can therefore not be classified
into any of the known strain families (Flores et al. 2007).

Two additional genotyping approaches have been developed primarily for
phylogenetic studies and strain classification in MTBC; one is based on genomic
deletions (also referred to as large sequence polymorphisms (LSPs) or regions of
difference (RDs)), and the other on single nucleotide polymorphisms (SNPs).
Starting about 12 years ago, scientists have used bacterial artificial chromosome
libraries and DNA microarrays to interrogate the genome of MTBC strains (Behr
et al. 1999; Gordon et al. 1999; Kato-Maeda et al. 2001b; Tsolaki et al. 2004).
These studies identified many genomic regions that were absent compared to the
H37Rv reference genome, which at the time was the only whole-genome sequence
of MTBC available (Cole et al. 1998). Many of these genomic deletions can be
used as robust phylogenetic markers for assigning MTBC strain into meaningful
groupings. This is because due to the virtual absence of large-scale HGT (further
discussed below), once a particular genomic region is lost in MTBC, this region
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cannot be reacquired, and all progeny of the strain experiencing the loss initially
will inherit this deletion. The observation that phylogenetic trees constructed using
such genomic deletion markers showed no homoplasy was per se strong support
for the already established notion that MTBC exhibits no ongoing HGT and a
highly clonal population structure. Several groups used such an approach to revisit
the evolutionary history of MTBC and define sets of discrete strain lineages
(Brosch et al. 2002; Gagneux et al. 2006b; Hirsh et al. 2004; Mostowy et al. 2002,
2004b; Tsolaki et al. 2005). From a strict phylogenetic point of view; however,
these evolutionary scenarios do not represent actual phylogenetic trees but mere
cladograms, as their branches do not reflect actual evolutionary distances (i.e.,
genomic deletions are stochastic events for which no evolutionary models are
available). Moreover, phylogenetic inference using genomic deletions is limited by
the fact that these markers are usually defined through a one-way comparison with
the H37Rv reference genome.

SNP typing is rapidly gaining importance for MTBC genotyping, primarily
because of available technologies originally developed for other organisms. It is
important to note however that, similarly to genomic deletion analysis, SNP typing
does not provide the necessary resolution to be applicable in classical molecular
epidemiological studies of TB transmission (Kato-Maeda et al. 2011). Neverthe-
less, SNP typing is ideal for classifying MTBC strains into lineages as it exhibits
negligible levels of homoplasy (Comas et al. 2009). Moreover, various typing
methodologies have already been proposed (Dos Vultos et al. 2008; Filliol et al.
2006; Gutacker et al. 2006; Mestre et al. 2011). Importantly, in contrast to de novo
SNP discovery through DNA sequencing (Baker et al. 2004; Hershberg et al.
2008), mere SNP typing is of limited use in phylogenetic studies because of the
problem known as ‘phylogenetic discovery bias’ (Pearson et al. 2004). This bias
refers to the fact that if only a few reference genomes are used to identify the SNPs
used for subsequent genotyping, the resulting phylogeny will be biased, because
the genetic diversity among strains not included in the initial SNP discovery will
not be detected. As a consequence, such strains will automatically fall in inter-
mediate positions on the phylogenetic tree, leading to the problems known as
‘branch collapse’ and ‘linear phylogeny’ (Achtman 2008; Alland et al. 2003;
Smith et al. 2009). Recently, two new complementary SNP-typing assays have
been developed to screen for the main lineages of MTBC (Stucki et al. 2012). In
contrast to most other methods available, the SNPs used in these new assays have
been identified by comparing many genomes representative of the known global
MTBC diversity (Fig. 1).

2.3 From Genotypes to Whole Genomes

Whole-genome sequencing offers many advantages over the current methods used
for genotyping MTBC. The main disadvantage remains the relatively high cost and
the bioinformatics capacity required to analyse the data. However, both of these
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obstacles will likely be surmounted in the near future thanks to further advances in
DNA sequencing technologies and the development of more user-friendly ana-
lytical tools. Several recent publications support the notion that genome
sequencing is already on its way to become the new gold standard for molecular
epidemiological studies of MTBC. Specifically, these studies have shown that
genome sequencing has a much higher discriminatory power than the standard
genotyping tools, and that clinical strains exhibiting identical genotyping profiles
can sometimes harbour extensive genetic diversity, with obvious implications for
the interpretation of transmission patterns (Casali et al. 2012; Gardy et al. 2011;
Niemann et al. 2009). Comparative genome sequencing has also been used to
study closely related strains isolated sequentially from a single patient (Comas
et al. 2012; Saunders et al. 2011), from chains of ongoing transmission (Sandegren
et al. 2011; Schurch et al. 2009, 2010), or from experimentally infected macaques
(Ford et al. 2011), in the hope of learning more about the mechanisms driving the
micro-evolution of MTBC. Intriguingly, the study in macaques found that the
mutation rate of MTBC in latently infected animals was not significantly different
from that of bacteria isolated from macaques with active TB. This suggests that

Fig. 1 Global phylogeny of MTBC based on 24 whole-genome sequences. M. canettii is used as
outgroup. Coloured branches indicate the six main human-associated lineages. Numbers on
branches indicate the number of SNPs (adapted from Bentley et al. 2012; Comas et al. 2010)
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dormant and/or persister cells are also prone to mutational damage, and therefore
drug resistance could also be acquired during latent infections (Ford et al. 2011).

With respect to the global diversity of MTBC, comparative genome sequencing
is revealing a degree of heterogeneity which was previously unrecognised. Spe-
cifically, because DNA sequence data (as opposed to e.g. genome deletions) can be
used to infer genetic distances, this heterogeneity can be measured quantitatively
and appreciated in the context of a robust phylogenetic framework. Based on
recently published genome sequences (Bentley et al. 2012; Comas et al. 2010), six
main phylogenetic lineages can be distinguished among the human-associated
MTBC (in addition to all the animal-associated variants not further discussed here;
Fig. 1). This includes two lineages traditionally referred to as M. africanum (de
Jong et al. 2010). These six lineages have already been described using various
genotyping methods and shown to be distributed non-randomly around the world
(Fig. 2) (Brudey et al. 2006; Gagneux et al. 2006b). However, as mentioned above,
DNA sequence data can be used to compute evolutionary distances and construct
robust phylogenetic trees. As shown in Fig. 1, the genetic distance between two
human-associated MTBC strains can reach close to 2,000 SNPs, which is equiv-
alent to the evolutionary distance between H37Rv and M. bovis (Garnier et al.
2003). Moreover, about two-thirds of amino acid coding SNPs in MTBC are non-
synonymous, and a large proportion of these nSNPs have been predicted to affect
gene function (Hershberg et al. 2008). Many more genomes will be necessary to
better define the global diversity of MTBC (Fig. 2). In particular, based on the
currently available genomes, geographic coverage is limited, and potential phy-
logenetic substructures within the main lineages are not well understood (Fig. 1).
Moreover, we know from genotyping studies that much more MTBC diversity
exists that has not yet been characterised by whole-genome sequencing (Demay
et al. 2012; Gagneux et al. 2006b).

In addition to genomic deletions and functional SNPs, recent data suggest that
gene duplications might also be an important source of genome plasticity in
MTBC. In 2000, Brosch et al. reported, two duplicated regions in M. bovis BCG
Pasteur (Brosch et al. 2000). Until recently, genomic duplications were considered
rare events limited to a few BCG sub-strains (Leung et al. 2008), possibly

Fig. 2 Global
phylogeography of human-
associated MTBC. The
geographic distribution of the
six main human-associated
MTBC liemnages is
indicated. Each dot
corresponds to a country and
the dominant MTBC
lineage(s) are indicated by
colours corresponding to
Fig. 1 (adapted from
Gagneux et al. 2006b)
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reflecting the result of long-term in vitro evolution (Brosch et al. 2007). However,
two recent studies reported gene duplications in clinical isolates of M. tubercu-
losis, including one large-scale duplication of more than 500 Kb (Domenech et al.
2010; Weiner et al. 2012). Intriguingly, these duplications occurred multiple times
independently and across different MTBC lineages, suggesting that they were
positively selected. Moreover, some of these duplications are instable when strains
are grown in vitro, arguing against a phenomenon linked to prolonged in vitro
growth, but rather in support of in vivo selection and adaptation. Future studies
will help define the extent and significance of genomic duplications in MTBC.

2.4 What is the Role of HGT and Recombination in MTBC?

There is strong evidence that past instances of HGT have contributed to the
emergence of MTBC as a successful pathogen (Behr and Gagneux 2011). Spe-
cifically, genomic comparisons of MTBC and other mycobacteria have identified
many genes that the common ancestor of all MTBC appears to have acquired
horizontally (Becq et al. 2007; Rosas-Magallanes et al. 2006; Veyrier et al. 2009).
Some of these genes have been implicated in the pathogenesis of TB. Similarly,
analysis of housekeeping genes in M. canettii and other smooth TB bacilli dem-
onstrated mosaic structures, suggesting ongoing HGT among these rare and extant
members of MTBC (Gutierrez et al. 2005). However, whether ongoing (as
opposed to past) HGT plays any role in the evolution of MTBC is controversial
(except in the case of M. canettii and the other smooth TB bacilli discussed above).
For a long time, the common view was that MTBC exhibited a strictly clonal
population structure with little evidence for ongoing HGT. With a few exceptions
largely considered anecdotal (Hughes et al. 2002; Liu et al. 2006), most of the
available evidence supported this view until recently. This included the observa-
tion of a rather stable G ? C content across most of the MTBC genome (Cole
et al. 1998), strong linkage disequilibrium between minisatellite loci (Supply et al.
2003), congruence of phylogenies derived from many different molecular parkers
including genomic deletions (Baker et al. 2004; Filliol et al. 2006; Gagneux et al.
2006b; Gagneux and Small 2007; Gutacker et al. 2006; Hirsh et al. 2004; Wirth
et al. 2008), and negligible homoplasy in DNA sequence data (Comas et al. 2009;
Hershberg et al. 2008). In particular, the fact that genomic deletions in MTBC can
be used as robust phylogenetic markers has been demonstrated multiple times
(Brosch et al. 2002; Hirsh et al. 2004; Mostowy et al. 2002), and suggests that once
a particular genomic region has been lost in MTBC, the corresponding genes
cannot be reacquired via HGT. Moreover, all known drug resistance determinants
in MTBC represent de novo acquired chromosomal mutations (Sandgren et al.
2009), indicating that HGT plays no significant role in the emergence of drug
resistance in this organism.

A recent study has now challenged the dogma of strict clonality in MTBC
(Namouchi et al. 2012). The authors used 24 MTBC genomes and performed a
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series of analyses designed to detect ongoing HGT. Based on their results, the
authors concluded that MTBC does in fact show evidence of recombination,
mostly involving short DNA fragments of around 50 bp. This observation is
striking, given that in other bacteria, recombination usually involves much longer
stretches of DNA (Didelot et al. 2010). This short size of recombination tracts
might explain why the genomic deletions used to genotype MTBC, which com-
prise much larger DNA segments, show no evidence of homoplasy linked to HGT
or recombination. The authors found that 150 kb (i.e. about 3 %) of the MTBC
genomes showed significant recombination tracts. However, the nature of the
putative donor organisms could not be determined, except for some instances were
the recombining tracks matched regions in the genome of M. canettii. More work
is needed, including larger collections of high-quality genomes, to define the role
and relevance of HGT and recombination in MTBC, and to identify the sources
and mechanisms of acquisition of foreign DNA in this organism.

2.5 Using DNA Sequence Data to Predict the Impact
of Genome Diversity

DNA sequences can also be used to analyse the relative strength and direction of
selection acting on these sequences. For example, a recent study used whole-
genome sequences from 21 clinical strains covering the global diversity of MTBC
to study the genetic diversity of 491 experimentally confirmed human T cell
epitopes (Comas et al. 2010). In contrast to other pathogens were immune pressure
drives increased antigenic diversity (Deitsch et al. 2009), the authors found that in
MTBC, T cell epitopes were evolutionarily hyperconserved, showing the lowest
dN/dS values (i.e. ratio of non-synonymous to synonymous mutations) in the
genome (Fig. 3), with more than 95 % of these epitopes harbouring no amino acid
substitution at all. The authors concluded from their findings that the host immune
responses directed towards these hyperconserved T cell epitopes might offer a net
benefit to the bacteria rather than to the host, by promoting tissue damage, ulti-
mately leading to enhanced transmission of MTBC. This notion is supported by
the fact that patient with cavitary disease are particularly likely to generate sec-
ondary cases (Rodrigo et al. 1997). Also, in TB patients co-infected with HIV,
CD4 T cell counts are inversely correlated with the likelihood of developing
cavitations (Kwan and Ernst 2011). The latter suggests that CD4 T cells directly or
indirectly contribute to the formation of cavitations, and that TB patients with low
CD4 T cell counts might be less likely to transmit MTBC (Brites and Gagneux
2011; Cruciani et al. 2001).

The observation that known human T cell epitopes in MTBC are evolutionarily
hyperconserved does of course not exclude the possibility that other, as yet
unknown epitopes might be involved in antigenic variation. Indeed, one of the
limitations in the study by Comas et al. was that due to technical reasons, the
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members of the PE/PPE gene family had to be excluded from the analysis
(Brennan and Delogu 2002). Some of these genes have previously been shown to
be highly diverse (Talarico et al. 2005, 2008), prompting the view they may be
implicated in antigenic variation (Banu et al. 2002). A recent study addressed this
possibility by analysing the genetic diversity of various PE/PPE genes across a
panel of 40 phylogenetically diverse clinical strains (McEvoy et al. 2012). The
authors confirmed that PE/PPE genes were more genetically diverse than other
genes, but the observed dN/dS values were in average around 1.0, suggesting these
genes evolve neutrally. The latter finding argues against the notion that PE/PPE
diversity is a result of immune escape. One of the inherent problems in studying
PE/PPE genes is that hardly any information exists as to their specific function(s).
Future studies will show whether or not the findings by McEvoy et al. can be
extrapolated to other PE/PPE genes.

One of the striking findings of comparative DNA sequencing in MTBC has
been the observation that in average about two-thirds of coding SNPs are non-
synonymous, thus leading to a change in the encoded amino acid (Comas et al.
2010; Fleischmann et al. 2002). Moreover, in silico analyses have shown that 58 %
of nonsynonymous SNPs in MTBC are predicted to affect gene function (Hersh-
berg et al. 2008). Recent data from our laboratory using whole-genome sequences
have confirmed that even in the deep phylogenetic branches that define the main
lineages of MTBC (Fig. 1), close to 50 % of non-synonymous SNPs are predicted
to be functional (unpublished data). Taken together, these data highlight the extent
of genetic diversity among MTBC strains and lineages, and suggest that this
diversity is likely to have phenotypic consequences.

Fig. 3 Human T cell epitopes of MTBC are evolutionarily hyperconserved. The ratios of non-
synonymous to synonymous nucleotide substitutions are indicated for each gene category
(adapted from Comas et al. 2010)
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2.6 From MTBC Genotype to Phenotype

Some evidence that genetic diversity in MTBC does indeed translate into phe-
notypic diversity comes from studies of gene expression. One early study used
DNA microarrays to study the transcriptome of 10 clinical strains and found about
500 genes differentially expressed (Gao et al. 2005). More recently, Homolka et al.
studied a panel of 17 MTBC strains covering several of the main phylogenetic
lineages of MTBC (Fig. 1) using DNA microarrays, and determined their tran-
scriptional profile when grown in vitro and in resting or activated mouse macro-
phages (Homolka et al. 2010b). The authors detected both strain-specific and
lineage-specific gene expression patterns. These patterns were consistent with the
phylogenetic position of the corresponding strains, supporting the association
between phylogenetic diversity discussed above and phenotypic variation
observed experimentally. Moreover, the authors were able to define a core tran-
scriptome that was common to all strains when grown intracellularly. Considering
recent technological advances, including the development of RNA sequencing
(RNA-seq), future studies will likely uncover additional MTBC diversity at the
level of the genome-wide transcriptome. RNA-seq offers many advantages over
DNA microarrays, as it allows for detection of unknown transcripts, including
novel regulatory RNAs in a strand-specific manner (Sorek and Cossart 2010). A
recent RNA-seq analysis of H37Rv grown in vitro revealed many 5’ and 3’
untranslated regions, antisense transcripts and intergenic small RNAs (Arnvig
et al. 2011), supporting a role for non-coding RNA in the biology of MTBC
(Arnvig and Young 2012).

In addition to differences in gene expression, MTBC phenotypic diversity has
also become evident at the level of the host-pathogen interaction, at least in
experimental settings. Many studies have reported MTBC strain-specific differ-
ences in immunogenicity and virulence using various models of infection; these
have been reviewed in detail in (Coscolla and Gagneux 2010). However, only a
few studies have been able to link the observed immune- or virulence-phenotypes
to particular molecular characteristics of the infecting MTBC strain (Manca et al.
1999; Newton et al. 2006; Reed et al. 2004). In a recent study, Portevin et al.
managed to link strain-specific immune-phenotypes with the phylogenetic classi-
fication of these strains using a human monocyte-derived macrophage infection
model (Portevin et al. 2011). Specifically, the authors infected macrophages from
multiple donors with one of 28 strains of MTBC and measured the cytokine
profiles at several time points. They found that these strains varied widely in their
stimulation of inflammatory cytokines, suggesting that human macrophages per-
ceive and react to these strains very differently (Fig. 4). Despite this wide range of
immune responses, the authors detected statistically significant differences
between the different MTBC lineages, suggesting that the phylogenetic diversity of
MTBC is also reflected at the host-pathogen interface.

For a long time, one of the main challenges in the field has been linking strain
phenotypes defined in the laboratory to relevant clinical phenotypes; so far no
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consistent picture has emerged (Coscolla and Gagneux 2010). Perhaps one of the
most promising avenues has been the study of M. africanum West Africa 2 (i.e.
MTBC Lineage 6 in Fig. 1), which causes up to 50 % of TB in some countries of
West African (de Jong et al. 2010). Recently, it was shown that Lineage 6 was
attenuated in mice compared to H37Rv (Bold et al. 2012). Consistent with these
laboratory findings, individuals infected with Lineage 6 strains were less likely to
progress towards active TB compared to individuals infected with other strains,
even though no difference was observed at the level of transmission (de Jong et al.
2008). Moreover, Lineage 6 has been associated with HIV co-infection in the
Gambia, suggesting Lineage 6 might behave as an opportunistic pathogen (de Jong
et al. 2005). No such association was observed in Ghana (Meyer et al. 2008),
suggesting that even within a particular MTBC lineage, additional phylogeo-
graphic variation exists that might be clinically relevant.

3 Micro-Evolution of Drug-Resistant MTBC

A particular aspect of genetic diversity in MTBC that is of obvious clinical rel-
evance relates to drug resistance. MTBC strains resistant to an ever increasing
number of antibiotics are threatening global TB control (Gandhi et al. 2010). Over
the last years, many of the molecular mechanisms leading to resistance have been
elucidated for many of the first- and second-line drugs (Zhang and Yew 2009).
Similarly, many of the mutations causing resistance have been identified (Sand-
gren et al. 2009). What is much less understood is how drug-resistant MTBC
strains evolve over the longer run (Borrell and Gagneux 2009). In particular, little
is known on how different drug resistance-conferring mutations might interact

Fig. 4 IL-6 response in human monocyte-derived macrophages infected with 28 different MTBC
strains. Each strain was tested in eight different human donors (adapted from Portevin et al. 2011)
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with each other, with pre-existing strain-specific mutations, or other mutations
acquired subsequent to the resistance mutations (Borrell and Gagneux 2011). A
particular class of mutations represented by the latter are referred to as compen-
satory mutations.

3.1 Compensatory Evolution

Acquisition of drug resistance determinants in bacteria is often associated with
reduced Darwinian fitness in absence of the drug (Andersson and Levin 1999).
However, this fitness cost can be mitigated by subsequent mutations at secondary
sites, a phenomenon known as compensatory evolution. Compensation has been
described in many bacterial species and antibiotics (reviewed in Andersson and
Hughes 2010). In MTBC, a widely cited example has been mutations in the
promoter of ahpC leading to over-expression of this gene, believed to compensate
for the loss of the katalase-peroxidase (KatG) activity in isoniazid-resistant strains
(Sherman et al. 1996). KatG activates isoniazid but also protects the bacterial cell
against host-mediated oxidative stress. Over-expression of ahpC, which encodes
an alkyl hydroperoxide reductase is thought to partially protect against excess
oxidative damage in strains lacking KatG activity. However, the actual role of
ahpC promotor mutations in isoniazid resistance remains unclear (Heym et al.
1997). Moreover, molecular epidemiological studies have found these mutations to
be rare in clinical settings (Gagneux et al. 2006a), suggesting they play a minor
role in the epidemiology of drug-resistant MTBC. Similarly, a compensatory
mechanism in the 16S ribosomal RNA of MTBC strains resistant to aminogly-
cosides was reported (Shcherbakov et al. 2010). However, the corresponding
mutation is only rarely observed in clinical settings (Georghiou et al. 2012). By
contrast, Comas et al. described a set of novel compensatory mutations in rpoA and
rpoC, which encode the alpha- and beta-prime subunits of the RNA polymerase
(Comas et al. 2012). These mutations occurred exclusively in rifampicin-resistant
strains with resistance-conferring mutations in rpoB, and were associated with an
increased competitive fitness in vitro. Moreover, they occurred in up to 30 % of
clinical MDR strains, and were significantly over-represented in MDR strains from
countries known to suffer from a high burden of MDR-TB (Fig. 5). This suggests
that these compensatory mutations contribute to the spread of drug-resistant
MTBC strains. Subsequently, the same mutations were reported from XDR strains
from Russia (Casali et al. 2012), and in experimentally evolved Salmonella
(Brandis et al. 2012). While the mechanism(s) leading to compensation are still
unknown, genetic reconstruction of some these rpoA and rpoC mutations in Sal-
monella showed that they were directly responsible for the improved growth rate
of strains carrying rifampicin resistance-conferring mutations in rpoB (Brandis
et al. 2012).
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3.2 The Role of the Strain Genetic Background

The interaction between a drug resistance mutation and a compensatory mutation
is an example of epistasis (Borrell and Gagneux 2011). Epistatic interaction can
generally be defined as a case in which the phenotypic effect of one mutation is
modified by the presence or absence of another mutation (Phillips 2008). In
addition to epistatic interactions represented by compensatory evolution, interac-
tions between different drug-resistance mutations have also been described.
Importantly, work in Escherichia coli and Pseudomonas aeruginosa has shown
that the fitness cost associated with a mutation conferring resistance to one drug
can be ameliorated by a mutation conferring resistance to a second drug (Trindade
et al. 2009; Ward et al. 2009). This phenomenon is referred to as sign epistasis, as
the ‘‘sign’’ of the fitness effect associated with the second mutation switches from
‘‘negative’’ to ‘‘positive’’ (Weinreich et al. 2005). Currently, we do not know
whether sign epistasis plays any role in the evolution of MDR-TB, but work is
needed to explore this disturbing possibility.

There is increasing evidence that the strain genetic background can influence
the evolutionary trajectory of drug-resistant MTBC (Borrell and Gagneux 2011).
Presumably, this is due to epistatic interactions between pre-existing strain-specific
genomic features, and subsequently acquired drug-resistance conferring mutations
and compensatory mutations (Mueller et al. 2012). Experimental work in E. coli
has shown that such interactions can limit the available mutational pathway(s)
towards drug resistance (Toprak et al. 2012). In MTBC, one particular phyloge-
netic lineage known as ‘‘Beijing’’ has repeatedly been associated with drug
resistance in clinical settings (reviewed in Borrell and Gagneux 2009). The
underlying basis of this phenomenon remains unknown, but several hypotheses
have been proposed (Parwati et al. 2010). For example, based on various

Fig. 5 Compensatory
evolution in rifampicin-
resistant MTBC. The
proportion of MDR strains
carrying compensatory
mutations (CMs) in rpoA or
rpoC is indicated for strains
isolated globally or from
countries with a high MDR-
TB burden. Light bars
indicate mutations very likely
to have a compensatory role;
black bars indicate all
putative compensatory
mutations identified (adapted
from Comas et al. 2012)
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non-ysynonymous mutations found in DNA repair genes of Beijing strains, it was
hypothesised that these strains might exhibit an intrinsically elevated mutation
rate, leading to an enhanced likelihood of acquiring resistance mutations (Dos
Vultos et al. 2008). However, fluctuation assays have yielded conflicting results
with respect to the in vitro mutation rate of Beijing compared to other MTBC
strains (de Steenwinkel et al. 2012; Werngren and Hoffner 2003).

Several studies have reported associations between particular drug resistance-
conferring mutations and MTBC lineages, suggesting that the strain genetic
background, as defined by MTBC lineage, can influence the mutational pathway to
resistance (Gagneux et al. 2006a; Homolka et al. 2010a). For example in isoniazid-
resistant MTBC, inhA promoter regions, which are one of the main causes of
isoniazid resistance in clinical settings (Zhang and Yew 2009), have been asso-
ciated with Lineage 1 of MTBC (Fig. 1). The fact that this association was
observed in three independent studies supports a biological basis for this phe-
nomenon (Baker et al. 2004; Fenner et al. 2012; Gagneux et al. 2006a). Moreover,
Fenner et al. showed recently that putative epistatic interactions between specific
isoniazid resistance-conferring mutations and different strain genetic backgrounds
can influence the level of resistance to isoniazid in vitro (Fenner et al. 2012).

4 Conclusions

The past few years have witnessed much progress in our understanding and
appreciation of strain-to-strain diversity in MTBC. This has partially been a
consequence of new opportunities arising from access to novel technologies,
including DNA microarrays, and more recently next-generation DNA sequencing
(Comas and Gagneux 2009). Fresh insights have also been gained by learning from
work in other bacteria. Fifteen years ago, human-associated MTBC was essentially
regarded as a ‘‘clone’’, and strain variation was generally considered irrelevant by
the majority of the basic science community (Kato-Maeda et al. 2001a). Today, we
know that MTBC harbours more genetic diversity than previously realised, and
experimental studies show very clearly that part of this diversity translates into
important phenotypic variation (Coscolla and Gagneux 2010). Yet, the role of this
diversity for clinical TB remains largely elusive, partially because of the difficulty
of linking MTBC strain genotypes to relevant clinical phenotypes. In addition to
differences at the DNA level, MTBC strains have been shown to differ at the
transcriptome level (Homolka et al. 2010b). Yet, nothing is known with respect to
strain variation at the level of regulatory RNAs, which are highly abundant in this
organism (Arnvig et al. 2011). Similarly, epigenetics is a rapidly emerging field
that has recently been proposed as an avenue to discover host-derived biomarkers
for TB (Esterhuyse et al. 2012). However, little work has been done on epigenetics
in MTBC, and it is unknown whether strain variability will be reflected at the
epigenetic level as well. Much effort today is dedicated to the development of new
diagnostics, drugs and vaccines against TB (Young et al. 2008). Based on the
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existing evidence from other bacterial pathogens, strain genetic diversity in MTBC
should be considered during the development of new tools and strategies to better
control TB (Gagneux and Small 2007). Increasingly, systems approaches should
be used (Comas and Gagneux 2011), not only to determine if and how diversity in
MTBC matters for disease control, but to better understand the biology and epi-
demiology of one of the most important human diseases.
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