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Preface

When I started to work on tuberculosis (TB) 15 years ago, a widespread
dogma in the field was that Mycobacterium tuberculosis was “a clone”
with “negligible” genetic diversity across strains and that this limited strain-
to-strain variation bore no phenotypic relevance. Since then, advances in
genotyping, molecular epidemiology, and experimental investigation of the
impact of strain variation on virulence and immune phenotypes have shed
a very different light on the subject. In particular, recent findings based on
large-scale whole-genome sequencing (WGS) of global collections of M.
tuberculosis clinical strains and comparisons to other mycobacteria have
generated many new insights into the evolution of the M. tuberculosis
complex (MTBC). As a consequence, the field has experienced a paradigm
shift in recent years, and most scientists involved in TB research today
agree that bacterial diversity should be considered when studying the biology
and epidemiology of TB, as well as for the development of new treatments
and vaccines. The purpose of this book is to summarize some of the most
important insights gained over the years with respect to the nature, evolution,
and consequences of strain variation in the MTBC, including those related to
antibiotic resistance.

In Chap. 1, Brites and Gagneux review the evolutionary forces governing
strain variation in the MTBC, both across different patient populations
and within individuals under treatment. This chapter also serves as an
introduction to many of the subsequent chapters of the book. In Chap. 2,
Supply and Brosch discuss the biology and epidemiology of Mycobacterium
canettii, an organism thought to represent the closest living relative of
the progenitor of the MTBC. In Chap. 3, Merker and colleagues give a
comprehensive overview of all typing methods that have been applied to
MTBC clinical strains during the last two decades, culminating in the
large-scale application of next-generation sequencing. The latter is fur-
ther developed in Chap. 4 by Comas, where the application of WGS to
molecular epidemiological investigation and its limitations are discussed
in detail. In Chap. 5, Coscolla summarizes some of the most important
insights into the biological and epidemiological consequences of strain
variation in the MTBC. In Chap. 6, Yeboah-Manu and colleagues pursue
this subject with a particular focus on Mycobacterium africanum (today
mainly referred to as MTBC lineages 5 and 6), which is an important
cause of human TB in West Africa. In Chap. 7, Malone and Gordon
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expand to the so-called animal-adapted members of the MTBC and their
biological characteristics. In Chap. 8, Abdullah and Behr switch gears
slightly with a discussion of the diversity and evolution of the various
Bacillus Calmette-Guerin (BCG) sub-strains that have emerged following the
generation of the original vaccine strain in 1921. In Chap. 9, Ernst pursues
the related themes of vaccinology and immunology with a particular focus
on antigen diversity in the MTBC. In Chap. 10, Delogu and colleagues
review the state of the art with respect to the enigmatic strain families of
PE and PPE genes. In Chap. 11, Dean and colleagues present the current
epidemiological situation of drug-resistant TB in the world, which is followed
by Chap. 12, in which Cirillo and colleagues describe the various phenotypic
and molecular methods used for drug susceptibility testing. In Chap. 13,
Warner and colleagues provide a detailed description of the particularities of
the DNA replication machinery in the MTBC, while in Chap. 14, Borrell and
Trauner review the latest findings in the evolution of antibiotic resistance in
the MTBC. Finally in Chap. 15, Pečerska and colleagues present an overview
of the latest developments in mathematical modeling of MTBC epidemiology
and evolution.

My hope is that after reading this book, any remaining skeptics will
be convinced of the relevance of strain variation in the MTBC and that
new researchers will become interested in this fascinating topic. More
importantly, I am convinced that by exploiting some of the insights and
concepts presented in this book, and integrating them into the ongoing efforts
in research and development for new tools and control strategies, we will be
in a much better position to tackle TB globally.

Basel, Switzerland Sebastien Gagneux
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1The Nature and Evolution of Genomic
Diversity in the Mycobacterium
tuberculosis Complex

Daniela Brites and Sebastien Gagneux

Abstract

The Mycobacterium tuberculosis Complex (MTBC) consists of a clonal
group of several mycobacterial lineages pathogenic to a range of different
mammalian hosts. In this chapter, we discuss the origins and the evolution-
ary forces shaping the genomic diversity of the human-adapted MTBC.
Advances in whole-genome sequencing have brought invaluable insights
into the macro-evolution of the MTBC, and the biogeographical distri-
bution of the different MTBC lineages, the phylogenetic relationships
between these lineages. Moreover, micro-evolutionary processes start
to be better understood, including those influencing bacterial mutation
rates and those governing the fate of new mutations emerging within
patients during treatment. Current genomic and epidemiological evidence
reflect the fact that, through ecological specialization, the MTBC affecting
humans became an obligate and extremely well-adapted human pathogen.
Identifying the adaptive traits of human-adapted MTBC and unraveling
the bacterial loci that interact with human genomic variation might help
identify new targets for developing better vaccines and designing more
effective treatments.

Keywords

co-evolution • virulence • adaptation • mutation

D. Brites (�)
Swiss Tropical and Public Health Institute, Basel,
Switzerland

University of Basel, Basel, Switzerland
e-mail: d.brites@swisstph.ch;

S. Gagneux
Swiss Tropical & Public Health Institute, University
of Basel, Basel, Switzerland
e-mail: sebastien.gagneux@swisstph.ch

1.1 Introduction

Tuberculosis (TB) has affected human popula-
tions since ancient times. In the nineteenth cen-
tury, TB was recognized as a contagious illness
and its etiologic agent, the bacillus Mycobac-

© Springer International Publishing AG 2017
S. Gagneux (ed.), Strain Variation in the Mycobacterium tuberculosis Complex: Its Role
in Biology, Epidemiology and Control, Advances in Experimental Medicine and Biology 1019,
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2 D. Brites and S. Gagneux

terium tuberculosis, was identified by Robert
Koch in 1882. At that time, TB was a common
cause of mortality in Europe and North America,
causing 20–25% of all adult deaths (Stead 2001).
Since the mid-1920s, TB rates have decreased
dramatically in the developed world. However,
TB is still among the ten top causes of death
in many parts of the developing world (WHO
2016). In 2015, the World Health Organization
(WHO) estimated 10.4 million new TB cases
globally and 1.8 million deaths, making TB the
number one cause of human death due to a single
infectious agent (WHO 2016). The number of
people carrying latent infections is estimated at
1.7 billion worldwide, urging for new diagnostic
tools, better vaccines and new treatment regimens
to control TB (Houben and Dodd 2016). Much
of the TB epidemic, especially in sub-Saharan
Africa, is driven by co-infection with the human
immunodeficiency virus (HIV), which accounted
for 1.2 million of all new TB cases in 2015
(WHO 2016). Moreover, 480,000 cases were
estimated to be caused by multidrug-resistant
TB (MDR-TB), posing additional challenges for
diagnosis and treatment (see Chaps. 12 and 14 of
this book).

M. tuberculosis is one of the most successful
human pathogens, having killed an estimated one
billion people over the last 200 years (Paulson
2013). It is well recognized that the social
characteristics of human populations (Lonnroth
et al. 2009), host genetics (Abel et al. 2014), co-
morbidities and environmental conditions such
as the quality of TB control programs are crucial
determinants of TB (Dye et al. 2009). Yet, despite
years of research, the mechanisms underlying
protective immune responses remain poorly
understood, and an effective vaccine against
pulmonary TB is still lacking (Ernst 2012).
During recent years, it has become increasingly
evident that in addition to host and environmental
determinants, the genetic diversity of the
pathogen may also play a role in the outcome of
TB infection and disease (Comas and Gagneux
2009) (see Chap. 5). In this chapter, we review
the nature of the genetic diversity in the tubercle
bacilli as well as the various evolutionary forces
that have been driving this diversity. This chapter

also serves as an introduction to some of the
other chapters of this book.

1.2 The Phylogeography
of the Mycobacterium
tuberculosis Complex

TB in humans and animals is caused by a group
of acid-fast bacteria collectively known as the
Mycobacterium tuberculosis Complex (MTBC).
The MTBC consists of a group of highly re-
lated mycobacterial lineages (99.9% nucleotide
identity) that infect a wide range of mammalian
host species. The MTBC comprises the obli-
gate human pathogens Mycobacterium tubercu-
losis sensu stricto and Mycobacterium africanum
(see Chap. 6), several lineages mainly affect-
ing wild and domestic mammalian hosts (Chap.
7), and the so-called “smooth tubercle bacilli”
that include Mycobacterium canettii (Chap. 2)
(Coscolla and Gagneux 2014). We will use the
term MTBC throughout this chapter to refer to
all MTBC lineages except M. canettii, which
differs markedly from the remaining members of
the Complex as discussed in detail in Chap. 2.
The present chapter focuses on the latest in-
sights gained mainly from whole-genome se-
quencing (WGS) data. For a detailed overview
of the different genotyping methods used for the
MTBC over the last two decades, please refer to
Chap. 3.

The MTBC comprises seven phylogenetic
lineages, for which humans are the only known
host (Fig. 1.1a). This is to say, humans are the
only hosts, in which these seven lineages are able
to maintain complete cycles of infection, disease
and airborne transmission (Ernst 2012); we thus
refer to these lineages as “human-adapted”
MTBC. This is in contrast to the “animal-
adapted” MTBC lineages, which are discussed in
more detail in Chap. 7. The seven human-adapted
lineages comprise M. tuberculosis sensu strictu
Lineages 1–4, Lineage 7, as well as M. africanum
Lineages 5 and 6 (Fig. 1.1a). The geographical
spread of these lineages differs markedly, with
some lineages exhibiting a global distribution
and others a strong geographical restriction

http://dx.doi.org/10.1007/978-3-319-64371-7_7
http://dx.doi.org/10.1007/978-3-319-64371-7_3
http://dx.doi.org/10.1007/978-3-319-64371-7_2
http://dx.doi.org/10.1007/978-3-319-64371-7_2
http://dx.doi.org/10.1007/978-3-319-64371-7_7
http://dx.doi.org/10.1007/978-3-319-64371-7_6
http://dx.doi.org/10.1007/978-3-319-64371-7_5
http://dx.doi.org/10.1007/978-3-319-64371-7_14
http://dx.doi.org/10.1007/978-3-319-64371-7_12
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Fig. 1.1 Global phylogeography of the human-adapted
MTBC. (a) Phylogeny of 220 MTBC strains obtained
by Comas et al. (2013) based on a maximum-likelihood
method. Support values were obtained by bootstrap.
Branch lengths are proportional to nucleotide substitu-
tions and the tips of the tree were collapsed for sim-

plicity. The tree is rooted using M. canettii. (b) Global
distribution of the seven main human-adapted MTBC
lineages. Lineages were coloured as in a, and coloured
dots represent the dominant MTBC lineage(s) in each
country (Adapted from Gagneux and Small 2007)

(Fig. 1.1b) (Gagneux et al. 2006b; Gagneux and
Small 2007). Lineage 2 (also known as East-
Asian lineage; includes the Beijing family of
strains) and Lineage 4 (Euro-American lineage)
occur worldwide. Lineage 5 (M. africanum West
Africa 1) and Lineage 6 (M. africanum West
Africa 2) are highly restricted to West-Africa (de
Jong et al. 2010b), while Lineage 7 occurs almost
exclusively in Ethiopia (Firdessa et al. 2013). The
remaining two lineages show an intermediate
distribution, with Lineage 1 (also known as Indo-
Oceanic or EAI) occurring all around the Indian
Ocean and Lineage 3 (Central Asian Strain,
CAS) dominating in parts of East Africa, Central-
and South-Asia (Hershberg et al. 2008).

Lineages 2, 3 and 4 are sometimes also
referred to as “modern”, whereas the remaining
lineages are called “ancient”. This nomenclature
has its roots in work by Brosch and colleagues

which confirmed, based on phylogenetic analyses
of genomic deletions, that human-adapted
strains did not derive from a bovine form of
TB as postulated previously (Brosch et al.
2002; Gordon et al. 1999). More specifically, the
authors showed that MTBC strains responsible
for major outbreaks in humans such as Beijing
strains (Lineage 2) and Haarlem strains
(Lineage 4) shared a deletion of the genomic
region known as TbD1, which is intact in M.
africanum, M. bovis and all other animal-adapted
lineages. The terms “modern” and “ancient”,
despite their temporal connotation, refer thus to
the absence or presence of the TbD1 region,
respectively, and should not be interpreted
necessarily as reflecting an evolutionary time
dimension (Smith et al. 2009). By definition, all
extant MTBC lineages have been evolving for
the same amount of time since their most recent
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common ancestor (Smith et al. 2009). Some
lineages are closer to the root of the MTBC
phylogeny indicating an earlier divergence from
the MTBC common ancestor like Lineage
1 (Fig. 1.1). By contrast the divergence of
Mycobacterium bovis (an “ancient” lineage
according to the presence of the TbD1 region)
for instance, has occurred comparatively later in
the evolutionary history of the MTBC.

In the following sections, we will discuss
the evolutionary forces driving the phylogeo-
graphical structure of the MTBC, as well as
the potential implications for the biology and
epidemiology of human TB. Additional aspects
of the consequences of the MTBC diversity are
discussed in Chaps. 3, 5, 6, and 14 of this book.

1.3 The Origin of the MTBC as
a Professional Pathogen

1.3.1 The Transition
from the Environment
to an Obligate Pathogen

Given the characteristics of M. canettii and its
high nucleotide similarity (97.3%) with the other
members of the MTBC (Supply et al. 2013), it
seems plausible that the ancestor of the extant
MTBC lineages was an organism similar to M.
canettii. M. canettii is highly restricted to the
Horn of Africa (mainly Djibouti), and current
evidence suggests it is a facultative pathogen with
a likely reservoir in the environment (Koeck et al.
2011; Blouin et al. 2014) (this is further discussed
in Chap. 2). The transition of this M. canettii-
like MTBC ancestor to a professional pathogen
ultimately enabled the MTBC to spread globally.
In the case of the human-adapted lineages of the
MTBC and those adapted to domesticated ani-
mals, this transition was the key to a great evolu-
tionary success. Hence, comparative analyses of
M. canettii with the other members of the MTBC
and other closely related mycobacteria can shed
light on some of the key traits and genes underly-
ing the MTBC’s evolutionary transition from an
environmental organism to an obligate pathogen.
Such studies have highlighted several genomic
regions in the MTBC that are important for the

pathogenesis of TB (Jang et al. 2008; Veyrier
et al. 2011; Behr 2015). For example, some Type
VII Secretion Systems like ESX-1 contribute to
the survival of the MTBC inside macrophages
(Groschel et al. 2016). However, many of those
regions are also conserved in other mycobacteria
(Groschel et al. 2016; Behr 2015). Comparative
studies have revealed around 50 genes that are
present in the MTBC but absent from M. canettii
strains (Supply et al. 2013). Those were probably
acquired via horizontal gene transfer preceding
the clonal expansion of the MTBC (Supply et al.
2013). Yet, the relevance of these genes for the
process of adaptation of the MTBC to the human
host remains unclear. The results from these
comparative studies suggest that the evolution to-
wards an obligate pathogenic lifestyle in humans
is not just the result of the presence or absence
of specific “virulence factors” (Behr 2015; Wang
et al. 2015; Jang et al. 2008; Supply et al. 2013).
Instead, many individual genomic features, in-
cluding particular point mutations in key genes,
as well as epistatic interactions between these
features might have contributed to this adapta-
tion (Gonzalo-Asensio et al. 2014). The human-
adapted MTBC lineages are considered obligate
human pathogens because (i) humans are the
only hosts, in which these pathogens success-
fully maintain complete life cycles (Ernst 2012),
and (ii) because these microbes have to cause
pulmonary disease to successfully spread from
human-to-human (Brites and Gagneux 2012). In
other words, in human TB, and contrary to many
other pathogens (Woolhouse and Gaunt 2007),
transmission is tightly linked to virulence, which
has important evolutionary and epidemiological
consequences.

1.3.2 Immune Subversion Instead
of Immune Escape

After inhalation, MTBC is initially recognized
and taken up by alveolar macrophages (O’Garra
et al. 2013). The bacterium has evolved
multiple ways of escaping macrophage killing,
which allows the bacterium to replicate
inside this intracellular niche (O’Garra et al.
2013). Increased bacterial loads and antigen

http://dx.doi.org/10.1007/978-3-319-64371-7_2
http://dx.doi.org/10.1007/978-3-319-64371-7_14
http://dx.doi.org/10.1007/978-3-319-64371-7_6
http://dx.doi.org/10.1007/978-3-319-64371-7_5
http://dx.doi.org/10.1007/978-3-319-64371-7_3
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presentation by antigen-presenting cells trigger T
cell responses, which lead to the recruitment of
more macrophages and to the formation of lung
granulomas that contain infected macrophages
(O’Garra et al. 2013). Adequate T cell responses
are essential for containing the infection
inside granulomas as revealed by the systemic
infections that the MTBC causes in patients co-
infected with HIV (for review see Kwan and
Ernst 2011). Most immunocompetent individuals
are able to keep the replication of the bacterium
at check inside the lung granulomas. In 5–10%
of cases, uncontrolled growth of the pathogen
causes necrosis, promoting lung damage
and enhancing aerosol production (O’Garra
et al. 2013). Between humans, the MTBC is
transmitted exclusively through aerosols, and
therefore virulence (here meant as the damage
that the infection causes to the host) is a pre-
requisite for efficient pathogen transmission.
Host T cell responses are thus essential for a
protective immune response against TB, but at
the same time contribute to efficient transmission
of the pathogen (Brites and Gagneux 2012).
What triggers the uncontrolled bacterial growth
inside the granuloma? Comparing the molecular
evolution of genomic regions encoding proteins
that are recognized by human T cells (hereafter
called T cell epitopes) of representatives of the
human-adapted MTBC has revealed that these
T cell epitopes are among the most conserved
regions of the MTBC genomes, exhibiting lower
frequencies of amino acid changes than essential
genes or non-epitope regions of antigens (Comas
et al. 2010; Coscolla et al. 2015; Pepperell
et al. 2013; Yruela et al. 2016). These results
suggest that most amino acid mutations in T cell
epitopes have a deleterious effect for the bacteria
and are therefore removed from the population
by natural selection. One possible underlying
selective pressure is the need of recognition by
T cells for promoting inflammatory immune
responses, leading to enhanced lung damage
and increased transmission. Hence following
such a scenario, the strategy of MTBC might
be to subvert the host immune system instead
of evading immune responses through antigenic
variation as observed in many other pathogens
(see also Chap. 9). However, in M. canettii,

for which human-to-human transmission via
aerosols has not been reported (Koeck et al.
2011; Supply et al. 2013) (Chap. 2), in the
animal-adapted lineages of MTBC (Yruela et al.
2016) (Chap. 7) and in BCG-strains (Copin et al.
2014) (Chap. 8), T cell epitope sequences are
also more conserved than other regions of the
genome. Hence, one alternative explanation
might be that T cell epitopes in the MTBC
are hyperconserved because they are part of
enzymes or proteins with essential roles in vivo,
which are independent of the interaction with
T cells. As more genome sequences of MTBC
strains become available, it is becoming evident
that although the majority of T cell epitopes in
the MTBC are hyperconserved, some epitopes
do exhibit amino acid diversity (Coscolla et
al. 2015; Stucki et al. 2016). This suggests
that some T cell epitopes might be involved
in antigenic variation and/or specific adaption to
different human populations (further discussed
below) (Coscolla et al. 2015). A study comparing
individuals latently infected with MTBC to
healthy uninfected controls found that the
latently infected individuals primarily recognized
T cell epitopes that were hyperconserved,
whereas the un-infected individuals mainly
recognized T cell epitopes that were more diverse
(Lindestam Arlehamn et al. 2015). Moreover,
this study also found that the epitopes that
were hyperconserved within the MTBC and
more strongly recognized in latently infected
individuals tended to be less conserved in non-
tuberculous mycobacteria (Lindestam Arlehamn
et al. 2015). Both of these observations support
the link between sequence hyperconservation of
T cell epitopes and transmission in the context of
human-adapted MTBC.

1.4 The Evolutionary Forces
Driving MTBC Diversity

1.4.1 Impact of Clonality
and Genetic Drift

The transition to an obligate pathogenic lifestyle
was also associated with profound changes in the
way genomic variation has been shaped through-
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out the evolution of the MTBC. Unlike M. canet-
tii and many other bacteria, the human- and
animal-adapted members of the MTBC do not
undergo horizontal gene transfer (Boritsch et al.
2016). An important consequence of this is that
genes lost through deletion cannot be reacquired.
The fact that genomic deletions can be used as
robust phylogenetic markers to classify MTBC
strains into discrete lineages is a consequence
of this (Gagneux et al. 2006b) (Brosch et al.
2002; Hirsh et al. 2004), and further illustrates
the strong clonality of the MTBC (Gagneux and
Small 2007) (see also Chap. 3). Comparative
analyses of clonal and non-clonal bacteria includ-
ing the MTBC suggest that variation in gene con-
tent through gene loss is a major source of genetic
variation in clonal species (Bolotin and Hersh-
berg 2015). A lack of horizontal gene exchange
also means that the negative fitness effects of
mutations can only be alleviated by reversion or
compensatory evolution as deleteriously mutated
loci cannot be replaced through transfer of intact
loci from other strains (Rice 2002). In recent
years, fascinating mechanisms of compensation
for deleterious mutations affecting phenotypes
involved in virulence and resistance to antibiotics
have been elucidated.

One of such examples is the PhoPR viru-
lence regulation system that controls important
MTBC virulence determinants such as ESAT-6
and others (Gonzalo-Asensio et al. 2014). The
common ancestor of M. africanum Lineage 6 and
the animal-adapted lineages (Fig. 1.1) has three
mutations affecting the PhoPR genes. By trans-
ferring these mutations into human-adapted M.
tuberculosis reference strains CG1237 (a Lineage
2 strain) and H37Rv (a Lineage 4 strain), the se-
cretion of ESAT-6 antigen was decreased. These
strains also became less virulent in macrophages
and mice (Gonzalo-Asensio et al. 2014). Interest-
ingly, M. africanum Lineage 6 and the animal-
adapted lineages compensate the deleterious ef-
fects of the PhoPR mutations by secreting ESAT-
6 in a PhoPR-independent way mediated by the
deletion of the Region of Difference (RD) 8
(Gonzalo-Asensio et al. 2014) (Chap. 6).

Compensatory evolution for the deleterious
fitness effects of mutations that confer drug re-
sistance have also been described (Trauner et
al. 2014). The best known examples are the
emergence of secondary mutations in the RNA
polymerase of rifampicin-resistant strains, which
have been shown to compensate for the deleteri-
ous effects of RpoB mutations in the absence of
rifampicin (Comas et al. 2012; de Vos et al. 2013;
Gygli et al. 2017). Similarly in isoniazid resis-
tance, promotor mutations increasing the expres-
sion of AhpC have been proposed to compensate
for high-cost mutations in KatG (Sherman et al.
1996; Gagneux et al. 2006a) (see Chap. 14).

Strong clonality and the lack of horizontal
gene transfer also cause strong linkage between
sites in the MTBC genome. As a consequence,
the fate of new mutations, being structural vari-
ants or point mutations, are not independent of
each other (Kaiser and Charlesworth 2009). For
instance, mutations with a strong selective ad-
vantage, such as those conferring antibiotic resis-
tance in TB patients undergoing drug treatment,
will be selected for and will drive all other muta-
tions present in the strain genetic background, in
which the new mutation arose, a process known
as genetic hitchhiking (Smith and Haigh 1974;
Eldholm et al. 2015). Similarly, if a mutation
has a strong deleterious effect, all other genetic
variation (be it deleterious, neutral or beneficial)
linked to such a mutation will also be removed
from the population, a process known as back-
ground selection (Kaiser and Charlesworth 2009;
Pepperell et al. 2013). These evolutionary pro-
cesses, together with genetic drift caused by the
tight transmission bottlenecks characteristic of
TB (Lin et al. 2014), likely contribute to the
low genomic diversity in the MTBC compared
to other bacteria (Achtman 2008). In average,
MTBC clinical isolates harbour about one single
nucleotide polymorphism (SNP) every 3000 base
pairs, and the maximum distance between two
most distant MTBC strains is about 2000 SNPs
(Coscolla and Gagneux 2014). This level of ge-
nomic diversity is orders of magnitude lower than
e.g. in M. canettii strains, which have genomes
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10–114 kb larger than the MTBC, and differ on
average by about 42,000 SNPs (Supply et al.
2013). Furthermore, a high proportion of the
SNPs in MTBC populations is present in very
low frequencies, a phenomena usually thought
to be the result of purifying selection removing
from the population mutations that are deleteri-
ous (Hershberg et al. 2008; Pepperell et al. 2013).
An excess of mutations in very low frequencies
can also be explained by population expansions
and in the case of the human adapted MTBC such
expansions have probably occurred together with
those of modern human populations (Comas et
al. 2013; Merker et al. 2015; Luo et al. 2015).
In addition, MTBC populations exhibit a high
ratio of nonsynonymous to synonymous changes
compared to other bacteria (Rose et al. 2013),
which has been proposed to reflect the effect
of strong genetic drift linked to transmission
bottlenecks (Hershberg et al. 2008). Studies in
macaques have shown that new infections can be
initiated by only a single or a few bacterial cells
(Lin et al. 2014). However, as in other bacteria
(Worby et al. 2014), not much is known about
transmission bottlenecks in the MTBC in clinical
settings. Importantly, the high ratio of nonsyn-
onymous mutations might incur a substantial
genetic mutational load as a high proportion of
nonsynonymous mutations in the MTBC (around
44%) have been predicted to have deleterious
functional consequences (Rose et al. 2013). In-
terestingly, recent studies have revealed that the
patterns of genetic diversity found within hosts
are similar to those found between hosts (O’Neill
et al. 2015; Trauner et al. 2017; Lieberman et al.
2016), suggesting that both intra and inter-host
processes account for the low sequence diversity
in MTBC strains.

1.4.2 Mutation Rates
and Within-Host Evolution

In vitro mutation rates (here meant as the number
of mutations per cell division per generation) in
the MTBC, like for instance those determined un-
der rifampicin selection, are comparable to those

in Escherichia coli (see Chap. 13) (Ford et al.
2011, 2013). The rapid emergence of drug resis-
tance in clinical settings also suggests that muta-
tion supply is not limiting in the MTBC. Studies
that have followed the evolution of MTBC strains
within individual patients during treatment using
serial sampling suggest that significant genetic
diversity is generated as the bacteria replicate
inside the host, and that the presence of mutations
conferring resistance to one or more drugs can
be already detected in bacterial sub-populations
within the first weeks of treatment (Eldholm et al.
2014; Trauner et al. 2017). In addition, multi-
ple independent resistance mutations can emerge
in parallel, suggesting again that mutation rates
in the MTBC do not limit adaptation, at least
not in the context of drug resistance acquisition
(Eldholm et al. 2014; Bloemberg et al. 2015).
Eldholm and colleagues demonstrated that the
expansion of certain drug-resistant clones within
patients was clearly due to an increased fitness
of those clones compared to other less frequent
clones (Eldholm et al. 2014). In a study by
Trauner et al. by using very deep sequencing
of sequential sputum samples, the authors could
show that there is a continuous turn-over of minor
alleles, which are constantly purged by purifying
selection over time as patients undergo effective
treatment (Trauner et al. 2017). A snapshot of
how genetic diversity of MTBC strains within
the host may look like in patients who have
undergone minimal antibiotic treatment and who
died of TB was recently provided by Lieber-
mann et al. (2016). These authors analysed post-
mortem MTBC samples isolated from the lungs
and extra-pulmonary sites of 44 individuals, most
of whom were HIV-coinfected. These results also
suggested that purifying selection is the major
process shaping genetic diversity within the host,
even in the absence of antibiotic treatment. De-
spite that, MTBC diversified within these pa-
tients, producing different genotypes that co-
existed for years (Lieberman et al. 2016). The
latter confirmed what most other studies of intra-
host diversity had already suggested; the genetic
diversity of MTBC inside patients can be as
high as the genetic diversity sampled across pa-

http://dx.doi.org/10.1007/978-3-319-64371-7_13
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tients during outbreaks (Perez-Lago et al. 2014;
O’Neill et al. 2015). As a consequence, using a
single MTBC genome per host to infer transmis-
sion events in the MTBC can lead to spurious
inferences (see Chap. 4). Moreover, these within-
host studies illustrate the fact that lungs from
TB patients harbour genetically heterogeneous
MTBC populations. Hence, single sputum sam-
ples do not necessarily represent the full spec-
trum of genetic diversity present within a host,
which is an important aspect to consider in the
context of diagnosis of drug resistance conferring
mutations (see Chap. 12).

To date, few studies have reported genetic
signatures of adaptive evolution in the MTBC
(Osorio et al. 2013; Gonzalo-Asensio et al. 2014;
Koch et al. 2017), except in the context of drug
resistance or compensatory evolution. This is in
contrast to other pathogens such as Burkholderia
dolosa and Pseudomonas aeruginosa that exhibit
strong de novo adaptation to the human host
(Didelot et al. 2016; Lieberman et al. 2014;
Marvig et al. 2015). Perhaps the lack of hori-
zontal gene transfer and having to rely merely
on point mutations and deletions limits the ca-
pacity of MTBC strains to adapt to new host
environments. A short-term experimental evolu-
tion experiment of the laboratory strain H37Rv
infecting mice reported purifying selection as
the main process purging genetic diversity inside
these hosts (Copin et al. 2016). The same was
reported for disseminated infections with M. bo-
vis BCG in humans (Copin et al. 2016). These
results could also be interpreted as reflecting a
limited capacity of the MTBC to adapt to new
environments. However, a low adaptability of the
human-adapted MTBC is difficult to reconcile
with its long-term persistence and global success
in human populations (Paulson 2013). Hence
alternatively, it could be argued that MTBC is
already extremely well adapted to its human
host, and therefore most new mutations emerging
within patients are likely to be deleterious and
therefore selected against. Under this scenario,
the major adaptive steps of the MTBC to its
human host would have occurred in the remote
past.

1.4.3 Mutation Rates During
Latency

As referred above, around 90% of the individuals
who become infected with the human-adapted
MTBC develop latent TB and never progress to
active disease. Latent TB can be defined as a
persistent infection by MTBC without clinical
symptoms. However, latent TB infection repre-
sents a broad spectrum, in which the bacteria
can exhibit a range of physiological states (Barry
et al. 2009). Little is known about the replication
ability and consequently about mutation rates of
the MTBC during latency (Gill et al. 2009). It is
a notoriously difficult subject of study because,
except for nonhuman primates, animal models do
not usually develop latent TB infection (Flynn
et al. 2015). However, for improving drug reg-
imens to treat latent TB, a better understanding
of latency is of paramount importance (Gill et
al. 2009; Esmail et al. 2014). Furthermore, the
impact of latency on MTBC mutation rates has
implications for our understanding of drug re-
sistance evolution (see Chaps. 13 and 14) and
on the so-called “molecular clock”, which is at
the basis of the models used for understand-
ing the evolution and the epidemiology of the
MTBC (see section below and Chaps. 4 and
15). A study performed in cynomolgus macaques
infected with the laboratory strain Erdman de-
rived from human MTBC concluded that the
bacterial mutation rates during the latent stages
of the infection were similar to those during
active disease (Ford et al. 2011). The polymor-
phic changes observed suggested that oxidative
DNA damage, putatively induced by the host
immune responses during latency, was a main
mechanism driving the emergence of mutations
during latency (Ford et al. 2011). By contrast,
another study sequenced four MTBC clinical
strains isolated two and 20 year after exposure
to the same index case and found that mutation
rates were lower in the strain that had undergone
a longer period of latency when compared to the
strain that reactivated more quickly (Colangeli
et al. 2014). The authors also did not find any
evidence of mutations induced by oxidative DNA
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damage (Colangeli et al. 2014). Possibly, latent
TB in macaques and humans differs. Moreover as
described above, genetic diversity of the MTBC
inside the host can be influenced by selective pro-
cesses, which we are only starting to understand.

1.5 The Origin and Evolutionary
History of the
Human-Adapted MTBC

1.5.1 From Promiscuity to Host
Specialisation

The seven human-adapted members of the
MTBC can be classified into independent
lineages. However, these lineages do not form
a monophyletic unit (i.e. they do not all share the
same most recent common ancestor (MRCA)).
In particular, the M. africanum Lineages 5 and
6 share a common ancestor with the animal-
adapted lineages that is not shared by the other
human-adapted lineages (Fig. 1.1a) (Brites and
Gagneux 2015). The latest whole-genome based
phylogenetic reconstructions of the MTBC also
show that human TB did not evolve from a
bovine form of the disease as previously believed
(Coscolla and Gagneux 2014). From all the
extant MTBC lineages, the first ones to have
diverged from a common ancestor were the
human-adapted Lineage 1 and the ancestor, from
which Lineages 5 and 6, as well as the animal-
adapted lineages evolved (Brites and Gagneux
2015). Based on these phylogenetic relationships,
a most parsimonious scenario would postulate
that this ancestor was a promiscuous pathogen
with a broad host-spectrum that subsequently
diverged into separate lineages that became more
host-specialized over time (Smith et al. 2009;
Brites and Gagneux 2015; Coscolla et al. 2013).
The same scenario might apply for the MRCA
of the whole MTBC, after the initial transition
of an M. canettii-like organism into an obligate
pathogen.

1.5.2 The MTBC Originated in Africa

Just as the African origin of humans is strongly
supported (Mallick et al. 2016), most evidence to
date also point to Africa, and possibly the Horn
of Africa, as the most likely geographical origin
for the MRCA of the MTBC. Specifically, as
outlined above, (i) M. canettii is the most closely
related organism to the human and animal MTBC
members and is strongly associated with the Horn
of Africa (Koeck et al. 2011; Supply et al. 2013;
Gutierrez et al. 2005), (ii) Africa is the only
continent where all extant MTBC lineages are
present (Fig. 1.1) (Hershberg et al. 2008; Comas
et al. 2013, 2015; Gagneux et al. 2006b; Wirth et
al. 2008), (iii) phylogeographical analyses based
on 220 global MTBC strains revealed Africa as
the most likely origin of the MTBC (Comas et al.
2013), (iv) the genetic diversity of the MTBC is
highest in Africa and decreases with increasing
distance from Africa (Comas et al. 2015), (v)
the most basal lineages of the MTBC are present
in Africa, and in the case of Lineage 5 and 6,
almost exclusively on that continent (Comas et al.
2013; de Jong et al. 2010b). Finally, the distribu-
tion of the animal-adapted MTBC lineages also
support an African origin for the whole MTBC,
as most known lineages affecting wild animals
are restricted to African mammal host species
(Brites and Gagneux 2015) (see Chap. 7). These
include M. suricattae (infects mercats), M. mungi
(mongooses), the dassy bacillus (hyraxes) and the
chimpanzee bacillus (chimpanzees).

Recently, it has been hypothesized that the
controlled use of fire by human populations in the
Pleistocene may have created the ideal conditions
for the transition of the MTBC ancestor from
an environmental organism to a pathogen, by
potentiating social gatherings and by increasing
smoke-induced susceptibility to lung infection
(Chisholm et al. 2016). The authors suggest that
“humans were the only species able to support
opportunistic infection at a sufficient rate for the
MTBC precursor to evolve transmissibility and

http://dx.doi.org/10.1007/978-3-319-64371-7_7


10 D. Brites and S. Gagneux

strategies to evade the host immune response”.
According to this scenario, humans are consid-
ered as the breeding ground species, in which
the MTBC evolved its ability to cause persistent
infections, enabling it to subsequently also infect
wild- and domesticated animals. It has also been
suggested that infection with the MTBC might
have been beneficial in early human populations
by providing nutrients important for the devel-
opment of the nervous system during times of
shortage (Williams and Dunbar 2014).

The fact that the MTBC most likely originated
in Africa appears at odds with early colonial
reports, according to which TB did not exist
on the continent before European colonization
(Stead 1998). Indeed at the time, Africa was
considered a “virgin soil” for the disease be-
cause colonial medical reports from before the
twentieth century did not recognize TB as a
health problem in Africa; a time when TB was a
major cause of mortality and morbidity in Europe
(Stead 1998, 2001). A detailed phylogeographic
analysis of the MTBC diversity in Ethiopia by
Comas et al. contradicts this “virgin soil” hy-
pothesis by demonstrating that several genotypes
of MTBC were present on the African continent
before the first European contact (Comas et al.
2015). Notwithstanding, several other genotypes
have probably also been introduced by Euro-
peans (Comas et al. 2015) (see below). Cur-
rently, Ethiopia is a high-burden TB country, and
TB is caused by a range of different genotypes
from both pre- and post-European contact (Co-
mas et al. 2015). As we shall discuss later, cer-
tain MTBC genotypes circulating in the crowded
cities of industrializing Europe at the time may
have evolved increased virulence that upon intro-
duction by Europeans, allowed them to expand
in Africa and outcompete some of the native
strains. However, irrespective of this more recent
European influence, how and when did the main
human-adapted MTBC lineages initially expand
out of Africa to the rest of the world? Several
hypotheses have been put forward to explain the
extant distribution of the main human-adapted
MTBC lineages. Likewise, different approaches
have been taken to estimate the age of the main
lineage splits in the MTBC.

1.5.3 Human and MTBC
Co-phylogenies

Because the human-adapted MTBC lineages
are obligate human pathogens, it is reasonable
to assume that human migrations influence the
population structure of the MTBC. This notion
has been tested by comparing the phylogenetic
structure of globally representative collections of
MTBC clinical strains with that of global human
populations based on human mitochondrial
haplogroups in one study (Comas et al. 2013),
and in another study based on the human
Y chromosome (Pepperell et al. 2013). The
study by Comas et al. (2013) found significant
qualitative and quantitative links between the
MTBC- and human mitochondrial phylogenies,
suggesting co-divergence between the MTBC
main lineages and human continental populations
(Fig. 1.2a, b). By contrast, the study by Pepperell
et al. (2013) observed no equivalent association
between the MTBC and human Y chromosome
data (Fig. 1.2c–e). Nevertheless, interesting
commonalities between both studies are also
apparent (reviewed in Brites and Gagneux
2015). In particular, (i) a strong topological
concordance exists between the split of basal
branches from which M. africanum Lineage
5 and Lineage 6 evolved and the splits of
both the Y chromosome haplotype A and the
mitochondrial macrohaplogroup L, which are
exclusively present in African human populations
(Fig. 1.2), (ii) there is concordance between
the split that originated MTBC Lineage 1
and the Y chromosome haplogroup C and the
mitochondrial macrohaplogroup M that are found
in East Asia, South Asia and Oceania, and (iii)
the split of both the Y chromosome haplogroup
F and the mitochondrial macrohaplogroup N
that dispersed outside Africa is in concordance
with the split of the “modern” Eurasian MTBC
Lineages 2, 3 and 4.

1.5.4 Molecular Dating

In recent years, some of the hypotheses about
the origin and evolutionary history of the MTBC
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Fig. 1.2 Comparison of the global MTBC and global
human populations phylogenies. (a) MTBC Maximum-
likelihood phylogeny derived from WGS of 220 strains
with a global distribution (From Comas et al. 2013).
(b) Phylogeny derived from 4955 human mitochondrial
haplotypes (From Comas et al. 2013). The colour codes
of a and b highlight the similarities in tree topology
and geographic distribution between MTBC strains and
the main human mitochondrial macrohaplogroups (black,
African clades: MTBC Lineages 5 and 6, human mi-
tochondrial macrohaplogroups L0–L3; pink, Southeast
Asian and Oceania clades: MTBC Lineage 1, human mi-
tochondrial macrohaplogroup M; blue, Eurasian clades:
MTBC Lineages 2, 3 and 4, human mitochondrial macro-
haplogroup N). MTBC Lineage 7 has only been found in
Ethiopia, and its correlation with any of the three main
human haplogroups remains unclear. (c) MTBC Maxi-
mum clade credibility phylogeny inferred from WGS of

48 MTBC globally distributed strains. Tips are coloured
by the geographic origin of the MTBC isolate (see key)
(Adapted from Pepperell et al. 2013). Modifications to
the original figures: the lineage nomenclature (indicated
with an asterisk) and colour codes used by Comas et al.
(2013) were added to the original tree. (d) Countries of
origin for MTBC isolates used in this study are shown
as coloured dots on the global map. One dot is shown
per country but some countries were represented by >1
MTBC isolate. Colours correspond to global regions (see
key) (From Pepperell et al. 2013). (e) Phylogeny of global
human populations based on Y chromosome data. Tips
are coloured according to the same scheme as the MTBC
phylogeny in c (From Pepperell et al. 2013). Modifica-
tions: the names of the relevant human Y haplogroups
(Underhill and Kivisild 2007) were added (indicated with
an asterisk) and colour coded as in Comas et al. (2013).
Figure from Brites and Gagneux 2015

have been tested using time-calibrated phyloge-
nies (Comas et al. 2013; Pepperell et al. 2013;
Bos et al. 2014; Wirth et al. 2008; Kay et al.

2015). The results of these studies differed sub-
stantially. Here we will focus on the most con-
trasting time estimates and discuss the factors
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Fig. 1.3 Schematic depiction of some of the approaches
used to date the MTBC phylogeny. The phylogenetic
relationships depicted are based on the phylogenetic trees
obtained by (Comas et al. 2013; Bos et al. 2014) and
the branch length is not informative. The node-dating
performed by Comas et al. (2013) used four different
calibration points for the coalescence time of Lineages
5 and 6 based on the assumption of co-divergence with
human populations. The four calibration points were

185,000, 70,000, 65,000 and 10,000 years based on the
emergence of anatomically modern humans, the emer-
gence of mitochondrial haplogroup L3, the emergence
of mitochondrial haplogroup M and the beginning of
the Neolith Demographic Transition, respectively. The
estimates based on the 70,000 hypothesis were considered
the most likely given known human migration events and
archaeological evidence

that might account for the discrepant findings.
For a more comprehensive discussion of the dif-
ferent studies and analytical approaches taken,
see (Brites and Gagneux 2015; Eldholm et al.
2016) (Fig. 1.3).

A study by Comas et al. (2013) proposed that
the MRCA of all members of the MTBC existed
around 70,000 years ago (range 50,000–96,000)
(Comas et al. 2013). This estimate was obtained
by attributing known split times in humans to
internal nodes in the MTBC phylogeny based
on the assumption of co-divergence with human
populations. This age estimate contrasts with
more recent estimates obtained by calibrating
the MTBC phylogeny with the age of sequenced
MTBC ancient DNA (aDNA). Two independent
studies that have used such an approach (Bos et
al. 2014; Kay et al. 2015) point to the origin of the
MRCA of the MTBC to less than 6000 years ago.
In the study by Bos et al. three aDNA samples
of MTBC were isolated from human remains in
Peru dated to approximately 1000 AD. Interest-
ingly, whole genome analysis of these samples

revealed that the infecting agents were closely
related to M. pinnipedii, an animal-adapted mem-
ber of the MTBC which today is known to mainly
infect seals and sea-lions (Chap. 7). In the study
by Kay et al. the aDNA was isolated from human
remains from the eighteenth-century in Hungary
(Kay et al. 2015). In these cases, infections were
caused by MTBC Lineage 4. The considerably
younger age obtained by tip-dating the MTBC
phylogeny with aDNA implies that substitutions
require considerably less time (approximately
tenfold difference) to appear than in the estimates
by Comas et al. (2013). In fact, the substitution
rate per time unit obtained by tip-dating MTBC
with aDNA is similar to that obtained by tip-
dating MTBC with contemporaneous samples
(Eldholm et al. 2015, 2016; Roetzer et al. 2013)
and to rates obtained by directly counting the
number of mutations accumulated between pairs
of related samples separated in time (Walker et al.
2013; Eldholm et al. 2016).

It is well recognized that applying a molecular
clock to phylogenies has several pit-falls, and

http://dx.doi.org/10.1007/978-3-319-64371-7_7
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that not necessarily all estimates are valid. For
example, it is crucial that the genetic data exhibits
a temporal signal. A lack of temporal signal
can be caused by short sampling periods, during
which too little measurable molecular evolution
has occurred, or by the fact that the set of samples
analysed have evolutionary rates which are too
variable, meaning that rates validated in one part
of the tree cannot be extrapolated to other parts
of the tree (Drummond et al. 2003; Murray et
al. 2016). As shown by Duchene et al. (2016),
not all datasets are equally suitable for molecular
dating in MTBC, calling for careful examination
of such heterogeneity in order to obtain reliable
estimates of substitution rates and divergence
times.

The age estimates based on aDNA and
contemporaneous samples are similar, and all
suggest a common ancestor of the MTBC much
younger than previously thought (Eldholm
et al. 2016). Yet, an origin of only around
6000 years for MTBC is difficult to reconcile
with the African origin of MTBC, for which
the evidence is very strong. And how to explain
the concordance of the phylogenetic splits that
lead to the most basal groups in both MTBC
and Homo sapiens? Moreover, such a young age
also implies that the MTBC host specialization
to quite disparate mammal species must have
occurred during a very short period of only
4000 years. Finally, several pieces of aDNA
evidence from archaeological remains also
predate that timing (reviewed in Brites and
Gagneux 2015). The authentication of ancient
sequence data is notoriously difficult, and the
validity of some of the oldest aDNA findings
has been debated (Wilbur et al. 2009; Donoghue
et al. 2009). It is now technically possible to use
enrichment techniques to increase DNA amounts
and to generate DNA damage profiles which
confirm degradation typical of ancient molecules
(Orlando et al. 2015). Hopefully, these and other
technical advances in next generation sequencing
can contribute to position phylogenetically some
of the oldest molecular evidence of MTBC such
as the one found in the 17,000 year old bison
bone in Wyoming (Rothschild et al. 2001), in
the 9000 years old humans skeletons of Atlit-

Yam in Israel (Hershkovitz et al. 2008) or in the
similarly aged skeletons from Syria (Baker et al.
2015). However, the genetic diversity landscape
of the MTBC that can be accessed with WGS has
been shaped by lineage extinctions, population
bottlenecks and genetic hitchhiking, all of which
can lead to a much younger estimate of the
MTBC ancestor than the age of the first MTBC
ancestors that caused TB disease in humans
(Smith et al. 2009). There are thus intrinsic
limitations in the usage of molecular dating to
study co-evolution of the MTBC with humans
that we might not be able to overcome.

1.6 The Ecology
of the Human-Adapted
MTBC

1.6.1 Local Adaptation

Irrespective of the age of the human-MTBC as-
sociation, the strong phylogeographic structure
of the human-adapted MTBC lineages (Fig. 1.1)
has led to the hypothesis that particular MTBC
variants might be locally adapted to specific hu-
man populations (Gagneux 2012). Local adap-
tation refers to the phenomenon, in which a
given pathogen genotype has a higher fitness in
a host population with which it has co-evolved
(sympatric association) than in a different host
population (allopatric association) (Kawecki and
Ebert 2004). The notion of local adaptation in the
human-adapted MTBC originally stemmed from
the observation that in metropolitan settings such
as San Francisco, Montreal and London, where
diverse human and pathogen genotypes mix, the
sympatric host-pathogen associations remained
stable (Hirsh et al. 2004; Gagneux et al. 2006b;
Reed et al. 2009; Baker et al. 2004; Fenner
et al. 2013). Moreover, studies in San Francisco
and Switzerland showed that MTBC lineages
preferentially transmitted among sympatric hosts
(Fenner et al. 2013; Gagneux et al. 2006b).

The sympatry patterns in MTBC transmission
could also be driven by the preferential social
mixing among people of the same ethnicity.
However, a biological effect is suggested by the
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observation that in TB patients with impaired
immune system caused by HIV co-infection,
these sympatric host-pathogen associations are
perturbed (Gagneux et al. 2006b; Fenner et al.
2013). Strikingly, a nation-wide study from
Switzerland found that not only were allopatric
host-pathogen combinations associated with HIV
co-infection, but this association became stronger
with increasing immune suppression as measured
by decreasing CD4C T cell counts, and remained
statistically significant after allowing for social
factors such as frequent travelling to TB-endemic
countries (Fenner et al. 2013).

M. africanum Lineage 5 makes a compelling
case for locally adapted MTBC. In addition to
being restricted to West-Africa (Fig. 1.1, see
also Chap. 6), two separate studies reported
a strong independent association between
Lineage 5 and the Ewe ethnic group in Ghana
(Asante-Poku et al. 2015, 2016) (see Chap.
6). Lineage 5 has mainly been reported in the
West-African countries of Ghana, Benin, and
Nigeria (de Jong et al. 2010b), places where
Ewes and other related human populations
live. Moreover, despite centuries of trans-
Atlantic slave trade between West-Africa
and the New World, M. africanum is hardly
found in the Americas, except in recent
immigrants from West-Africa or in US-born
individuals with African ancestry (Sharma et al.
2016).

M. africanum Lineage 6 is also largely re-
stricted to West-Africa (Fig. 1.1). However, its
relatively close phylogenetic relationship with
the animal-adapted lineages of the MTBC has
led to the hypothesis that an as yet unknown
animal reservoir might exist for this lineage (fur-
ther discussed in Chap. 6). The comparably low
virulence of Lineage 6 in infection models (de
Jong et al. 2010b), and the observation that both
in The Gambia and in Ghana Lineage 6 was
independently associated with HIV co-infection
(Asante-Poku et al. 2016; de Jong et al. 2010a)
support the view that this lineage might behave
like an opportunistic human pathogen (de Jong
et al. 2005).

1.6.2 Specialists and Generalists

Local adaption of a pathogen to a particular
host is a form of ecological specialisation. In
other words, locally adapted MTBC strains can
be considered specialists. By contrast, general-
ists are organisms that thrive across a wider
ecological niche (Futuyma and Moreno 1988).
As mentioned above, MTBC Lineage 4 is ge-
ographically the most widespread cause of hu-
man TB (Fig. 1.1). Hence, Lineage 4 could be
considered a generalist compared to e.g. MTBC
Lineages 5, 6 and 7. Based on the findings of
many experimental and molecular epidemiolog-
ical studies (for detailed reviews see Coscolla
and Gagneux 2014, 2010) (see also Chap. 5),
Lineage 4 (together with Lineage 2) appears
to be more virulent and more transmissible in
average than other MTBC lineages. However,
this is not universally true, and much variation
exists among Lineage 4 strains. Several studies
have used WGS to demonstrate that Lineage
4 can be further subdivided into several sub-
lineages (Coll et al. 2014; Stucki et al. 2016;
Malm et al. 2017) (Fig. 1.4). These sublineages
partially reflected strain families previously de-
fined based on various genotyping techniques
(Demay et al. 2012) (see Chap. 3). In a recent
study, Stucki et al. screened 3366 Lineage 4
clinical isolates from 100 countries to determine
the global frequency and geographical distribu-
tion of ten Lineage 4 sublineages (Stucki et al.
2016). This work revealed that four of these ten
sublineages were geographically restricted, much
like MTBC Lineage 5, 6 and 7 discussed above,
suggesting that within the globally most success-
ful Lineage 4, several specialist sublineages exist
(Stucki et al. 2016). These included sublineages
L4.6.1/Uganda and L4.6.2/Cameroon, which are
restricted to parts of Africa (Stucki et al. 2016)
(Fig. 1.5). L4.6.1/Uganda is the most common
cause of TB in Uganda (Wampande et al. 2013),
and has a distribution largely restricted to Uganda
and neighbouring countries (Stucki et al. 2016).
Moreover, its presence in the region dates back
to at least several centuries (Comas et al. 2015),

http://dx.doi.org/10.1007/978-3-319-64371-7_3
http://dx.doi.org/10.1007/978-3-319-64371-7_5
http://dx.doi.org/10.1007/978-3-319-64371-7_6
http://dx.doi.org/10.1007/978-3-319-64371-7_6
http://dx.doi.org/10.1007/978-3-319-64371-7_6
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Fig. 1.4 Figure adapted from Stucki et al. (2016) repre-
senting the phylogenetic substructure of Lineage 4 and
the frequency of Lineage 4 sub-lineages; (a) Ten sublin-
eages were defined based on 72 MTBC Lineage 4 whole
genome sequences. Sublineages were labelled according
to Coll et al. (2014) when possible and previous desig-

nations based on spoligotyping. Black triangles represent
sublineages identified as specialists, and black circles
represent generalists; (b) Occurrence of each sub-lineage
from a total of 3366 Lineage 4 isolates screened with sub-
lineage specific SNPs defined from a (ND sub-lineage not
defined)

which provides additional evidence against the
notion of an African “virgin soil” for TB as
discussed above. By contrast, three of the ten
Lineage 4 sublineages exhibited a broad geo-
graphic distribution (Fig. 1.5), indicating that
these sublineages might represent generalists ca-
pable of infecting and causing disease in many
different human populations (Stucki et al. 2016).
In support of this notion, these generalist sublin-
eages occurred in more than 50 countries each,
compared to less than 15 countries in the case of
specialist sublineages (Fig. 1.5).

The most frequent and globally widespread
Lineage 4 sublineage is L4.3/LAM. The broad
distribution of L4.3/LAM can be attributed to
migratory and colonization processes led by
Europeans, which started in the fifteenth century
with Portuguese and Spanish colonizers and
lasted several centuries (Mokrousov et al. 2016).
This notion is supported by the fact that Europe is

the most likely geographical origin of the MRCA
of L4.3/LAM and that the genetic diversity of
this sublineage is significantly higher in Europe
than on all other continents (Stucki et al. 2016).
Opportunities for dispersal brought about by
human movement have thus been crucial to the
evolutionary success of generalist sublineages
such as L4.3/LAM. However, as referred above,
an estimated 11 million Africans were shipped to
the Americas during the Atlantic slave trade
(Lovejoy 1989), providing opportunities for
what we known today as extant African MTBC
groups to disperse to the Americas. The niche
restriction of, for example L4.6.1/Uganda and
L4.6.2/Cameroon, is possibly not only caused
by a lack of opportunity of dispersal via human
migration, trade and conquest, but biological
determinants may have also played a role. These
sublineages might have specialized in certain
human population at the cost of decreased
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Fig. 1.5 Figure adapted from Stucki et al. (2016) rep-
resenting the country specific proportions of each sub-
lineage which underlie the definitions of generalist (a)
and specialist (b) sub-lineages of Lineage 4. Intensity
of red on the scale corresponds to the proportion of a

sublineage among all Lineage 4 isolates in each country.
3366 Lineage 4 isolates from 100 countries were screened
with sub-lineage specific SNPs defined from Fig. 1.4a.
The number of countries where each sub-lineage was
found is indicated below each sub-lineage map

performance in other populations, especially in
the presence of other more competitive MTBC
strains. Stucki et al. also found that the generalist
Lineage 4 sublineages had more variable T cell
epitopes than the specialist L4.6/Uganda, which
could reflect contact with a broader population
of hosts (Stucki et al. 2016). However, an
understanding of the biological underpinnings of
what makes an MTBC strain behave as specialist
or generalist is still lacking.

1.6.3 Evolution Towards Higher
Virulence

One way by which generalist MTBC genotypes
might differ from specialists is in their overall
virulence and transmission potential. As
mentioned above, and discussed in more detail in
Chaps. 5 and 6, MTBC strains have been shown
to differ in immunogenicity and virulence in
human macrophages and multiple animal models

http://dx.doi.org/10.1007/978-3-319-64371-7_6
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of infection (Coscolla and Gagneux 2014).
MTBC strains also differ in their transmissibility
(Coscolla and Gagneux 2014) (Chap. 5). It has
been hypothesized that during hunter-gatherer
times, the MTBC might have benefitted from
reduced virulence and a prolonged latency
period to avoid exhausting the limited pool
of susceptible hosts by jumping generations
and reaching new birth cohorts (Blaser and
Kirschner 2007; Comas and Gagneux 2011).
Recent mathematical models support such a
scenario (Zheng et al. 2014). If at that time,
active TB primarily affected older individuals
with a weakening immune system, TB disease
is likely to have exerted minimal selection
pressure on human populations because TB
disease would have affected most individuals past
their reproductive age. Later, increases in human
population densities during the Agricultural and
Industrial Revolutions would then have selected
for increased virulence and shortened latency
in some MTBC lineages (Comas and Gagneux
2011; Comas et al. 2013; Hershberg et al. 2008;
Merker et al. 2015; Luo et al. 2015; de Jong et al.
2008). Because the human-adapted MTBC is an
obligate pathogen as defined above, such changes
in virulence and latency are expected in the con-
text of an expanding host population (May and
Anderson 1983). Moreover, such an increased
virulence and shortened latency period would
have enhanced the selective pressure on humans.
Indirect support for this notion comes from a
study that found human populations with a long
history of urbanization to have higher frequencies
of a protective allele of the gene SLC11A1, which
is a gene of the innate immune system with poly-
morphisms frequently associated with resistance
to intracellular infections (Barnes et al. 2011).

Another study however concluded that the
sharp declines in TB deaths in European and
North American cities preceding the start of an-
timicrobial therapies were unlikely due to in-
creased genetic resistance induced by natural
selection (Lipsitch and Sousa 2002). Instead, it

was recently hypothesised that increasing meat
consumption during that time might have led to
a reduction of TB in these settings (Williams and
Dunbar 2014). Correlations of historical and an-
cient events with extant human allele frequencies
are however difficult to pursue because, except
for rare Mendelian disorders, the genetic basis of
susceptibility to TB remains poorly understood
(Abel et al. 2014).

1.7 MTBC and Homo sapiens
Gene-to-Gene Interactions

In order to transmit, human-adapted MTBC
strains have to harm their hosts. Generally, more
than 50% of TB patients die if left untreated
(Tiemersma et al. 2011). Human populations
have therefore probably evolved increased
resistance to the MTBC. This is supported by
a clear genetic basis for susceptibility to MTBC
infection and disease (reviewed in Abel et al.
2014). Some of the strongest evidence for the
heritability of TB susceptibility stems from
early twin studies (Abel et al. 2014), but is
also reflected by the apparent genetic resistance
exhibited by individuals with a high exposure
to TB who never become infected, and by
the fact the human populations differ in their
susceptibilities to TB (Abel et al. 2014; Stead
et al. 1990). Still, 80–90% of immune-competent
people exposed to MTBC do become infected
and contribute to the pool of latent TB. The
majority of individuals remain latently infected
with no clinical symptoms, whereas 5–10%
will developed TB at some point during their
lives (Ernst 2012). Some key components and
molecules fundamental for a protective human
immune response are well known, as for example
the importance of T cell mediated immunity,
the roles of interferon-gamma gene (IFNG)
and of Tumor Necrosis Factor (TNF) among
others (Flynn and Chan 2005). However, the
identification of the genetic variants underlying

http://dx.doi.org/10.1007/978-3-319-64371-7_5
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the variation in TB susceptibility has had limited
success (Qu et al. 2011; Abel et al. 2014).
Studies based on candidate gene approaches have
highlighted numerous polymorphisms in genes
associated with TB susceptibility (Moller and
Hoal 2010; Azad et al. 2012). However, genome-
wide association studies (GWAS) have largely
failed to replicate the results of candidate studies
and identified only a few new loci with small
effects (Abel et al. 2014; Thye et al. 2010; Grant
et al. 2016). Several factors account for the diffi-
culties in uncovering genetic variants associated
with TB susceptibility and in replicating findings
across different studies; a strong influence of
the environment in the outcome of an infection
(Young et al. 2008), the possible influence of
many small effect alleles, difficulties in defining
and quantifying the relevant phenotype (O’Garra
et al. 2013; Esmail et al. 2014), and finally, and
more important in the context of this chapter,
co-evolution between the host and pathogen
(Woolhouse et al. 2002; Karlsson et al. 2014).

If human populations and the human-adapted
members of the MTBC have co-evolved for some
time, one would expect that the outcome of
the interaction between both partners depends
on their respective genotypes (Woolhouse et al.
2002). The local adaptation patterns described
above would be a manifestation of such interac-
tions. If the patterns of human variation to TB
susceptibility have been in part shaped by diver-
sity in the pathogen, taking the variation of the
pathogen into account might increase the statis-
tical power of human genetic association studies
(Karlsson et al. 2014). A few studies based on
candidate genes where both host and pathogen
genotypes were analyzed suggest that such inter-
actions can influence clinical phenotypes. In most
of these studies, particular variants of candidate
genes were associated with TB caused by partic-
ular MTBC genotypes. For example in Vietnam,
individuals carrying the T597C change of TLR-2
gene (Toll-like receptor 2) were more likely to be
infected with Lineage 2 strains from the Beijing
family than with other strains (Caws et al. 2008).
In Ghana, the variant G57E of MBL2 (Mannose-
binding Lectin) gene was associated with pro-

tection against TB caused by M. africanum as
opposed to M. tuberculosis sensu stricto (Thye et
al. 2011). In South Africa, different HLA class
I types variants were associated with different
strains of human-adapted MTBC (Salie et al.
2014).

So far, MTBC strain diversity has not been
considered in GWAS studies of human suscep-
tibility to TB. Such an approach has however
been successfully applied to uncover associa-
tions between viral variants and host DNA poly-
morphisms (Bartha et al. 2013; Ansari et al.
2017). Such “genome-to-genome” analyses have
a great potential to uncover relevant interactions
between the pathogen and host genome and their
joint effects on phenotypes such as e.g. viral load.
In TB, given the difficulties in defining relevant
clinical phenotypes, and the long co-evolutionary
relationship with human populations, genome-
to-genome approaches offer a promising avenue
for deciphering the genetic loci involved in that
relationship (Kodaman et al. 2014).

1.8 Conclusions

A detailed understanding of the various factors
that determine whether an immunocompetent
person infected with the MTBC will develop
active TB is lacking (Russell et al. 2010). On
the host side, the molecules and mechanisms
that make up a protective immune response
remain largely unknown despite many past and
ongoing efforts (Orme et al. 2015). The genetic
diversity of the pathogen is increasingly being
recognized as playing a role in the outcome of
TB infection and disease (Coscolla and Gagneux
2014), but here too, the underlying mechanisms
remain unknown. The human-adapted members
of the MTBC have co-evolved with human
populations for at least several thousands,
perhaps even tens of thousands of years (Brites
and Gagneux 2015). As a likely consequence,
human populations and MTBC strains differ
in their susceptibility/resistance and virulence
characteristics, respectively. Hence, the outcome
of TB infection and disease will be partially
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determined by the interaction between the host
and pathogen genotypes (Kodaman et al. 2014).
Identifying the specific human and bacterial
genomic loci involved in this interaction could
shed new light onto the molecular determinants
of host immune protection and pathogen
virulence. Moreover, these interacting loci could
provide attractive targets for the development of
new TB treatments and vaccines. The interaction
between human and MTBC diversity will also
be relevant for the development of host-directed
therapies that are increasingly being discussed as
possible adjunct treatments for TB (Zumla et al.
2015). In today’s era of personalized medicine,
TB control of the future will likely benefit
from a detailed understanding of the relevant
human and MTBC diversity, as well as their
interaction.
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Abstract

Genome-based insights into the evolution of Mycobacterium tuberculosis
and other tuberculosis-causing mycobacteria are constantly increasing.
In particular, the recent genomic and functional characterization of sev-
eral Myocbacterium canettii strains, which are thought to resemble in
many aspects the putative common ancestor of the members of the M.
tuberculosis complex (MTBC), has consolidated a plausible scenario of
the early evolution of tuberculosis-causing mycobacteria, in which the
clonal MTBC, comprising numerous key pathogens of mammalian hosts,
has evolved from a generalist mycobacterium living in the environment.
These studies also have considerably enriched our knowledge on selected
molecular events that likely have contributed to the incursion, maintenance
and spread of the MTBC members in diverse mammalian hosts. Here,
we summarize and discuss recently revealed molecular and evolutionary
aspects and emphasize the vast utility of M. canettii strains for identifying
the mechanisms that contributed to the global emergence of M. tuberculo-
sis as one of the most important human pathogens.
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2.1 Introduction

Among the mycobacterial species, the tuberculosis-
causing mycobacteria, also known as tubercle
bacilli, constitute a particular group of my-
cobacterial strains than can cause tuberculosis in
different mammalian species (Magee and Ward
2012; Brosch et al. 2002; Boritsch et al. 2014).

According to recent genome-based phy-
logenetic analyses, the tubercle bacilli can
be divided into a clonal cluster of strains,
the so-called Mycobacterium tuberculosis
complex (MTBC) and a group of highly
recombinogenic and diversified tubercle bacilli,
named Mycobacterium canettii cluster, the
latter showing numerous traces of inter-strain
recombination events and genome signatures
that suggest close genomic relationship with the
most recent common ancestor (MCRA) of the
tubercle bacilli (Supply et al. 2013; Boritsch and
Brosch 2016). While strains belonging to the
MTBC members are responsible for almost all
of the globally distributed tuberculosis cases in
humans and in animals, the M. canettii strains
are very rare and have mainly been isolated
from human tuberculosis cases in countries
around the Horn of Africa. Due to their close
phylogenetic relationship to the MRCA of
the tubercle bacilli, the extant population of
M. canettii strains represents a particularly
interesting group of strains for elucidating the
key evolutionary events that have led to the
emergence of the MTBC, and M. tuberculosis in
particular.

However, before describing in more detail the
characteristics of the M. canettii strains and their
differences with the MTBC members, a brief
description shall be given on the MTBC, which
contains a range of different variants of tubercle
bacilli that share more than 99.99% similarity at
the genome sequence level but display character-
istic differences in host preference. M. tubercu-
losis represents the variant transmitted efficiently
among humans, still causing about ten million ac-
tive human tuberculosis cases per year. Five main
phylogenetic lineages of M. tuberculosis strains
have been defined, named L1, L2, L3, L4 and
L7 (Comas et al. 2013, 2015; Blouin et al. 2012;

Nebenzahl-Guimaraes et al. 2016), lineages L1
and L7 comprising strains defined as “ancestral”
because of the preservation of the M. tuberculo-
sis-specific deletion region TbD1 (Brosch et al.
2002) in their genomes, and lineages L2, L3 and
L4 representing “modern” TbD1-deleted strains
(Gagneux and Small 2007; Smith et al. 2009b).
Besides M. tuberculosis, other MTBC members
can also cause disease in humans and animals
(see also Chap. 7 of this book). This is the case
for members of a particular sublineage of the
MTBC that is characterized by the absence of
the genomic region of difference RD9 (Brosch
et al. 2002), comprising the two lineages (L5
and L6) of Mycobacterium africanum, which are
prevalent in different countries of West-Africa
(de Jong et al. 2010; Koro Koro et al. 2013) and
numerous variants that preferentially infect dif-
ferent animal species (Fig. 2.1). A limited num-
ber of human tuberculosis cases are reported to
be caused by Mycobacterium orygis (van Ingen et
al. 2012) and by Mycobacterium bovis, which are
mainly transmitted to humans by contaminated
milk and/or close contact to animals (Muller et al.
2013). A close relative to M. bovis is Mycobac-
terium caprae, causing tuberculosis in goats and
deer (Aranaz et al. 1999; Domogalla et al. 2013).
Mycobacterium microti, another MTBC member,
was originally found as a disease agent in voles
(Wells 1937), but may also be found in cats
(Smith et al. 2009a) and even as the cause of rare
tuberculosis cases in humans (van Soolingen et
al. 1998; Horstkotte et al. 2001). The closest rel-
ative of M. microti is Mycobacterium pinnipedii
(Cousins et al. 2003; Smith et al. 2009b), which
is an MTBC member that preferentially infects
seals and sea-lions. Zoonotic contact between
seals and man can lead to human M. pinnipedii
infections (Kiers et al. 2008), a situation that is
thought to have played a role in human tubercu-
losis cases in pre-Columbian South America. In a
recent study, using a sophisticated whole-genome
array capture approach to obtain sufficient DNA
for whole genome sequencing, the presence of
M. pinnipedii-like tubercle bacilli was demon-
strated in 1000 year-old Peruvian skeletons (Bos
et al. 2014), suggesting a zoonotic transmis-
sion of tubercle bacilli from seals to indige-
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Fig. 2.1 Phylogenic analysis of the different MTBC lin-
eages, based on SNPs of 261 mycobacterial genomes
(Adapted from references Bos et al. 2014 with image from
Brosch and Guilhot 2015), including additional informa-

tion on deletion points of selected regions of difference
(RDs) and mutations in the PhoPR mycobacterial two
component system involved in virulence (Perez et al.
2001; Gonzalo-Asensio et al. 2014)

nous human populations at the time. Moreover,
the use of molecular typing and genome se-
quencing recently has helped to describe a wide
range of different MTBC members in dassies
(Mostowy et al. 2004), in meercats (Parsons et
al. 2013), mongooses (Alexander et al. 2010,
2016) as well as in a chimpanzee (Coscolla et
al. 2013). The latter strains are all closely related
to the M. africanum lineage L6 strains (Boritsch
et al. 2014; Bos et al. 2014), also characterized
by the absence of region of difference RD8,
which was shown to impact type VII system-
mediated secretion of EsxA and EsxB, repre-
senting important virulence factors of M. tuber-
culosis (Gonzalo-Asensio et al. 2014; Groschel
et al. 2016). Genome analyses of the different

members of the MTBC have confirmed the com-
pact phylogenetic population structure with a
maximum of about 2200–2400 single nucleotide
polymorphisms (SNPs) between M. tuberculosis
and the most distantly related members of the
MTBC, M. africanum (Comas et al. 2013) and M.
bovis (Garnier et al. 2003), respectively (Boritsch
et al. 2014).

In contrast to the genomically monomorphic
MTBC members, the M. canettii strains show
significantly more genomic variability and a –
for tubercle bacilli – unusual colony morphology,
which has led in the past to them being referred
to as “smooth tubercle bacilli” (STM). The
M. canettii strains belong to a taxon that has
been named by van Soolingen and co-workers
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“Canetti” in honour of Professor Georges
Canetti, who was a pioneer in research on
tuberculosis drug treatment (Canetti 1965), and
who first isolated such a strain from a patient
with pulmonary tuberculosis in the 1960s with
his team at the Institut Pasteur in Paris (van
Soolingen et al. 1997). Since this first isolation
of M. canettii, fewer than 100 strains of tubercle
bacilli with smooth colony morphology have
been identified worldwide, whereby the great
majority of these M. canettii strains have been
isolated from patients that lived in, or had contact
to, the geographical region of East-Africa / the
Horn of Africa (van Soolingen et al. 1997; Pfyffer
et al. 1998; Koeck et al. 2002, 2011; Fabre et al.
2004, 2010; Somoskovi et al. 2009; Blouin et al.
2014).

While in most of these previous reports, M.
canettii strains were described as members of
the MTBC, we suggest that M. canettii strains
should be considered as a closely related, but
separate clade of tubercle bacilli, based on their
specific phenotypic and genomic characteristics,
which are clearly different from those of the
classical members of the MTBC, as explained in
detail further below. Indeed, the insights obtained
from genome sequencing showed that M. canettii
strains represent a genomically-diversified and
non-clonal clade of strains of putative environ-
mental origin that likely resembles the pool of
strains from which the common ancestor of the
MTBC has evolved by clonal expansion into the
MTBC. This feature makes M. canettii strains ex-
ceptional and interesting study objects that have
attracted substantial scientific interest in recent
years. Due to their presumed ancestral origin,
M. canettii strains were previously suggested
to be named Mycobacterium prototuberculosis
(Gutierrez et al. 2005). Although their evolution-
ary early branching status has subsequently been
confirmed by whole genome sequence analyses
(Supply et al. 2013; Blouin et al. 2014), this
suggestion was not retained due to nomencla-
torial incompatibilities (Smith 2006; Brisse et
al. 2006). Thus, the M. canettii taxon name is
used now for all extant smooth tubercle bacilli,
but the name M. prototuberculosis might still be
appropriate for describing the putative common

ancestor that existed at the branching point of the
MTBC and M. canettii strains.

Independent of their name, M. canettii strains
represent interesting mycobacteria, for which we
will describe the different aspects in this chap-
ter. We will focus on the history of research
on M. canettii strains, the genomic and phe-
notypic characteristics of these strains, as well
as the epidemiological characteristics linked to
clinical cases of M. canettii infection. Finally,
we will provide an overview of the various in-
sights that have been gained recently from in
depth studies that have used M. canettii as a
model in comparative experimental studies to-
gether with M. tuberculosis. The results from
these studies are of major interest for questions
related to the evolution and pathogenicity of
tuberculosis.

2.2 The Phylogeny
and Epidemiology
of M. canettii Strains

In the pre-genomic era, for M. tuberculosis and
other members of the MTBC, IS6110-restriction
fragment length polymorphisms and spoligotyp-
ing were used as first reliable molecular typing
methods that could efficiently separate different
groups within the MTBC members (Kremer et al.
1999) (see Chap. 3). However, for M. canettii
strains very different patterns were obtained with
these methods (van Soolingen et al. 1997; Pfyffer
et al. 1998; Gutierrez et al. 2005), which con-
tributed to the description of M. canettii strains
as a separate taxon of tubercle bacilli (van Soolin-
gen et al. 1997). Further insights into the genetic
diversity of M. canettii strains were then obtained
by additional use of MIRU-VNTR typing as well
as multilocus sequence typing (MLST) (Gutier-
rez et al. 2005; Fabre et al. 2004), which indicated
a higher degree of genetic variation relative to the
MTBC, as well as traces of recombination – not
observed in the MTBC – in some house-keeping
genes. However, the full extent of the diversity
within the M. canettii taxon was only under-
stood when selected M. canettii strains were
subjected to whole genome sequence analyses

http://dx.doi.org/10.1007/978-3-319-64371-7_3
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(Supply et al. 2013; Blouin et al. 2014), which
showed that M. canettii strains were clear outliers
relative to the MTBC strains. Despite the strong
geographic confinement of the M. canettii strains
selected for genome analysis, isolated mainly
from patients at the Bouffard French Military
Hospital and the Paul Faure Anti-tuberculosis
Centre in Djibouti (Koeck et al. 2002, 2011;
Fabre et al. 2004; Gutierrez et al. 2005; Blouin
et al. 2014), the numbers of SNPs found among
their genomes and between them and MTBC
genomes ranged from around 9000 to 65,000,
thus by far exceeding the diversity of the entire
MTBC strain population found worldwide.

In contrast to the highly clonal MTBC
genomes, M. canettii genomes also showed
numerous traces of recent inter-strain horizontal
gene transfer (HGT), beyond the few house-
keeping genes analysed initially (see above),
suggesting that M. canettii strains might
have retained capacities for HGT and might
be in frequent contact with a yet unknown
environmental reservoir (Blouin et al. 2014;
Supply et al. 2013; Boritsch et al. 2014).
This hypothesis was recently strengthened by
the experimental demonstration of inter-strain
transfer of large chromosomal DNA fragments
between two M. canettii strains (Boritsch et al.
2016b), described in more detail below. Together
with their larger genomes, this diversified and
non-clonal population structure positions M.
canettii strains in evolutionarily lineages of
tubercle bacilli that branched before the clonal
emergence of the MTBC (Supply et al. 2013;
Blouin et al. 2014; Derbyshire and Gray 2014;
Mortimer and Pepperell 2014). The isolation
of these early-branching tubercle bacilli from
patients in East Africa and the regular association
of the deepest branches within the MTBC,
i.e. M. africanum lineages L5 and L6 and M.
tuberculosis L1, L7, with patients in Africa
point conjointly to an African origin of the
MTBC and the M. tuberculosis ancestor (Fabre
et al. 2004; Gagneux et al. 2006; Supply et
al. 2013; Gutierrez et al. 2005). From these
observations, it seems highly plausible that the
common ancestor of the clonal MTBC lineage
comprising the human lineages L1–L7 and the

animal lineages evolved from an M. canettii-like
progenitor that likely has shared many of the
genomic and phenotypic characteristics that may
still be present in the extant M. canettii strains,
such as the ones further described below.

As a contemporary reflection of how a par-
ticular ancestral M. canettii-like strain or cluster
of strains may have evolved into a pathogen
that shows enhanced spread and disease-causing
potential, the observations around a recently rec-
ognized outbreak of lymph-node tuberculosis in
the area of Djibouti should be mentioned here.
As described in their publication, Blouin and
coworkers (2014) observed an elevated number
of lymph node infections with a particular M.
canettii strain type and generated genome se-
quence data of the 12 strains involved. This anal-
ysis showed that the M. canettii strains formed a
compact group within the otherwise highly diver-
gent M. canettii strains (Blouin et al. 2014) (Fig.
2.2), which is consistent with the identical MLST
profile (D) of the strains from this cluster ob-
served previously (Gutierrez et al. 2005; Supply
et al. 2013). While the close genomic relation-
ship among the strains suggest a common source
and/or transmission of infection, epidemiological
investigations did not find evidence for human-
to-human transmission that could explain this
outbreak of lymphnode-tuberculosis. Similarly,
attempts to identify a common source, such as
for example a water source used by all patients,
were unsuccessful, and although other potential
transmission modes were studied, no potential
transmission vector could be identified (Blouin et
al. 2014). Despite the lack of information on the
exact route of transmission, this example shows
that under yet unknown conditions, selected M.
canettii strain clusters may spread and cause
disease in humans more frequently than others.
These particular strains represent thus interest-
ing study objects to determine the molecular or
phenotypic reasons for this increased virulence.
Interestingly, M. canettii strains of the MLST
profile (D) were precisely found as the most
closely related to M. tuberculosis in the genomic
comparisons (Gutierrez et al. 2005; Supply et al.
2013). Moreover, M. canettii strains of this geno-
type were also found as being the most virulent
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Fig. 2.2 Network phylogeny inferred among 24 M.
canettii genomes and 53 selected genome sequences from
members of the M. tuberculosis complex by NeighborNet
analysis. Note that some of the exceptional long branches

found within the otherwise genomically homogeneous
MTBC members are caused by poor sequence data, as
discussed in reference (Boritsch et al. 2014) (Figure
reproduced from reference Boritsch et al. 2014)

M. canettii strains in the comparative virulence
analysis in different mouse infection assays (Sup-
ply et al. 2013). This example of a particular M.
canettii cluster showing higher virulence in ex-
perimental models and higher prevalence in hu-
man cases may also serve as an interesting model
to better understand how in the past, the common
ancestor of the MTBC members evolved into a
lineage that has become a globally distributed
complex with a clonal population structure and
outstanding potential to infect and spread among
humans and various animal species.

2.3 The Smooth Morphotype
of M. canettii

Microbiologists who are familiar with the usual
colony morphology of M. tuberculosis strains on
agar plates might be very surprised if they saw the
colonies of M. canettii strains, because in contrast
to the M. tuberculosis colonies, which show a dry
and rough morphotype, the colonies of M. canet-
tii strains are characterized by a smooth, glossy
phenotype (Fig. 2.3). This morphotype also justi-
fies the alternative designation of the M. canettii

strains as smooth tubercle bacilli (STB). While
it was known that selected M. canettii strains
produced lipooligosaccharides (LOS) that were
not present in M. tuberculosis (Daffe et al. 1991;
van Soolingen et al. 1997), the underlying mech-
anism for the smooth and rough colony variation
in M. canettii remained ambiguous, since earlier
studies could not confirm the exclusive presence
of LOS in the smooth morphotypes (Lemassu et
al. 1992), nor could a genetic mechanism for the
phenomenon be clearly defined (van Soolingen
et al. 1997).

However, recent genomic analyses and
genetic complementation experiments formally
demonstrated that the phenotypic differences
between smooth and spontaneously converted
rough variants of M. canettii were caused by
recombination events in the polyketide synthase
5 (Pks5)-encoding locus (Boritsch et al. 2016a).
In smooth variants, this locus contains two
proximal pks5 homologues separated by an
associated pap gene, similarly to the LOS-
producing non-tuberculous mycobacteria such
as M. marinum and M. kansasii. Interestingly,
the single pks5 configuration resulting from
recombination in the rough variant was similar
to the genomic configuration that became fixed
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Fig. 2.3 Colony morphology of smooth (S) (a, left panel)
and rough (R) (a, middle panel) variants of M. canettii
strain K (CIPT 140070010). The left panel of a shows the
recovered smooth morphotype after complementation of
a rough variant with an integrating vector (C9) containing
the pks5 locus of a smooth M. canettii strain. Scale bars,

2.5 mm (Image reproduced from reference Boritsch et al.
2016a). b shows the corresponding M. canettii variants
K(S), K(R) and K(R::C9) grown in liquid medium the dif-
ferent aggregation characteristics of the strains linked to
their surface structure (Image reproduced from reference
Boritsch et al. 2016a)

in M. tuberculosis and the other members of
the MTBC, suggesting that during the course
of evolution, LOS production was lost by the
ancestor of the MTBC (Boritsch et al. 2016a).
Importantly, the rough M. canettii variants
showed an altered host–pathogen interaction
and increased virulence in cellular- and animal-
infection models. As described by Boritsch and
colleagues, the LOS deficient rough variant
showed increased replication rates in human
macrophages and in lungs of infected guinea
pigs. Moreover, the rough strain induced higher
levels of inflammatory cytokines IL-6 and IL-
12p40 in infected phagocytes, suggesting that the
modification of the bacterial surface composition
also altered the recognition by the host immune
system. These phenotypes were all reverted upon
complementation with the pks5 locus-containing
allele from a smooth M. canettii strain. These
results thus suggest that pks5-recombination-
mediated bacterial surface remodelling of the
ancestor of the MTBC has driven evolution

from putative generalist mycobacteria towards
professional pathogens of mammalian hosts
(Boritsch et al. 2016a).

2.4 Virulence Characteristics
of M. canettii Strains

From an epidemiological point of view, the
M. canettii strains are much less successful in
causing human disease than do M. tuberculosis
strains, although susceptible individuals may
experience very severe infections with M.
canettii strains that can even lead to death of
patients (Koeck et al. 2002, 2011; Fabre et
al. 2010). Indeed, when comparing the strong
geographic restriction of M. canettii isolates to
East Africa relative to the worldwide distribution
of other tubercle bacilli, it seems plausible that
immunocompetent individuals may control M.
canettii infections better than infections by
M. tuberculosis, as otherwise we would be
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confronted with a much higher number of M.
canettii infections. These presumptions also
suggest that M. canettii might not efficiently
spread by human-to-human transmission, which
could mean that infection by M. canettii strains
might not cause sufficient tissue destruction in
the lungs for efficient transmission compared to
M. tuberculosis.

In agreement with these predictions based
on epidemiological findings, recent experiments
in different mouse infection models confirmed
the lower virulence and lower persistence of M.
canettii strains relative to M. tuberculosis strains.
Indeed, results from two different models, in-
cluding intra-nasally infected BALB/c mice and
aerosol-infected C57Bl/6 mice, showed that M.
canettii strains were able to effectively multiply
in lungs and disseminate to spleens during the
acute infection phase in both models, but to a
lower extent compared to M. tuberculosis H37Rv
in C57Bl/6 mice (Supply et al. 2013). The dif-
ferential phenotypes were most dramatic at the
chronic infection phase in BALB/c mice, where
M. tuberculosis was able to persist in the lungs
for up to 30 weeks at infection levels close to
those of the acute phase, while the amount of
viable M. canettii decreased by at least 1 log at
the different time points in lungs and spleens,
with the most dramatic effect observed for M.
canettii strain K, which is the most phylogenom-
ically distant from MTBC strains and became
undetectable in BALB/c mice infection levels
after 30 weeks. In addition, histopathological
analyses showed less intense lung lesions and
inflammation after infection with the M. canet-
tii strains compared to M. tuberculosis infec-
tion (Supply et al. 2013). These results are in
agreement with some older results, where a M.
canettii strain was found to be less virulent in
a comparative virulence screen in mice that was
focused on the comparison of a wide range of
different M. tuberculosis strains (Dormans et al.
2004). Taken together, it seems that M. canettii
strains, despite being able to cause infection and
disease in humans and selected experimental ani-
mal models, seem less well adapted to cause per-
sistent infection and disease necessary to spread
in mammalian hosts, consistent with a putative

environmental origin of these strains. A putative
environmental origin of M. canettii strains is also
supported by the numerous recombination traces
in the genomes of M. canettii strains that most
likely have occurred by different inter-strain mat-
ing events and by other HGT-related specificities
of M. canettii genomes, as described in the next
paragraphs.

2.5 The Recombination Cluster

Following first hints obtained by MLST,
comparative genomics revealed the existence
of numerous mosaic structures in the genomes
of different M. canettii strains. From these
observations, it became clear that within this
clade of strains, numerous opportunities for
inter-strain recombination events might have
existed or still exist, which have led to the
hypothesis that the genomes of M. canettii
and the MRCA of the MTBC are composite
sequence assemblies shaped by extensive inter-
strain recombination events (Gutierrez et al.
2005; Supply et al. 2013). While this hypothesis
was also supported by results from dedicated
in silico analyses (Mortimer and Pepperell
2014), experimental evidence of chromosomal
gene transfer was only available for the quite
distantly-related, fast-growing mycobacterial
model organism Mycobacterium smegmatis
(Coros et al. 2008) In this species, laboratory-
based mating experiments revealed that large
DNA fragments could be transferred from a
donor to a recipient strain in an unconventional
conjugation process, named distributive conjugal
transfer. The obtained transconjugants displayed
highly mosaic genomes that were reminiscent
of products of eukaryotic meiosis, and the
genome mosaicism observed among M. canettii
strains (Gray et al. 2013). Very recently, mating
experiments involving different M. canettii
strains generated unique evidence of donor-
to-recipient transfer of large chromosomal
DNA fragments (Boritsch et al. 2016b), a
situation which resembles the distributive
conjugal transfer mode in M. smegmatis.
The genomes of the M. canettii recipient
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Fig. 2.4 Genome visualization by using the software
Artemis Comparison Tool (ACT) (Carver et al. 2008)
of SNPs identified between genomes of donor strain
M. canettii A (bottom genome), recipient M. canettii L
(top genome) and recombinant M. canettii (RC) (middle
genome). Note that the whole genomes of the strains are

shown (4.42 and 4.48 Mb). SNPs are represented by red
lines and Indels by blue lines. In the recombinant strain
RC, 13 donor-derived fragments in the size of 328 kb were
identified (Boritsch et al. 2016b) (Image reproduced from
reference Boritsch et al. 2016b). Mcan M. canettii, RC
recombinant

contained donor DNA fragments ranging from
100 bp to over 100 kb in different sites of
the recipient chromosome (Fig. 2.4). The
distinction of donor DNA fragments from
recipient DNA was possible due to the high
number of SNPs (>22,000) that differentiate
the genomes of the donor and recipient strains
(STB/M. canettii A and STB/M. canetii L,
respectively) (Supply et al. 2013). However,
compared to the findings for M. smegmatis
strains, the mating frequency observed between
M. canettii strains was rather low (Boritsch et al.
2016b). It should also be mentioned that despite
numerous attempts and mating combinations,
no recombinants/transconjugants were obtained
for different M. tuberculosis strain couples,
suggesting that M. tuberculosis and the clonal
MTBC members might have lost the ability of
inter-strain HGT since their branching from an
M. canettii-like MRCA (Boritsch et al. 2016b).
Together with the observed clonal population
structure of the MTBC, these data strongly
argue against a recent postulate that frequent

inter-strain transfer of small DNA fragments
of about 50 bp between M. tuberculosis strains
exists (Namouchi et al. 2012). This hypothesis
was based on results from an in silico analysis
searching homoplastic SNP regions in a given
reading frame, which however also counted
adjacent base pair changes caused by single
tandem-base mutations as putative recombination
regions and thus likely strongly over-estimated
the presence of putative homoplastic SNPs
(Boritsch et al. 2014). As the question of
recombination among MTBC strains is very
important for the risk evaluation of potential
transfer of drug resistance and fitness mutations
among clinically relevant mycobacterial strains,
continued attention should be paid to this point.
In any case, the finding that the closely related
M. canettii strains can transfer large fragments
of chromosomal DNA from donor to recipient
strains may serve as proof of principle that this
kind of transfer may have played an important
role during the evolution of the MTBC from
an M. canettii-like progenitor (described further
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below). Genomic and phenotypic comparative
experiments shall help identify the factors that
contribute to the apparently different faculties of
horizontal transfer among M. canettii and MTBC
strains.

2.6 Other Genotypic Differences
Between M. canettii Strains
and the MTBC

Analysis of the genomes of five sequenced M.
canettii strains representing lineages/strains A,
D, J, K, and L revealed that these strains ex-
hibited a pan-genome that was about 20% (900
genes) larger than that found for MTBC mem-
bers. As described above, these extra genes are
likely the result of individual mating encoun-
ters and chromosomal gene transfer, rather than
acquisition by common ancestors, as most of
these extra genes were restricted to individual
strains. Indeed, the experimentally demonstrated
large sizes of transferred DNA in single mating
events between donor and recipient strains might
explain the existence of strain-specific gene clus-
ters, such as the presence of an extra mce5 operon
in strain M. canettii J (also known as STB-J)
(Supply et al. 2013). Similarly, M. canettii J
also contains a unique eptABCD operon orthol-
ogous to the eptABCD operon of M. smegmatis
(Panas et al. 2014). Interestingly, the presence
of this operon in M. smegmatis is linked to an
inability to be transformed with Mycobacterium
fortuitum pAL5000 plasmids, as EptC was shown
to stabilize negative supercoils in plasmid DNA
and to prevent segregation of plasmid DNA to
daughter cells (Panas et al. 2014). The pres-
ence of eptABCD in strain M. canettii J thus
seems to have the same consequences, as ob-
served in a recent study where this strain could
not be transformed with pMRF1-DsRed during
the preparation of mycobacterial mating experi-
ments, whereas all other M. canettii strains were
transformable with the DsRed encoding plasmid
(Boritsch et al. 2016b). Moreover, genome anal-
ysis of individual M. canettii strains also revealed
the presence of a 55 kb-sized prophage in the
genome of M. canettii strain I (STB-I) that might

encode a potentially complete virion (Supply et
al. 2013). Although currently no information is
available on the functionality of this putative
phage, the presence of such a large prophage in
a strain of tuberculosis-causing mycobacteria is
unique and different from the ubiquitous 10 kb-
sized prophage-like elements phiRv1 and phiRv2
(Cole et al. 1998; Hendrix et al. 1999) that
show variable presence among the members of
the MTBC.

Finally, genome analyses also highlighted
the presence of clustered regularly interspaced
short palindromic repeat (CRISPR) loci and
CRISPR-associated (cas) genes (CRISPR-Cas)
in genomes of M. canettii strains, differing from
those of the MTBC. In the MTBC, variation of
so-called spacers within the CRISPR-regions
is used for spoligotyping, a widely applied
method for molecular differentiation of MTBC
isolates (Kamerbeek et al. 1997). The potential
function of mycobacterial CRISPR-Cas systems
as elements for adaptive immunity against phages
and plasmids via repeat-spacer–derived RNAs, as
repeatedly demonstrated for other bacteria (see
review e.g. by Makarova et al. 2011), awaits
further confirmation. If one assumes similar
functions, however, the differences observed
among CRISPR-Cas systems of M. canettii and
MTBC strains suggest exposure of M. canettii
and MTBC strains to different environments.
Strikingly, the genomes of STB/M.canettii-A and
-D, – which are phylogenetically closest to the
MTBC – contain a CRISPR-Cas locus encoding
a system of a same major type (III-A) as that
of MTBC genomes. However, the locus contains
only a few crispr spacers in common with MTBC
strains. The same locus in the other more distant
M. canettii strains is occupied by completely
different CRISPR-Cas systems of other types
(I-C variant or I-E), most closely related to those
of environmental actinobacteria. Furthermore,
the strain STB/M. canettii-K has a second locus,
encoding a CRISPR-Cas module of yet another
type (I-C) with Cas proteins that were most
similar to those of other environmental bacteria
(such as Thiorhodovibrio species). Again, the
identified crispr spacers were strain-specific
and distinct from the MTBC. These structural
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divergences in CRIPR-Cas modules and distinct
composition in spacer sequence indicate that
the corresponding systems might indeed show
different targets (Supply et al. 2013), a finding
that thus also points to different habitats for M.
canettii and MTBC strains.

Interestingly, the genomes of M. canettii
strains also differ by their intein-encoding
sequences and their insertion points in their
respective recA genes, relative to the MTBC
(Boritsch et al. 2016b). Inteins are self-splicing
protein elements that are mobile at the DNA
level and thought to be horizontally transferred
through invasion by mycobacteriophages (Kelley
et al. 2016). These variations thus argue for
independent invasion events, perhaps in distinct
environments, as presumed for the CRIPR-Cas
module differences (see above).

In addition to these extra genomic regions
in selected individual M. canettii strains, a few
other genes are nevertheless specifically con-
served throughout all M. canettii strains as a
result of shared phylogenetic ancestry, preceding
that of the MTBC. This is the case for example
for the gene cobF, encoding a precorrin-6a syn-
thase required for vitamin B12 synthesis, which
is present in M. canettii and absent from the
MTBC, apparently lost during evolution from an
M. canettii-like ancestor (Boritsch et al. 2014;
Blouin et al. 2014). Although it remains unclear
whether the deletion of cobF has entirely ablated
B12 biosynthesis, because alternative methyl-
transferases might partially compensate for the
loss of CobF (Gopinath et al. 2013), it seems
plausible that the absence of CobF from the
MCRA of the MTBC might have forced previ-
ously environmental bacteria to rely stronger on
the mammalian host as a source of vitamin B12
(Boritsch et al. 2014; Young et al. 2015), thereby
enhancing their specialisation as pathogens. M.
canettii strains thus represent very interesting
study objects to explore this hypothesis in more
detail.

Apart from genes that are specifically present
in M. canettii and absent from the MTBC, the
opposite configuration also exists, involving for
example the gene pe_pgrs33 (rv1818c), which
is absent from all M. canetti but is found in all

MTBC strains suggesting a lateral transfer of
pe_pgrs33 to the common ancestor of the MTBC
at the beginning of its clonal emergence and after
its divergence from M. canettii. Interestingly,
PE_PGRS33 represents a unique member that
has been associated with pathogenicity (Cadieux
et al. 2011), within the large family of Pro-Glu
(PE) motive-containing proteins of M. tuberculo-
sis that are surface exposed (Delogu et al. 2004;
Banu et al. 2002) and which are often associated
with ESX/type VII secretion systems (Bottai and
Brosch 2009; Groschel et al. 2016).

Finally, from the literature and from con-
firmative experiments it is known that the M.
canettii strains do not exhibit a special antibiotic
resistance phenotype and resemble in this aspect
very closely M. tuberculosis, with one exception,
which is linked to the resistance to pyrazinamide.
Indeed M. canettii strains are intrinsically resis-
tant to this first line anti-tuberculosis drug for
reasons that are still unclear, but possibly linked
to mutations in rpsA and/or panD (Somoskovi et
al. 2007; Feuerriegel et al. 2013, 2014).

In conclusion, the M. canettii strains rep-
resent an interesting group of strains that are
phylogenetically positioned at the interphase be-
tween the key obligate mycobacterial pathogens
of the MTBC and environmental mycobacteria.
Although the M. canettii strains isolated so far
are all human isolates and no environmental
isolation of M. canettii has yet been possible,
the genomic and phenotypic characteristics of
these strains point to a potential environmental
habitat. Indeed, given the mosaic genome organi-
sation of M. canettii strains that shows numerous
traces of recent inter-strain recombination and
other lateral gene acquisition events, it seems
reasonable to suppose that they have occurred
in an environmental niche, possibly involving
protozooic hosts, which allow frequent contact
of different M. canettii and other (myco)bacterial
strains. Given the geographical restriction of pa-
tients with M. canettii infections to countries in
the region of the Horn of Africa, it is tempting
to speculate that adequate environmental habi-
tats might exist in that area. Finally, M. canettii
strains still hold on to many secrets, whose elu-
cidation have the potential to teach us important
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details of the origin of, and the molecular events
contributing to, the emergence of the MTBC,
one of the most devastating pathogens in human
history.
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Abstract

Tuberculosis (TB) is a contagious disease with a complex epidemiology.
Therefore, molecular typing (genotyping) of Mycobacterium tuberculosis
complex (MTBC) strains is of primary importance to effectively
guide outbreak investigations, define transmission dynamics and
assist global epidemiological surveillance of the disease. Large-scale
genotyping is also needed to get better insights into the biological
diversity and the evolution of the pathogen. Thanks to its shorter
turnaround and simple numerical nomenclature system, mycobacterial
interspersed repetitive unit–variable-number tandem repeat (MIRU-
VNTR) typing, based on 24 standardized plus 4 hypervariable loci,
optionally combined with spoligotyping, has replaced IS6110 DNA
fingerprinting over the last decade as a gold standard among classical
strain typing methods for many applications. With the continuous
progress and decreasing costs of next-generation sequencing (NGS)
technologies, typing based on whole genome sequencing (WGS) is now
increasingly performed for near complete exploitation of the available
genetic information. However, some important challenges remain
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such as the lack of standardization of WGS analysis pipelines, the
need of databases for sharing WGS data at a global level, and a better
understanding of the relevant genomic distances for defining clusters of
recent TB transmission in different epidemiological contexts. This chapter
provides an overview of the evolution of genotyping methods over the
last three decades, which culminated with the development of WGS-based
methods. It addresses the relative advantages and limitations of these tech-
niques, indicates current challenges and potential directions for facilitating
standardization of WGS-based typing, and provides suggestions on what
method to use depending on the specific research question.

Keywords

Tuberculosis • Mycobacterium tuberculosis • Genotyping • Whole
genome sequencing • Transmission • Phylogeny

3.1 Introduction: Need for
Effective Genotyping
of the MTBC

The Mycobacterium tuberculosis complex
(MTBC) comprises Mycobacterium tuberculosis
and Mycobacterium africanum, the main
causative agents of human TB, as well as
several members causing TB in various wild and
domestic animal species (e.g. Mycobacterium
bovis, Mycobacterium microti and Mycobac-
terium pinnipedii). During several decades,
typing of the MTBC has been the subject
of intensive research in numerous fields and
applications. These include local and global
surveillance, as well as the evolution of the
pathogen and its interaction with the human
host. This wide range of applications reflects the
global importance, the complex epidemiology
and the multiple transmission patterns of TB, as
well as the numerous questions and challenges
that remain to fully understand the pathobiology
and transmissibility of the organism, and for
improving the diagnostics, the treatment and the
prophylaxis of the disease.

According to the last World Health Organiza-
tion (WHO) global TB report, this disease caused
10.4 million new cases and 1.8 million deaths in
2015 (WHO 2016). Moreover, although this esti-
mation is uncertain, approximately two billion in-
dividuals are thought to be infected with MTBC
(Corbett et al. 2003; Getahun et al. 2015). The

majority of active TB cases occur within the first
2–5 years after the initial infection, although risk
of progression to active disease is distributed over
the complete lifetime. As clinical signs of active
TB may not be directly evocative and are often
non-specific, diagnosis may be delayed, resulting
in prolonged patient illness and infectiousness.
Delays in the diagnosis and in the application
of control measures can result in further spread
of TB, even among individuals thought to be
at low risk (Coitinho et al. 2013). Transmission
is not restricted to household members or other
frequent contacts, but can extend to social and
casual contacts as well, which is more difficult to
trace by classical epidemiological investigation
(Gardy et al. 2011; Lambregts-van Weezenbeek
et al. 2003; Wang et al. 2014). Furthermore, the
comprehensiveness and potential side effects of
the standard treatment regimen, combining four
drugs for 2 months followed by two drugs for
4 months, can result in patient non-compliance.
When going undetected for a prolonged period
of time, non-compliant individuals can remain
contagious and be the source of large, unsus-
pected TB outbreaks (Walker et al. 2013a; Small
et al. 1994). Such insidious modes and unde-
tected sources of TB infection and transmis-
sion strongly support the use of strain typing
methods for effectively guiding epidemiological
investigations, identifying transmission hotspots
in particular settings or searching for the causes
of the spread of particular strain types at regional
or global levels.
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The interest in typing of MTBC is additionally
fuelled by the globally raising threat represented
by multi- (MDR; defined as resistant to the main
two first-line drugs isoniazid and rifampicin)
and extensively drug resistant (XDR; defined
as MDR plus additional resistance to also
resistant to an aminoglycoside and at least one
fluoroquinolone) TB (Dye and Williams 2010;
Gandhi et al. 2010; Marais 2016). MDR and,
even more so, XDR-TB cases suffer increased
treatment failure and higher mortality rates, and
represent considerably higher costs for health
systems (Diel et al. 2014). Drug resistance, MDR
or XDR can be acquired de novo and also further
increase during treatment, for instance as a result
of patient non-adherence, or when applying
standardized treatment regimens without
adjusting for possible baseline drug resistance
(Cegielski et al. 2014; Daley and Horsburgh
2014). However, globally, most MDR-TB cases
occur among new TB patients, thus without any
antecedent of previous anti-TB treatment (WHO
2016), pointing to the importance of direct
transmission of MTBC strains that are already
drug-resistant. As a prominent example, more
than 30% of new TB patients were diagnosed
with MDR-TB in a recent nationwide survey in
Belarus (Skrahina et al. 2013) (see Chap. 11).
Transmission of MDR-TB has been repeatedly
documented in nosocomial contexts (Allix et al.
2004), as well as in the context of large outbreaks
at regional (Bifani et al. 1996; Cohen et al. 2015;
Eldholm et al. 2015; Cox et al. 2005; Niemann
et al. 1997) and intercontinental scales (Cooke
et al. 2011; Williams et al. 2015; Coscolla et al.
2015; Merker et al. 2015). Even more worrisome,
solid evidence exists on large, province-wide epi-
demic transmission of XDR-TB in South Africa
(Cohen et al. 2015). Direct transmission of XDR-
TB in the community is also beginning to be seen,
even in low TB incidence settings such as the UK
(Arnold et al. 2016) and France (Lafeuille et al.
2016). Exogenous re-infection by XDR strains
has also been shown to contribute to emergence
of XDR-TB in patients under treatment for
MDR-TB in regions like Uzbekistan (Cox et al.
2008). Given the major adverse consequences
of MDR- and XDR-TB for individual patients

and public health overall, tracing the modes of
acquisition and routes of transmission of these
most dangerous forms of TB should be a high
priority.

The need for effective MTBC genotyping
methods is also driven by more basic research
questions, such as defining the biological and
geographical diversity of the pathogen and
its association with host populations (Hirsh
et al. 2004; Tsolaki et al. 2004; Gagneux et al.
2006; Comas et al. 2013; Brudey et al. 2006;
Hershberg et al. 2008), understanding the origin
of the MTBC (Gutierrez et al. 2005, 2006;
Supply et al. 2013; Fabre et al. 2004, 2010;
Boritsch et al. 2014, 2016a), and retracing the
evolutionary history and the demography of the
MTBC (Pepperell et al. 2013; Brosch et al. 2002;
Mostowy et al. 2002; Comas et al. 2013, 2015;
Wirth et al. 2008; Mokrousov et al. 2016; Merker
et al. 2015; Luo et al. 2015) and of some of
its major clones in association with multidrug
resistance (Mokrousov 2013; Merker et al. 2015).

Investigation of some of these questions, as
well as of some questions related to the pub-
lic health issues listed above, was already pi-
oneered by the use of phage typing, which is
based on defining the susceptibility or resistance
of MTBC strains to lytic infection by different
mycobacteriophages. Using this approach, Bates
and Mitchinson (Bates and Mitchison 1969) were
the first to show differences in (phage) types
among M. tuberculosis strains from different ge-
ographic origins. Phage typing was also used
to provide evidence for the contribution of re-
infection in cases of TB relapse (Snider et al.
1984; Raleigh and Wichelhausen 1973), for the
occurrence of simultaneous infection with more
than one M. tuberculosis strains in some patients
(Mankiewicz and Liivak 1975), and to document
TB transmission between individuals (Stead and
Bates 1969; Kitahara 1973; Snider et al. 1984).
However, the low level of resolution linked to
the relatively restricted number of phage types
identified, the technical difficulty of the method
and its lack of standardization restricted its use to
few laboratories.

These hurdles were gradually resolved by
the development of molecular, DNA-based

http://dx.doi.org/10.1007/978-3-319-64371-7_11
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typing – also termed genotyping – methods of
MTBC strains, now culminating with whole
genome sequencing (WGS). The following
section will provide an overview of different
“classical” genotyping methods – defined
as methods that interrogate markers in a
targeted manner, in contrast to WGS – that
were developed over more than a decade,
with an emphasis on the three methods that
reached global application, namely IS6110
DNA fingerprinting based on restriction
fragment length polymorphism (RFLP) analysis,
spoligotyping, and mycobacterial interspersed
repetitive-unit–variable-number tandem-repeat
(MIRU-VNTR) typing. A concise overview will
also be provided on genotyping methods based
on the analysis of genomic deletions (also termed
regions of differences (RDs) or large sequence
polymorphisms (LSPs)) and pre-defined single
nucleotide polymorphisms (SNPs), which are
more reserved for phylogenetic applications.
As WGS will be more extensively treated in
Chap. 4 (i.e. on genomic epidemiology), some
key technical aspects will be introduced here,
with a focused comparison of classical reference-
based SNP analysis and genome-wide multilocus
sequence typing (MLST) for future standardized
WGS-based genotyping. Final sections will
discuss definitions of molecular clusters based
on classical genotyping and WGS, and discuss
practical implications on the choice of the
methods depending on the research contexts
and the questions that are prioritized.

3.2 Classical Genotyping

3.2.1 General Overview

The tubercle bacilli are slow growing bacteria,
with a relatively low level of genetic diversity
of about 1 SNP per 2 kbp (Sreevatsan et al.
1997; Comas et al. 2010) and a high degree of
clonality (Hirsh et al. 2004; Supply et al. 2003),
with the exception of the rare Mycobacterium
canettii strains (Fabre et al. 2004; Gutierrez et al.
2005; Supply et al. 2013) (see Chap. 2). These
specific properties have largely prevented the

application of genotyping techniques classically
used for other bacterial species, such as pulse-
field gel electrophoresis (Arbeit et al. 1990) or
multi-locus sequence typing (MLST) (Maiden
et al. 1998), requiring substantial chromosomal
variation and/or diversity of house-keeping
gene sequences for molecular discrimination
at strain level, respectively. These constraints
have prompted the development of a variety of
alternative genotyping assays for the MTBC.

First attempts relied on the analysis of RFLP
profiles in gels after digestion of chromosomal
DNA purified from MTBC strains with restric-
tion endonucleases, but they produced very com-
plex patterns with a low level of differentiation
between strains (Collins and De Lisle 1984).
More interpretable patterns and greater polymor-
phism were obtained when specific restriction
fragments were detected by hybridization, espe-
cially with the use of IS6110 insertion sequence
as a labeled DNA probe (Fig. 3.1) (reviewed in
(Crawford 1993; van Embden et al. 1992)). Other
types of repetitive DNA – identified by cloning
or by analysis of the genome sequence of M. tu-
berculosis H37Rv gradually available at the time
(Cole et al. 1998) – were also used as alternative
probes, including for instance other insertion se-
quences, the polymorphic GC-rich tandem repeat
sequence (PGRS) (Poulet and Cole 1995), or a
poly GTG repeat (Wiid et al. 1994).

Because IS6110 RFLP and other RFLP
methods are labor intensive and require weeks
of culturing to obtain sufficient amounts of
purified DNA, a range of PCR-based methods
targeting different polymorphic markers were
also developed over the years 1990–2000,
comprising spoligotyping (Fig. 3.1), MIRU-
VNTR typing (Fig. 3.1) based on different
sets and numbers of markers, plus various
other techniques such as ligation-mediated
PCR (Prod’hom et al. 1997), and fluorescent
amplified fragment length polymorphism
(FAFLP) (Ahmed et al. 2003; Wiid et al.
1994). Opportunely, a total of 20 RFLP-
based or PCR-based techniques, representing
most of the methods developed primarily for
epidemiological investigation, were subjected
to comparisons of their relative performances
by using a same standard collection of MBTC

http://dx.doi.org/10.1007/978-3-319-64371-7_2
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Fig. 3.1 Standard 24-locus MIRU-VNTR genotypes,
spoligotypes and IS6110-RFLP types of MTBC clin-
ical isolates, visualized under the MIRU-VNTRplus
database. MIRU-VNTR types are represented by 24-
number strings, spoligotypes by digitalised 43-spacer pro-
files (individual spacers present or absent are shown as
black or white boxes, respectively), IS6110 RFLP profiles
by banding patterns. Genotypes of isolates as submitted
by a database user (shown with a yellow background)
are analyzed for similarity with genotypes of reference
isolates of the database. Allelic differences in MIRU-
VNTR genotypes and spacer differences in spoligotypes
relative to genotypes of reference isolates are shown with
a red background and red squares, respectively. Distance
on the extreme left refers to allelic distances between user
and reference isolates based on 24-locus MIRU-VNTR

genotypes (e.g. 1 allele difference among the 24 loci
equals to a distance of 0.0417). Other information shown
from left to right includes strain identification number
(ID), species, genetic lineage, standard 24-locus MIRU-
VNTR nomenclature (MLVA MtbC15-9), and spoligo-
type designation according to SpolDB4. MLVA MtbC15-
9 refers to nomenclature codes specifically identifying
each known MIRU-VNTR haplotype based on the combi-
nation of the 15 most discriminatory loci and 9 auxiliary
loci, respectively (see text). Standard MIRU-VNTR locus
names are shown according to locus position on the M.
tuberculosis H37Rv chromosome (in kbp; i.e. 154, 424,
etc.), in addition to alias names according to historical
designation (i.e. MIRU02, Mtub04, ETRC, etc.). IS6110-
RFLP profiles are only shown for reference isolates

strains set up by Kremer and Colleagues (Kremer
et al. 1999), in different studies (Kremer et al.
1999, 2005a; Supply et al. 2001, 2006). A
hierarchy was established on this normalized
basis among the methods according to three key
parameters. The discriminatory or resolution
power, that is the ability of the markers to
distinguish epidemiologically unrelated strains,
was evaluated by determining the number of
different types detected among DNA samples
from 90 MTBC strains selected from diverse
geographical origins. The number of typeable
strains was also determined among these strains,
while the reproducibility was assessed by
analyzing 31 duplicated DNA samples. The
results demonstrated a clear superiority of

MIRU-VNTR typing based on 15 or 24 loci and
IS6110 RFLP among the PCR- and RFLP-based
methods, with 89 and 84 types distinguished in
this collection of 90 MTBC strains, respectively,
and 100% reproducibility and 98–100%
typeability in both cases (Table 3.1). Both
methods are described more extensively below,
together with the other major “classical” methods
still in use today, i.e. spoligotyping, SNP typing
and typing based on regions of difference.

3.2.2 IS6110 RFLP

IS6110 RFLP was developed following the
identification of copies of the corresponding
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Table 3.1 Resolution power and reproducibility by using MTBC genotyping methods for differentiating 90 MTBC
strains

Method PCR or RFLP DNA targets
Nı types
obtained

Reproducibility
(%)

Nı non typeable
strains

24-locus MIRU-VNTR Multiplex
PCR

MIRUCETRCQUB 89 100a 0b

15-locus MIRU-VNTR Multiplex
PCR

MIRUCETRCQUB 89 100a 0b

IS6110 RFLP (PvuII) RFLP IS6110 84 100 2

5-locus MIRU-VNTR PCR Five QUBs 82 87 0

IS6110 mixed-linker
PCR

PCR IS6110 81 100 2

FLiP PCR IS6110 81 97 2

12-locus MIRU-VNTR Multiplex
PCR

12 MIRUs 78 100 0

LM-PCR PCR IS6110 73 81 2

APPCR PCR Total genome 71 71 0

PGRS RFLP (AluI) RFLP PGRS 70 100 0

DRE-PCR PCR IS6110/PGRS 63 58 0

Spoligotyping PCR DR locus 61 94 0

Second-generation
spoligotyping

PCR DR locus 61 90 0

5-locus MIRU-VNTR PCR ETRs A–E 56 97 0

DR RFLP (AluI) RFLP DR locus 48 100 0

(GTG)5 RFLP (Hinf I) RFLP (GTG)5 30 94 0

Amadio PCR PCR Four loci 13 74 0

IS1081 RFLP (PvuII) RFLP IS1081 12 100 0

mtp40 RFLP (PvuII) RFLP mtp40 12 100 0

mbp64 RFLP (PvuII) RFLP mbp64 8 100 1

katG RFLP (PvuII) RFLP katG 5 100 0

16rDNA RFLP (PvuII) RFLP 16S rRNA 5 100 0

FAFLP typing
(Cselective primers)

PCR EcoRI/MseI sites NDd 7 0

IS6110 inverse PCR PCR IS6110 NDb 6 1

IS6110 ampliprinting PCR IS6110/MPTR ND 39 5

FAFLP typing PCR EcoRI/MseI sites ND 0 1

FAFLP typing PCR BamHI/PstI sites ND 0 0

Adapted from Kremer et al. (1999, 2005b) and Supply et al. (2001, 2006)
aAccording to results obtained by laboratory 36 (Supply’s team) when testing of inter- and intralaboratory reproducibil-
ity based on 30 MTBC DNA samples from Kremer’s collection (Kremer et al. 1999, 2005a), as published in (de Beer
et al. (2012)
bOne locus (i.e. 2163b) out of 15 or out of 24 could not be amplified for three MTBC strains; for these cases, genotype
comparison was done based on the alleles identified in the 14 or 23 other loci

insertion sequence in MTBC DNA by different
researchers (Thierry et al. 1990a, b; McAdam
et al. 1990; Hermans et al. 1991). The
methodology was standardized in 1993 according
to recommendations of Van Embden et al.

(1993). Briefly, after DNA restriction with PvuII
endonuclease and electrophoretic separation
of the obtained fragments on agarose gels,
hybridization by Southern blotting is performed
with an IS6110 probe to generate strain-specific
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DNA fingerprints (Fig. 3.1), which reflect the
variability in the numbers and positions of
IS6110 elements in genomes of MTBC isolates.
To enable comparison of DNA fingerprints
obtained in different experiments and across
different laboratories, a combination of external
and internal molecular size standards is used to
normalize the banding patterns obtained from
test strains, through the use of image analysis
software.

When compared to the other techniques avail-
able at the time in the first study using the
Kremer’s strain collection (Kremer et al. 1999,
see above), this technique showed the highest
discriminatory power, combined with a high re-
producibility (Table 3.1). This relatively high-
resolution power was reflected by detection of
distinct fingerprints among isolates from the ma-
jority of unrelated TB cases in diverse studies
(Van Soolingen 2001). At the same time, DNA
profiles were found to be relatively stable in
serial isolates from individual patients or in iso-
lates from patients involved in a same chain of
transmission (Niemann et al. 2000b; Yeh et al.
1998). On this basis, as for the other classical
genotyping techniques (see below), detection of
identical or distinct fingerprints among patient
isolates is assumed to reflect infection by the
same or different clone(s), and is used as a
proxy to identify or exclude clusters of active TB
transmission in patient populations, respectively.
This approach was used for more than a decade
in hundreds of studies, e.g., for population-based
studies of the TB epidemiology at metropolitan
or national levels (Small et al. 1994; Diel et al.
2002; van Soolingen et al. 1999), for investi-
gating large outbreaks in the community (Bifani
et al. 1996) or nosocomial transmission (Michele
et al. 1997; Allix et al. 2004), for distinguishing
exogenous reinfection from unsuccessful treat-
ment of initial infection in relapse or persistent
TB cases (Small et al. 1993b), and identification
of laboratory cross-contamination events (Small
et al. 1993a; CRM et al. 1999), (for review see
e.g. Van Soolingen 2001).

In addition to these public health- and
diagnostics-related applications, IS6110 fingerpri-

nting was also used for studying the population
structure of MTBC strains and exploring some
evolutionary questions. Indeed, limited changes
in banding patterns from longitudinal isolates
from individual patients – assumed to reflect
clonal variants derived from a single original
infecting strain – were occasionally observed,
suggesting that the degree of genetic relatedness
or clonal relationships among MTBC strains
could be inferred by analysis of similarities
of their IS6110 RFLP patterns (Yeh et al.
1998). This approach, combined with parallel
detection of similarities in other genetic markers,
was used to show the existence of so-called
families of related MTBC strains sharing a
same common ancestor, such as the Beijing
or the Haarlem families (van Soolingen et al.
1995; Kremer et al. 1999, 2004; Sola et al.
2001b; Supply et al. 2001). Mapping and
comparison of the IS6110 insertion sites in
MTBC genomes, as done by sequence analysis
of flanking regions, was also used for identifying
the genetic relatedness of clinical strains and
for phylogenetic reconstruction of the evolution
of some lineages (Warren et al. 2000, 2004;
Fomukong et al. 1997; Kurepina et al. 1998.

Although it has been extensively used for mul-
tiple applications, IS6110 RFLP suffered from
significant limitations. It could only be used as
a retrospective tool for epidemiological analyses
because it is slow and labor intensive. Despite
standardization, the obtained banding patterns,
which can be relatively complex, remain dif-
ficult to compare. As a result, efforts to de-
velop and maintain an internationally central-
ized database of profiles (Suffys et al. 2000)
were largely unsuccessful. In addition, a frac-
tion of the MTBC strain population – such as
many M. bovis strains and some sublineages
of M. tuberculosis – contain a low number of
copies or are devoid of IS6110 elements, which
thus reduces the resolution power of IS6110
RFLP in these strain groups (Fomukong et al.
1994; Kremer et al. 1999; Cowan et al. 2002;
Warren et al. 2004). All these limitations stimu-
lated the search for alternative, PCR-based geno-
typing methods.
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3.2.3 First- and Second-Generation
Spoligotyping

Spoligotyping was the first PCR-based genotyp-
ing method that was used at large scale for the
MTBC (Kamerbeek et al. 1997). This method
targets the so-called direct repeat locus (Her-
mans et al. 1991) present in virtually all MTBC
strains. This locus is a member of the notori-
ous, large bacterial family of clustered, regularly
interspaced short palindromic repeat (CRISPR)
loci (Makarova et al. 2011). The locus contains
a series of different spacer sequences, variable
among strains, separated by conserved repeated
motives, called direct repeats. The set of spacers
present in an isolate is amplified by PCR with
a primer pair against the direct repeats flanking
each spacer. The obtained amplicons are then
hybridized on a reference set of 43 spacers –
originating from M. tuberculosis H37Rv and M.
bovis BCG – immobilized on a membrane, to
reveal the presence or absence of each reference
spacer in the tested strain. The corresponding
presence/absence signals can then be encoded as
a portable 43-bit (i.e. 1/0, or black/white) barcode
(Fig. 3.1). Through an ingenious design of an ad
hoc cassette system, 43 strains can be analyzed at
a time (Barnes and Cave 2003; Kamerbeek et al.
1997).

Classical spoligotyping is relatively cheap,
but require significant hands-on time due to the
hybridization steps. In addition, the quality of the
spoligotyping membranes is variable, because of
contaminations due to carry over or switches of
oligonucleotide probes during production, which
can lead to systematic errors in spoligotyping
patterns. Weak hybridization signals are also dif-
ficult to interpret, which can lead to ambigu-
ous reading of spoligotypes of related strains.
Careful quality control of the membranes, best
performed with a set of strains representing the
phylogenetic diversity of the MTBC, is therefore
recommended. In order to help overcoming some
of these problems, Cowan and Colleagues (2004)
transposed the principle of interrogating the ref-
erence spacer sequences onto the Luminex mul-
tianalyte profiling system, which enables faster
and more automated analysis. Such a system has

been adapted later to additionally include parallel
interrogation of common rifampicin resistance-
associated mutations in the rpoB hotspot region.
Commercially available kits (Beamedex) were
developed to facilitate use (Gomgnimbou et al.
2012).

Despite its advantages, spoligotyping does not
provide resolution at the strain level, but rather
provides information at sub-lineage or lineage
levels based on conservation of some typical
spacer signatures (Kremer et al. 1999; Brosch
et al. 2002; Brudey et al. 2006). As an extreme
example, most strains of the Beijing lineage, a
major MTBC branch with a wide geographic
distribution, share a single, dominant spoligotype
composed of the nine last spacers (Kremer et al.
2004). As an attempt to improve the resolution
power, second-generation of spoligotyping was
introduced by including additional sets of 25–51
novel reference spacers, originating from other
MTBC strains or M. canettii (van der Zanden
et al. 2002; Brudey et al. 2004). However, al-
though resolution of Beijing strains and strains
of other branches of the MTBC (i.e. M. bovis,
M. microti, M. caprae and M. africanum) was
somewhat enhanced, no significant improvement
was found for other M. tuberculosis strains (van
der Zanden et al. 2002; Kremer et al. 2005a;
Brudey et al. 2004). As a result, no increase in
discriminatory power relative to first-generation
spoligotyping was detected upon analysis of the
Kremer’s collection (Table 3.1, and Kremer et al.
2005a), and as a consequence the use of second-
generation spoligotyping has been very limited.

Because of its limited resolution power,
spoligotyping cannot be used as a sole
method to ascertain epidemiological links
between TB cases (Barnes and Cave 2003).
Instead, particular spacer combinations, termed
prototypes, recurrently occurring in isolates from
diverse geographic origins were detected and
systematically classified as (potential, see below)
signatures of MTBC lineages and sublineages, to
constitute a large, global spoligotype database,
called SpolDB (Brudey et al. 2006; Sola et al.
2001a; Filliol et al. 2003), which later evolved
into the SITVIT database (Demay et al. 2012).
Detection and analysis of such prototypes and
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their variants was used in multiple studies – and
is still widely used nowadays (e.g. Nogueira
et al. 2016; Balcells et al. 2015; Uzoewulu
et al. 2016; Mbugi et al. 2016) – to explore the
structure of MTBC strain populations circulating
in numerous countries over the five continents.
As of October 2016, the accessible database
included more than 7000 spoligotypes from
more than 50,000 isolates from more than 100
countries. Such compilation of spoligotyping
data contributed to provide first insights into
the global phylogeographic diversity of MTBC
strains (Brudey et al. 2006; Filliol et al. 2003;
Demay et al. 2012).

It has to be noted, however, that the infor-
mation for phylogenetic classification and in-
ference conveyed by spoligotyping is only an
approximation. In contrast to more canonical
phylogenetic markers such as SNPs (further dis-
cussed below), and as could be expected for a
mono-locus marker of this kind, spoligotyping
has been shown to exhibit a significant level of
homoplasy and convergent evolution that blurs
its phylogenetic signal (Comas et al. 2009). As
a prominent example, certain M. tuberculosis
strains from European and Asian countries that
displayed the prototypic nine-spacer signature of
Beijing spoligotype (part of lineage 2, according
to Gagneux’s classification (Coscolla and Gag-
neux 2014)) were demonstrated to be actually
part of a distinct main MTBC lineage, namely
lineage 3 (alias Delhi/CAS by spoligotyping), on
the basis of concordant results based on SNPs,
genomic deletions and 24-locus MIRU-VNTR
typing. This misleading pseudo-Beijing spolig-
otype signature resulted from an evolutionary
independent deletion from the RD207 deletion in
the direct repeat region, associated with the usual
Beijing spoligotype (Fenner et al. 2011).

3.2.4 MIRU-VNTR Typing

Because of the limited resolution of spoligo-
typing mentioned above, PCR-based molecular
epidemiological typing of MTBC strains is
mostly performed by using MIRU-VNTR typing.
This method interrogates multiple genomic loci,

mostly in intergenic regions, which contain
variable numbers of DNA tandem repeats. Repeat
unit sizes range from about 50 to 110 bp; the loci
thus show a similar structure as minisatellite
regions in higher eukaryote genomes (Supply
et al. 2000). MIRU-VNTR typing shares
the common principles of multilocus VNTR
analysis (MLVA) (Keim et al. 1999) techniques,
also widely used for typing and molecular
surveillance of other bacteria (Nadon et al.
2013). This typing is performed by amplification
of the target regions, using primers against the
unique flanking regions, followed by sizing of the
amplicons. As the lengths of the repeat units in
the different markers are known, the numbers
of repeat units in each target can be simply
deduced from the amplicon sizes, based on the
use of a standard allele calling table (www.miru-
vntrplus.org; see background/protocols). This
results in a numerical type code (24-number,
when the standard format is used, see below),
which enables easy comparison of results
between experiments and laboratories and
facilitates the establishment of standard web-
based analysis and nomenclature systems such as
www.miru-vntrplus.org (Fig. 3.1).

Following initial identification of different
VNTR and MIRU loci in MTBC genomes
(Frothingham 1995; Supply et al. 1997; Zhang
and Young 1994), different numbers and sets
of VNTR loci have been proposed and used
(Magdalena et al. 1998; Le Fleche et al.
2002; Smittipat et al. 2005; Smittipat and
Palittapongarnpim 2000; Skuce et al. 2002;
Roring et al. 2002; Mazars et al. 2001; Supply
et al. 2000; Warren et al. 2004; Gutierrez et al.
2006; Frothingham and Meeker-O’Connell
1998). To facilitate its uniform use for global
molecular surveillance, a 24-locus format,
including a discriminatory subset of 15 loci
with the highest evolutionary rates, has been
internationally standardized in 2006 (Supply
et al. 2006). This standard set of loci was selected
based on the analysis of a global sample of 824
isolates selected to test for technical robustness,
reproducibility, and appropriate balance between
the power to distinguish strains from the main
MTBC lineages and clonal stability in different

http://www.miru-vntrplus.org
http://www.miru-vntrplus.org
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sets of longitudinal isolates from chronically
infected patients or from confirmed human
transmission chains, as well as among single
colonies from individually cultured strains
(Supply et al. 2006).

MIRU-VNTR typing has been adapted to dif-
ferent platforms for sizing of the PCR fragments
with different throughputs. Although sizing of in-
dividual PCR fragments has also been described
based on non-denaturing high performance liquid
chromatography (Evans et al. 2004), the most
commonly used platforms rely on electrophoretic
separation. Using agarose gels, PCRs and sizing
of the amplicons are performed individually for
each locus (Mazars et al. 2001; Frothingham and
Meeker-O’Connell 1998). Although simple and
usable at low throughput, this method becomes
rapidly cumbersome upon increased fluxes of
strain samples. Single DNA dye-based multi-
capillary systems, such as the QiaXcel platform,
offer an intermediate throughput, as they enable
relatively quick and semi-automated size analysis
of amplicons from each individually amplified
marker (Gauthier et al. 2014; Matsumoto et al.
2013). This method recently proved reproducible
and accurate, except for some alleles with large
numbers of repeat (Nikolayevskyy et al. 2016).
Commercially available kits (Genoscreen) are
expected to further facilitate implementation and
robust use. The highest throughput are achieved
by using automated DNA analyzers with up to 96
capillaries and multiplexed PCRs based on multi-
dye chemistry, with semi-automated size analy-
sis and allele calling (Cowan et al. 2005; Allix
et al. 2004; Supply et al. 2006). Commercially
available kits (Genoscreen) adapted for Applied
Biosystems platforms include ready-to-go mixes
(and controls), for amplification of the 24 stan-
dard loci in six quadruplex PCRs (Supply et al.
2014) or of the four hypervariable loci (Allix-
Beguec et al. 2014; see below) in a single quadru-
plex PCR assay. Calibration kits including allelic
ladders are also available for initial calibration
of allele calling, to correct deviations between
the expected sizes based on the allele sequence
lengths and the actually observed sizes after an
electrophoretic run, which vary according to each
marker, the alleles of each marker, and individual

DNA analyzers (Allix et al. 2004; Supply et al.
2006). These kits also include bioinformatics
modules as well as validation DNA samples,
covering wide ranges of allelic variations across
the loci, for internal quality assurance of the
correct implementation of the whole process,
from PCR to final interpretation. Together with
the systematic approach used for the definition
and international standardization of the assay,
the availability of these tools for internal quality
assurance combined with the regular external
quality assurance rounds (see below) of typing
organized at worldwide level make MIRU-VNTR
typing a leading example for harmonization of a
MLVA method for international surveillance of
pathogens, fitting the recommendations of inter-
national public health institutions for standard-
ization of such methods (Nadon et al. 2013).

While MIRU-VNTR typing with agarose
gels or automated DNA analyzers using in-
house PCR conditions can also be highly
reproducible (Cowan et al. 2002, 2012; Savine
et al. 2002; Kremer et al. 2005a; Supply et al.
2001), international proficiency studies have
repeatedly shown that the use of automated
DNA analysers with commercial kits provided
the highest reproducibility of typing results (de
Beer et al. 2012, 2014b). In these studies, one
major cause of lower reproducibility in some
laboratories, especially in those not using kits,
was the utilization of a non-standard allele
calling system. Technical optimization of 24-
locus MIRU-VNTR typing compared to initial
standard conditions and commercial kits has been
proclaimed (de Beer et al. 2014a), but this asser-
tion has been contradicted (Supply et al. 2014).

Before the use of WGS for such purposes,
standard 15- or 24-locus MIRU-VNTR typing
has been evaluated in different population-
based studies for its discriminatory power versus
IS6110 RFLP and/or its capacity to identify
epidemiologically relevant molecular clusters,
such as defined by agreement with classical
epidemiological investigation or known risk
factors for TB transmission (e.g. Allix-Beguec
et al. 2008a, 2008c; Alonso-Rodriguez et al.
2009; de Beer et al. 2013; Bidovec-Stojkovic
et al. 2011; Roetzer et al. 2011; Oelemann et al.
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Fig. 3.2 MIRU-VNTR and whole genome sequencing-
based phylogenies of isolates from all (98%) culture-
positive TB patients 1992–2012 from East Greenland
(n D 182). (a) Minimum spanning tree based on MIRU-
VNTR genotypes created using MIRU-VNTRplus func-
tionalities. The colours represent five clusters including
isolates sharing a same genotype and ten unique strains
grouped into two clonal complexes, as defined by groups
of genotypes separated by a maximal distance of one-
locus change. (b) Maximum parsimony tree built from
1385 single nucleotide polymorphism (SNP) positions.

Numbers on branches indicate SNP distances. Branches
with just a one SNP distance are represented without a
number. Four genomic clusters (GCs) indicate isolates
grouped within maximal mutual distances of 12 SNPs.
Colours in the WGS-based tree correspond to clustered
and unique genotypes as identified by MIRU-VNTR typ-
ing in A. Note the clearly higher resolution obtained with
WGS analysis, although groupings based on genomic
clusters correlate overall well with those based on MIRU-
VNTR genotypes and clonal complexes (Adapted from
Bjorn-Mortensen et al. 2016)

2007; van Deutekom et al. 2005). The overall
picture was that standard MIRU-VNTR typing,
used alone or in combination with spoligotyping,
has a similar discriminatory power to IS6110
RFLP, and is generally in similar agreement with
findings from cluster investigation or known
risk factors, making it a suitable method for TB
surveillance systems, at least as an alternative
to IS6110 RFLP. As a result, this triggered a
general shift towards the general adoption of
this newer method in progressive replacement
of the former gold standard, for instance for
universal molecular-guided surveillance of TB in
the United States by the US Center for Disease

Control and Prevention (http://www.cdc.gov/
tb/publications/factsheets/statistics/genotyping.
htm), and the surveillance of drug resistant
TB in Europe by the European Center for
Disease Control (http://www.eurosurveillance.
org/ViewArticle.aspx?ArticleId=20742).

However, standard 15- or 24-locus MIRU-
VNTR typing lacks resolution power for
accurately discriminating closely related clones
that can predominate in high incidence settings,
such as those circulating in highly confined
human communities residing in Artic regions
(Bjorn-Mortensen et al. 2016; Lee et al. 2015a,
b) (Fig. 3.2), or those of the Beijing strain lineage

http://www.eurosurveillance.org/ViewArticle.aspx?ArticleId=20742
http://www.eurosurveillance.org/ViewArticle.aspx?ArticleId=20742
http://www.cdc.gov/tb/publications/factsheets/statistics/genotyping.htm
http://www.cdc.gov/tb/publications/factsheets/statistics/genotyping.htm
http://www.cdc.gov/tb/publications/factsheets/statistics/genotyping.htm
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that prevail in Russia or East Asia (Roetzer et al.
2011; Iwamoto et al. 2007; Mokrousov et al.
2008; Nikolayevskyy et al. 2006; Wada et al.
2007; Kremer et al. 2005b; Luo et al. 2014a).
Therefore, based on an evaluation of more
than 600 Beijing isolates from different world
regions, an international consortium proposed
an additional consensus set of four so-called
hypervariable MIRU-VNTR loci for subtyping
Beijing clonal complexes and clusters identified
by standard 15- or 24-locus typing (see Allix-
Beguec et al. 2014 and references therein). This
set provides an additional resolution power rela-
tive to the standard loci, while the stability of the
markers proved to be still sufficient to follow the
clonal expansion of a Beijing strain introduced on
the Gran Canaria island over more than 10 years
(Allix-Beguec et al. 2014). The additional use of
this four-locus set was also shown to contribute
to an improvement of the epidemiologically
true cluster definition for non-Beijing strains
(Trovato et al. 2016). The hierarchical use of
alternative subsets, partly or totally included
among the standard and hypervariable loci, has
been proposed for screening strain population
specific to some countries with smaller numbers
of markers (Luo et al. 2014a; Maeda et al. 2008;
Mokrousov et al. 2008).

Consistent with its multilocus basis, and even
if loci taken separately can show homoplastic
evolution patterns (Supply et al. 2000; Comas
et al. 2009), the phylogenetic information con-
veyed by 24-locus MIRU-VNTR types is less
prone to homoplasy than spoligotyping (Car-
doso Oelemann et al. 2011; Comas et al. 2009;
Wirth et al. 2008). As such, quantitative analysis
of the linkage disequilibrium between MIRU-
VNTR loci has been used to provide evidence for
the clonal evolution of M. tuberculosis (Supply
et al. 2003). Standard MIRU-VNTR typing has
also been used for identifying the population
structure and phylogenetic lineages of isolates
from multiple settings (e.g. Cardoso Oelemann
et al. 2011; Allix-Beguec et al. 2008a; Aleksic
et al. 2013; Biadglegne et al. 2015; Maes et al.
2008). Such typing has recently been utilized

to screen a collection of 5000 isolates from 99
countries to identify main clonal complexes of
the Beijing lineage, and select representatives for
WGS analysis, which allowed the reconstruction
of the evolutionary history of the lineage (Merker
et al. 2015). Bayesian and coalescence analyses
of MIRU-VNTR data have been used to detect
recent expansions of strain populations of main
MTBC lineages during the industrial revolution,
and estimate the age of the most recent common
ancestor of the complex at around 40,000 years
before present (Wirth et al. 2008), an estimate
that is not so far from the 70,000 year-estimate
obtained by at least one leading WGS-based
study published subsequently on this question
(Comas et al. 2013).

Databases freely accessible via the Inter-
net, such as MIRU-VNTRplus (www.miru-
vntrplus.org; Allix-Beguec et al. 2008b; Weniger
et al. 2010) and SIT-VIT (http://www.pasteur-
guadeloupe.fr:8081/SITVIT_ONLINE/; Demay
et al. 2012), have been developed, which exploit
the numerical format of MIRU-VNTR types for
genetic identification and analysis. In contrast to
SITVIT, MIRU-VNTRplus is fully designed for
the standard 24-locus format, and integrates mul-
tiple functionalities for easy uploading and anal-
ysis of MIRU-VNTR types (and spoligotypes) of
user strains, in comparison with reference strains
well characterised by classical phylogenetic
markers such as genomic deletions/regions of
differences (Fig. 3.1) (Allix-Beguec et al. 2008b).
Also included is a universal MIRU-VNTR
nomenclature system, called MLVA MtbC 15–9,
reflecting the allelic combinations over the 15
most discriminatory loci and the 9 less discrimi-
natory loci (Weniger et al. 2010). New universal
genotypes can be automatically generated for
user isolates, in case of allelic combinations as
yet unknown. As of October 2016, more than
18,000 different types based on the sole 15-
locus portion of the standard 24-locus types were
registered by worldwide users (http://www.miru-
vntrplus.org/MIRU/types15.faces), which gives
an appreciable overview of the global genetic
diversity of the MTBC.

http://www.miru-vntrplus.org/MIRU/types15.faces
http://www.miru-vntrplus.org/MIRU/types15.faces
http://www.pasteur-guadeloupe.fr:8081/SITVIT_ONLINE/
http://www.pasteur-guadeloupe.fr:8081/SITVIT_ONLINE/
http://www.miru-vntrplus.org
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3.2.5 Regions of Difference
and Single Nucleotide
Polymorphism Typing

Two other main categories of genetic markers
have been used for typing MTBC strains.
Because these methods have a relatively low
discriminatory power, they are primarily used
for phylogenetic purposes and classification
of MTBC isolates into phylogenetic lineages
and sub-lineages. Early studies of comparative
genomics, using microarrays or bacterial
artificial chromosomes, identified variable
regions, called regions of differences (RDs),
large sequence polymorphisms (LSPs) or indels,
among the MTBC genomes which consist
of genomic deletions compared to reference
strains (e.g. H37Rv), spanning from several
kbp to more than 10 kbp (Brosch et al. 1998,
1999; Gordon et al. 1999; Behr et al. 1999).
While prophage regions or regions flanked
by insertion sequence elements turned out to
be phylogenetically uninformative (because of
homologous recombination-mediated deletion
events that are strain-specific), other deletion
regions that were well conserved in different
strain groups were used to reconstruct a new
scenario of reductive clonal evolution for the
complex. With the help of PCR using primers
against flanking regions and Sanger sequencing
of the amplicons, the study of the distribution
of RDs and of their junction regions in different
strains showed that the different MTBC members
represent different clonal lineages originating
from a common ancestor, which resembled more
M. tuberculosis or M. canettii than M. bovis,
thus contradicting the traditional hypothesis of
zoonotic origin of human TB (Brosch et al.
2002; Mostowy et al. 2002). Using similar
approaches, additional RDs were identified
among M. tuberculosis and M. africanum strains
and used to define a more refined phylogeny,
with six main lineages of human TB-causing
strains (four composed of M. tuberculosis strains
and two of M. africanum or West African
strains) in addition to a lineage of animal TB-
causing strains (M. bovis and others) (note that
a seventh lineage of human TB-causing strains

and an additional lineage of animal TB-causing
strains have now been discovered, based on
WGS analysis (Coscolla and Gagneux 2014)).
These phylogenetically robust markers were
used to provide solid evidence for the global
phylogeographic structure of the pathogen and
the sympatric association between MTBC strains
and their human host populations (Hirsh et al.
2004; Tsolaki et al. 2004; Gagneux et al. 2006).
Other RDs specific to more regional strain groups
clustered by related spoligotyping and/or MIRU-
VNTR typing were discovered, which led for
instance to identify a clonal sublineage (named
RDRio) of M. tuberculosis predominating in
Brazil (Cardoso Oelemann et al. 2011; Lazzarini
et al. 2007), and M. bovis sublineages (named
Af1 and Af2, respectively) epidemiologically
important in West (Muller et al. 2009) and East
Africa (Berg et al. 2011).

Targeted interrogation of SNP positions, pre-
identified by comparison of reference genomes
(Filliol et al. 2006; Gutacker et al. 2002, 2006;
Homolka et al. 2012; Niemann et al. 2000a;
Coll et al. 2014) has also been used to analyze
the population structure of the pathogen, and
has been employed in the first commercial
assay using SNPs for discrimination of MTBC
members among clinical isolates in the routine
diagnostic laboratory (Hain MTBC Genotype
assay) (Richter et al. 2003). Minimal reference
sets of 13–62 phylogenetically informative
SNPs were defined based on strain collections
representing the main branches of the MTBC for
robust assignation of isolates into different main
(sub)lineages (Coll et al. 2014; Homolka et al.
2012). Based on a 62 SNP set, a convenient
numerical system reflecting the hierarchical
positions of branches and sub-branches within
the main lineages, numbered according to
Gagneux’s nomenclature, was proposed by Coll
et al. (2014). Similar to RDs and LSPs, such
approaches define genetic clusters of strains
at a broad taxonomic level. However, their
usefulness for defining the true phylogeny
of the MTBC is limited because of the SNP
selection bias necessarily resulting from the
choice of the reference genomes used to initially
identify the SNPs used for typing (Smith et al.
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2009). Multilocus sequence analysis (MLSA,
i.e. the targeted sequencing of several genes,
irrespectively of nucleotide variant positions pre-
defined by comparison of genome references)
was used as an alternative (Baker et al. 2004;
Sreevatsan et al. 1997; Homolka et al. 2012). As
a culminant example, Hershberg and colleagues
determined the sequences of as many as 89
genes (corresponding to 66,000 bp per strain)
in 108 strains, to establish the most detailed
phylogeny of the MTBC available at the time
(Hershberg et al. 2008). The results obtained
confirmed the main lineages identified by
RD/LSP-based studies, as well as the richness
of non-synonymous variation in the coding
sequences, also seen by early comparison of the
genome sequences of M. tuberculosis H37RV
and CDC1551 (Fleischmann et al. 2002), and
taken as evidence for reduced purifying selection
acting on the organisms. However, such large
efforts of targeted sequencing were re-considered
with the advent of next-generation sequencing
opening the way to genome-wide analyses.

3.3 Whole-Genome-Based
Typing

As outlined above, classical genotyping of
MTBC bacteria can help to discern recent chains
of transmission and address clinical questions,
e.g. by distinguishing re-infection/mixed
infections from cases of treatment failure or
relapse (Barnes and Cave 2003). Genotyping
can focus classical contact tracing investigations
by local health authorities on patients related
to ongoing or emerging MTBC outbreaks (i.e.
increased incidence of TB cases infected with
bacteria exhibiting identical DNA-fingerprints,
‘clustered’ cases). As such, it has been used
as a tool to evaluate TB control programs by
pointing out possible risk factors for recent
transmission events (Barnes and Cave 2003).
However, even the gold-standard method for
classical MTBC genotyping, 24-locus MIRU-
VNTR typing, interrogates just a selected

set of highly polymorphic regions that only
serves as surrogate marker for the entire
genomic profiles of clinical isolates and their
relationships. Furthermore, classical genotyping
provides no information on possible mutations
in specific genes such as drug resistance-
associated genes, thus, clearly limiting its clinical
usability.

In contrast, WGS provides the ultimate,
most comprehensive source of information on
the genome content of a given clinical isolate,
which can thus be used to most precisely
define its set of variable sequence positions, e.g.
when compared to the sequence of a reference
strain (e.g. H37Rv). This variation can then be
interrogated for numerous questions, ranging
from resistance predictions for virtually all
resistance markers (resistome) (see Chap. 12)
(Pankhurst et al. 2016; Walker et al. 2015;
Niemann and Supply 2014) to high-resolution
definition of clusters of TB transmission (see
Chap. 4). Such higher resolution frequently
allows to further discriminate strains grouped
in clusters by classical genotyping, thus allowing
more precise resolution of outbreaks, particularly
in places or conditions where the genetic
diversity of strains is low (Fig. 3.2). In addition,
data from WGS analysis can also allow to
estimate temporal scales of TB epidemics
after calculation of genome evolution rates
and dating of ancestries of the studied isolate
populations, based on reconstruction of SNP-
based phylogenies (Roetzer et al. 2013; Walker
et al. 2013a, 2014; Niemann and Supply 2014;
Merker et al. 2015; Luo et al. 2014b; Cohen et al.
2015; Eldholm et al. 2015). Finally, WGS can be
further exploited for a wide range of evolutionary
and comparative genomic applications as
discussed in several other chapters of this book.

Important steps in WGS analysis for molec-
ular epidemiological investigations are as fol-
lows: (1) DNA extraction and sequencing library
preparation, (2) massively parallel sequencing,
analysis of the sequencing results which can be
done by (3) mapping and SNP analysis or by
(4) genome wide multi-locus sequence typing
(MLST), and (5) interpretation and practical im-

http://dx.doi.org/10.1007/978-3-319-64371-7_4
http://dx.doi.org/10.1007/978-3-319-64371-7_12
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plications of the results. In the following, we will
discuss currently applied methodologies for each
step, as well as benefits and some limitations for
epidemiological inferences.

3.3.1 DNA Extraction and Library
Preparation

In the early days of NGS, a main limitation for
WGS of MTBC bacteria was the time needed
to obtain sufficient DNA quantities for subse-
quent library preparation protocols, which re-
quired several weeks of culturing starting from
clinical specimens due to the slow growth of
the organisms. A breakthrough came from newly
developed library preparation methods that re-
quire as little as 1–10 ng of DNA (e.g., Illu-
mina Nextera XT [1 ng], New England BioLabs
NEBNext Ultra [5–1000 ng], and Bioo Scien-
tific NEXTflex ChIP-Seq [1–10 ng]), resulting
in considerable reduction in the turn-around time
and overall costs. Using the Illumina Nextera
XT kit, renders it possible to perform WGS
from a starting material containing only a limited
amount of bacterial cells, such as early positive
MGIT960 cultures. When tested prospectively
by an international group of clinical laboratories
for complete mycobacterial diagnostics, such an
approach allowed to generate and interpret WGS
results within 9 days (IQR 6–10) at an average
cost of £481 per culture positive specimen in-
cluding staff time, consumables and equipment,
which was 7% lower than the total cost of classi-
cal, routine diagnostic workflow (Pankhurst et al.
2016).

However, even amounts as low as a few
nanograms of DNA are still well above the
amount obtainable from 104 mycobacteria in
1 ml of clinical sample, corresponding to the
classical threshold of detection by microscopic
examination. Contamination with of human
DNA and from bacterial flora present in clinical
specimens represents an additional obstacle, as
it minimizes the representation – and thus the
coverage – of specific, mycobacterial DNA in
the analysis. Direct, culture-independent WGS

analysis for diagnostic detection of MTBC
bacilli in sputum samples, after application of
a differential lysis step to reduce contamination
by human DNA, has been published (Doughty
et al. 2014). However, the coverage depths of
reference genome of 0.002X to 0.7X that were
reached were still far insufficient for reliable
SNP analysis and epidemiological inferences.
More specific enrichment strategies aiming to
increase the representation of mycobacterial
DNA in the sequencing step, such as that using
hybridization on large arrays of biotinylated
RNA baits spanning the length of the H37Rv
M. tuberculosis reference genome, are in
principle more promising (Brown et al. 2015).
However, as such enrichment is relatively
laborious, requires specific additional equipment
and increases consumable costs to more
than 350$ per sample, cost effectiveness and
workability in a routine workflow remains to be
demonstrated.

Another crucial part of the WGS workflow
resides in the quality control of the resulting
sequencing libraries, which includes measuring
the concentration and size distribution of the
obtained DNA fragments, by using capillary
electrophoresis systems (e.g. Fragment Analyzer,
from Advanced Analytical, or QIAxcel, from
Qiagen) or microfluidics chips (e.g. Bioanalyzer,
from Agilent). Some WGS strategies require
tightly controlled size distributions, which might
necessitate gel excision.

3.3.2 Massively Parallel Sequencing

The relative performances of the different NGS
technologies and platforms currently available,
with respect to DNA sequence output, cost per
Gb obtained, read lengths, or rates and types
of sequencing errors, are now well established
(Loman et al. 2012; Harris et al. 2013; Junemann
et al. 2013; Miyamoto et al. 2014; Laver et al.
2015). As a probable reflection, most studies
published hitherto have used short read sequenc-
ing, mostly based on Illumina technology with
50–300 bp read length ranges (Niemann et al.
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2009; Roetzer et al. 2013; Gardy et al. 2011;
Walker et al. 2013a, 2014; Smit et al. 2014;
Kato-Maeda et al. 2013; Bjorn-Mortensen et al.
2016). Only a few initial studies used GS FLX
(Roche/454) platforms with slightly longer reads
(Schurch et al. 2010; Sandegren et al. 2011), and
a single study used a SOLiD 5500XL instrument
(Applied Biosystems) (Colangeli et al. 2014).
Such short read sequencing approaches are well
adapted to classical SNP analysis after mapping
of reads on a reference genome, as explained in
the next section.

Longer reads are to be preferred for de
novo assembly approaches, especially when
completely circularized genomes and generation
of new genome references are aimed for. In
such cases, single molecule, real-time (SMRT)
sequencing (Pacific Bioscience) (Chin et al.
2013), producing read lengths that can currently
exceed 60 kbp, can be used. Because of this
and because errors are randomly distributed
over sequence positions of individual reads –
although error levels are higher than for Illumina
sequencing at individual read levels -, this tech-
nology can generate highly accurate consensus
sequence assemblies with sufficient coverage
depths (Miyamoto et al. 2014; Pouseele and
Supply 2015). However, given its relatively high
cost, this method is currently more appropriate
for research-oriented questions, rather than for
routine WGS-based typing. Oxford Nanopore
sequencing, also based on sequencing of native
DNA in real time conditions- but going through
nanopore channels in a miniaturized, so-called
MiniION sequencing device – generates even
longer read lengths of up to 200 kbp. However,
these advantages come with the current limitation
of a higher error rate at the sequencing read level
(Laver et al. 2015; Lu et al. 2016). Therefore,
proofs of principle of this technology have
been established for other applications, such
as rapid identification of drug resistance based
on presence/absence of specific genes for other
bacterial pathogens (Bradley et al. 2015; Lu et al.
2016).

3.3.3 Analysis of Sequencing
Results by Reference Mapping
and SNP Analysis

The method of choice for analysis of WGS data
for molecular epidemiological investigations and
for many evolutionary studies of MTBC strains
has been based on mapping of sequencing reads
and detection of sequence variants relative to a
given reference genome sequence (Roetzer et al.
2013; Walker et al. 2013a, 2014; Niemann and
Supply 2014; Merker et al. 2015; Luo et al.
2014b; Cohen et al. 2015; Eldholm et al. 2015;
Supply et al. 2013; Biek et al. 2012; Gardy et al.
2011; Comas et al. 2010, 2013; Stucki et al.
2015, 2016b; Boritsch et al. 2016a). The highly
clonal and conserved backbone of the MTBC
genomes (Boritsch et al. 2016b) favors this ap-
proach of comparison to a common reference
over approaches of de novo assemblies that are
more computationally demanding. The first his-
torically obtained and well-annotated complete
sequence, the M. tuberculosis H37Rv genome
(Cole et al. 1998), and to a much lesser extent the
M. tuberculosis CDC 1551 genome (Fleischmann
et al. 2002), are usually used as references. With
such mapping approaches, and subsequent exclu-
sion of repetitive regions (see below), sequence
variation can be captured for 92–95% of the
reference genome.

Despite their wide use and advantages for
a variety of research questions, such mapping
approaches also have limitations. As they are
restricted by design to the actual reference se-
quence used, DNA regions not present in the
reference sequence are not included in the anal-
ysis, and rare genomic re-arrangements are not
easily detected. However, some of these limita-
tions are minor given the overall conservation
of the MTBC genomes and might be further
reduced by the use of a chimaeric reference
composed of non-redundant parts of different
genomes. Furthermore, results from mapping-
based SNP analyses are specifically dependent
upon a defined set of genomes from a particular
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study, as variant positions depend on the strain
set considered. Thus, adding new isolates later
on, e.g. in the case of prospective molecular
surveillance, usually implies a new comparative
SNP analysis. In addition, because SNP positions
depend on the reference used, results obtained
by using distinct references can not be directly
compared.

More importantly, key parameters for map-
ping and SNP analysis have not been harmonized
across different laboratories and a standardized
analysis pipeline has not been established so far.
Published studies have used quite variable analy-
sis parameters using different pipelines combin-
ing diverse sets of software solutions for read
mapping and variant detection. This lack of stan-
dardization has sometimes resulted in very diver-
gent results e.g. demonstrated by the relatively
high amount of SNPs among outbreak isolates in
some studies (e.g. Gardy et al. 2011) compared
to other studies (e.g. Roetzer et al. 2013; Smit
et al. 2014; Walker et al. 2013a). These factors
render direct comparisons of findings from dif-
ferent laboratories difficult, and hamper the de-
velopment of a standardized application for inter-
national WGS-based molecular TB surveillance
and global strain comparisons. Concerted efforts
are ongoing in order to address this problem and
construct web-based platforms for exchanging
and analyzing WGS data on more normalized
bases (Starks et al. 2015).

3.3.4 Analysis of Sequencing
Results by Genome-Wide
MLST

Limitations indicated above for classical
reference mapping and SNP analysis can be
largely overcome by using a gene-by-gene
approach (Maiden et al. 2013), extending the
multilocus sequence typing (MLST) concept,
initially developed for six or seven house-
keeping genes, to a genome-wide typing scheme

(Maiden et al. 1998). Such an approach transfers
genome wide SNP diversity into a more easily
processed and standardizable allele numbering
system. The analysis is based on a predefined
scheme of genetic loci and their alleles present in
strains of a given species. Core genome MLST
(cgMLST) and/or pan-genome MLST (pgMLST)
schemes are usually defined on the basis of
the set of loci/genes shared (core genome) by
a well-chosen set of representative reference
strain genomes, or on the accumulation of non-
redundant genes detected in any of such reference
strain genome (pan-genome). A locus can be any
genomic region; it usually represents a coding
sequence (CDS), but can also be created for
other genomic features such as promoter regions
or spoligotyping spacers. For each locus, the
specific sequence variant represents an allele that
is assigned a unique, arbitrary allele number. The
combination of allele numbers of the complete
scheme obtained for a given strain defines a
sequence type (ST), which constitutes a portable
and universal genetic identifier of strains and
clonal complexes. Allele sequences are optimally
stored in central, publicly accessible web-based
databases such as BIGSdb (Jolley and Maiden
2010; Maiden et al. 2013).

Genetic relationships based on allelic profiles
can be easily calculated based on the comparison
of allelic identity or differences, regardless of
the number of distinct variant positions between
two alleles of a gene. As a secondary bene-
fit, genome wide MLST can also buffer against
potential skewing effects caused by importation
events of multiple polymorphisms into a genomic
region resulting from horizontal gene transfer
events from a distant strain, while it preserves
the phylogenetic signal conveyed by vertically
transmitted genetic variation in the other target
genes. Although this is important for bacterial
species prone to frequent inter-strain recombina-
tion, this aspect is of lower importance for clas-
sical strains of tubercle bacilli. Indeed, there is a
well-documented overall consensus that the clas-
sical MTBC shows a highly clonal evolution with
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no significant ongoing inter-strain recombination
(Hirsh et al. 2004; Supply et al. 2003, 2013;
Brosch et al. 2002, 2016b; Wirth et al. 2008;
Sreevatsan et al. 1997; Mostowy et al. 2002;
Baker et al. 2004; Comas et al. 2013), despite
few studies suggesting some genetic exchanges
among such strains (Namouchi et al. 2012; Liu
et al. 2006). Only M. canettii strains, representing
rare human TB isolates mostly obtained from
patients from the Djibouti region in East Africa,
show abundant traces of inter-strain recombina-
tion as inferred from numerous mosaic structures
in their genomes (see Chap. 2) (Gutierrez et al.
2005; Supply et al. 2013; Blouin et al. 2014;
Boritsch et al. 2014, 2016b), probably mediated
by distributive conjugal transfer (Boritsch et al.
2016b; Mortimer and Pepperell 2014; Derbyshire
and Gray 2014).

A first cgMLST scheme has been developed
for the MTBC (Kohl et al. 2014). It is
available through the publicly available BIGSdb
platform, and the commercial software packages
SeqSphereC (Ridom) and BioNumerics (Ap-
plied Maths). The suggested cgMLST scheme
encompasses 3257 CDS loci uniformly detected
in any of a set of seven representative MTBC
genomes, discarding genes associated with
repetitive regions (Comas et al. 2010) due to the
current limitations in correctly resolving these
regions with short read sequencing. This CDS
set represents about 80% of the coding capacity
of M. tuberculosis H37Rv. When evaluated for
resolving a set of 26 isolates from a selected
MTBC outbreak, this cgMLST scheme fully
agreed with a classical reference mapping and
SNP analysis approach in reconstructing the
overall phylogenetic relationships of the isolates.
As expected, cgMLST had a slightly lower
discriminatory power in this first evaluation,
due to SNPs detected by the classical approach
in intergenic regions and in genes not part of
the selected core set. This proof of principle
study thus supports the notion that a genome-
wide MLST approach is well suited for
continuous, self-consistent definition of the
genetic relationships and broad genomic clusters
in (growing) strain collections and generating
universal strain identifiers such as needed in
prospective surveillance. Where needed, the

reference mapping method can then be applied
for isolates in cgMLST-defined clusters to
maximize genomic resolution for fine-tuned
outbreak investigations and possibly better
resolving individual transmission chains. A
similar two-step strategy, combining in this
case pgMLST with reference mapping-based
SNP analysis, has been recently used to resolve
two outbreaks caused by Staphylococcus aureus
at ultra-high resolution in a neonatal context
(Roisin et al. 2016).

Of note, a pgMLST scheme available through
the BioNumerics software suite has also been
developed for the MTBC, based on the cumu-
lative compilation of genes from additional se-
lected MTBC reference genomes and M. canettii
genomes to represent ancestral lineages of the
tubercle bacilli (Supply et al. 2013). Although
perhaps less directly useful for standardized typ-
ing, this extended scheme provides more resolu-
tion power and allows for more comprehensive
analysis of the gene content in the genomes of
the diverse tubercle bacilli.

3.4 Molecular Cluster Definition
by Classical Typing and WGS

The relevance of epidemiological inference
based on a particular molecular typing technique
depends on a properly established significance
and definition of molecular clusters based on
that method. Such significance and definition
evidently depend on the actual mutation
rates of the markers involved- and thus, in
the case of the WGS-based typing, on the
genome mutation rate – during infection and
human to human transmission, which is also
correlated with the discriminatory power of the
markers. Various estimates of mutation rates
for markers of classical typing methods and
for the M. tuberculosis genome are listed in
Table 3.2.

While spoligotypes are known to almost never
change among longitudinal isolates from trans-
mission chains or individual patients, their vari-
ability among unrelated isolates within a lineage
is also limited, reflecting an overall low mutation
rate (Kremer et al. 1999). Thus, molecular clus-

http://dx.doi.org/10.1007/978-3-319-64371-7_2
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Table 3.2 Estimates of mutation rates and levels of homoplasy associated with different typing methods of MTBC
isolates, and usual range of applications

MTBC markers Mutation rate estimates Homoplasy index Applications

Spoligotype 2.0 � 10�2–9.0 � 10�2 per yeara Yes/relatively high Preliminary screen of genetic
diversity, excluding possible
laboratory contaminations

Regions of
difference/targeted
interrogation of
phylogenetic SNPs

Not determined No (Sub-)lineage classification

IS6110 sequence 0.0135 changes per copy per
yearb

Yes/low to moderate
(genotypes with low
numbers of IS6110
copies)

(Local) molecular
epidemiological investigations,
differentiation between
relapse/re-infection

0.0161 changes per copy per
yearc

MIRU-VNTR loci 7.0 � 10�4–1.5 � 10�2 per locus
per yeara

Yes/moderate (Global) molecular
epidemiological investigations,
differentiation between
relapse/re-infection, screening

for potential TB transmission
clusters, screening for lineage
identification

3.3 � 10�4–9.8 � 10�3 per locus
per yeard

10�4 per locus per yeare

2.5 � 10�3–2.6 � 10�2 per locus
per yearf

1.2 � 10�3–2.6 � 10�3 per locus
per yearg

WGS/genome wide
SNP analysis

0.24–0.34 SNPs per genome per
yearh

No/very low Molecular epidemiological
investigations, differentiation
between relapse/re-infection,

high resolution outbreak
investigation, drug resistance
prediction, robust phylogenetic
analysis

0.26–0.66 SNPs per genome per
yeari

0.3–0.5 SNPs per genome per
yearj,k

0.3–0.7 SNPs per genome per
yearl

0.93–1.56 SNPs per genome per
yearg

0.13–0.27 SNPs per genome per
yearm

0.0073–0.013 SNPs per genome
per yearn (long-term rate)

References are as follows: aReyes and Tanaka (2010), bTanaka and Rosenberg (2001), cRosenberg et al. (2003),
dRagheb et al. (2013), eWirth et al. (2008), fAandahl et al. (2012), gEldholm et al. (2016), hEldholm et al. (2015),
iRoetzer et al. (2013), jFord et al. (2011), kFord et al. (2013), lWalker et al. (2013a),mBos et al. (2014), and nComas
et al. (2013)
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ters based on spoligotyping alone are generally
considered of weak significance, if any, for infer-
ring TB transmission (Barnes and Cave 2003).

The mutation rates of standard and hypervari-
able MIRU-VNTR genotypes have been evalu-
ated in more details by measuring the actual rates
of genotypic changes in large sets of longitudinal
isolates from chronically infected patients, from
well documented transmission chains, and from a
large outbreak spanning more than 10 years orig-
inating from the introduction of a single clone
in the Gran Canaria island (Allix-Beguec et al.
2014; Savine et al. 2002; Supply et al. 2006; Velji
et al. 2009). Genotypes were fully conserved
in almost all cases within clonal sets, and only
rare changes – always limited to single-locus
variations – indicating development of a clonal
subpopulation e.g. during longitudinal treatment
or delayed diagnosis (Al-Hajoj et al. 2010; Gar-
cia de Viedma et al. 2005) – were detected among
clonally allied isolates. Therefore, cluster analy-
sis should be based on strict identity of MIRU-
VNTR alleles over the 24 standard loci (and over
the 4 hypervariable loci, if used in addition), as a
proxy to ongoing TB transmission in populations
(Allix-Beguec et al. 2014; Savine et al. 2002;
Supply et al. 2006). As an additional conse-
quence of such limited variation among isolates
descending from a common clonal ancestor over
periods extending to at least 10 years, differences
in at least two MIRU-VNTR loci or simultaneous
detection of double alleles in two loci or more
in an isolate can be safely concluded to reflect
infections from independent strains/sources or
mixed infection with two independent strains,
respectively (Allix et al. 2004; Garcia de Viedma
et al. 2005; Shamputa et al. 2006; Merker et al.
2013; Supply et al. 2006). Using this rule of
minimal genotypic changes, MIRU-VNTR typ-
ing based on standard and hypervariable loci is
thus best used as a reliable exclusion method
(Supply et al. 2006; Allix-Beguec et al. 2014).

Based on these measures of actual genotypic
changes in clonal isolates during human infection
and human to human transmission, and taking
into account the differences in rates of changes
between loci as inferred by relative frequencies
of single locus variations in a large population-

based strain sample, a mean mutation rate of
10�4 per standard MIRU-VNTR locus per year
was estimated, which was further supported by
posterior Bayesian analysis of different datasets
(Wirth et al. 2008; Merker et al. 2015). This
results in a combined mutation rate of 2.4 10�3

per year per 24-locus genotype, which trans-
lates in a mean of 0.05 pairwise (single-locus)
changes expected in sets of isolates descending
from a same original clone over 10 years. This
prediction matches well the range of 4–12 single-
locus changes actually observed among sets of
86 or 92 clonal isolates from two studied large
clonal outbreaks, each spanning 15 years (Allix-
Beguec et al. 2014; Roetzer et al. 2013). Hence,
this mutation rate is well supported by actual
variation detected during longitudinal transmis-
sion, and appears more likely than divergent es-
timations obtained through modelization or other
means (Aandahl et al. 2012; Grant et al. 2008;
Ragheb et al. 2013; Reyes and Tanaka 2010), as
these have not taken into account e.g. significant
differences in mutation rates between loci or
using much less defined/smaller sets of isolates
for their estimation (see discussion in Supply
et al. 2011a, b).

However, as a consequence of the relatively
low mutation rate of MIRU-VNTR genotypes
(see above), clustering based on MIRU-VNTR
typing without epidemiological or clinical inde-
pendent support should be considered only as
a potential indication for TB transmission or a
true relapse episode. Typically, only about half
of the molecular clusters detected based on 24-
locus MIRU-VNTR typing in populations of low
incidence settings are confirmed by epidemiolog-
ical investigation (de Beer et al. 2013), and a
recent WGS-based study found that about half
of the 24-locus- and spoligotyping-based clusters
including patient isolates in Switzerland were
further distinguished by WGS with a separa-
tion of >12 SNPs between the isolates involved
(Stucki et al. 2016a). In high incidence settings
where more homogenous strain populations pre-
dominate, such as those of the Beijing lineage
or those circulating in Artic regions (Fig. 3.2),
the proportion of isolates clustered by MIRU-
VNTR typing and/or other classical methods but
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distinguished by WGS may even be higher (Luo
et al. 2014b; Lee et al. 2015a, b; Bjorn-Mortensen
et al. 2016). Hence, patient isolates clustered by
MIRU-VNTR typing that are not independently
supported by classical epidemiological investiga-
tions should be prioritized for WGS analysis.

Like for the definition of a threshold for
MIRU-VNTR typing, the above threshold
of genomic distances of >12 SNPs used to
exclude recent transmission based on WGS was
defined based on pilot studies systematically
measuring genome-wide mutation rates in
large sets of longitudinal isolates obtained
from chronically infected patients, household
outbreaks, confirmed transmission chains in
a large community outbreak, or other sets of
epidemiologically linked isolates confirmed by
contact investigation in low TB incidence settings
in Western Europe. Based on the observed
distributions of SNPs and time spans separating
clonal isolates, mutation rates of 0.3–0.5 SNP per
genome per year have been estimated (Bryant
et al. 2013; Roetzer et al. 2013; Walker et al.
2013a), and maximal thresholds ranging from
5 (stringent, most likely) to 12 SNPs (more
putative) have been defined, beyond which recent
transmission is considered unlikely (Walker
et al. 2013a) (Fig. 3.3). This range of short-
term mutation rates has been confirmed by WGS
analyses of other large longitudinal outbreaks
in medium (Argentina, Eldholm et al. 2015)
and high TB incidence settings (South Africa,
Cohen et al. 2015), and is supported by data from
experimental infection of simian models (Ford
et al. 2011). This genome wide mutation range,
higher by two orders of magnitudes relative to
the rate of 24-locus MIRU-VNTR genotypes,
thus illustrates well the higher resolution power
of WGS relative to classical typing.

However, this limit of maximum 5–12 SNPs
to support or exclude recent transmission based
on WGS may not be universally applicable, and
needs to take into account possible specificities of
the studied settings, strain and/or patient popula-
tions. For instance, some studies found as many
as 14 SNPs to 24 SNPs between isolates from
(presumed) directly epidemiologically linked pa-
tients, reflecting possibly extensive microevolu-
tion within some patients with potential differen-

tial transmission of subpopulations to secondary
cases (Perez-Lago et al. 2014; Luo et al. 2014b).
Conversely, Lee and Colleagues found that in the
Canadian Artic, where the genetic diversity of
M. tuberculosis strains is limited, a significant
number of isolates from patient pairs residing
in different villages in the Canadian Arctic and
classified as improbable transmission cases were
separated by as few as 2–12 SNPs (Lee et al.
2015a, b). On this basis, they defined a very strin-
gent threshold of 0 to maximum 1 SNP to define
transmission clusters within a village and com-
pared pairwise SNP differences between isolates
within villages and between villages to infer most
frequent routes of transmission (Lee et al. 2015a).
In a similar area in East Greenland with remote
and poorly populated human settlements and a
very low diversity of M. tuberculosis strains, a
group of researchers used a different algorithm
taking into account both SNP distance and year
of isolation to identify subgroups with active
transmission and guide targeted public health
interventions (Bjorn-Mortensen et al. 2016).

Similar strategies of WGS cluster analysis
might be relevant in other world regions domi-
nated by homogenous MTBC strain populations
such as those of particular branches of the Beijing
lineage in China and Eurasia (Luo et al. 2014b;
Merker et al. 2015). Importantly, as mutation
rate estimates and SNP thresholds for defining
epidemiologically relevant clusters also depend
on the parameters and methods employed for
WGS data analysis, they should be established
and validated using generally acknowledged al-
gorithms.

3.5 Practical Implications: What
Method to Use in What
Context and for What
Question

The mutation rates linked to the resolution power
of the typing methods determine their potential
range of applications (Table 3.2). However,
the choice of what typing method to use
also depends on several additional parameters,
including the levels of available resources, the
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Fig. 3.3 Definition of molecular epidemiological clus-
ters using WGS analysis based on proposed cut-off values
from a reference study in the UK (Walker et al. 2013a).
This study systematically measured levels of genomic
variation within relatively large sets of longitudinal iso-
lates from individual TB patients from household out-
breaks with various time spans between the isolates in
the various sets. Thresholds of SNP distances for defining

linked and likely linked cases around an index patient
were set based on the observation of maximal variations
of 5 SNPs (orange circle) for most cases and of 12 SNPs
(blue circle) for few exceptional cases. Cases with SNP
distances exceeding the latter threshold are considered
unlinked. These thresholds may need to be evaluated and
possibly adapted depending upon local epidemiological
contexts and local strain populations

main question(s) to address, and the epidemi-
ological or strain population context that is
considered.

Estimation of typing costs per strain is not
straightforward, as these costs are influenced
by the number of isolates to be analyzed in a
given study or per time period, and by whether
a method is already established in the laboratory
or outsourcing of the typing work is preferred.
Nevertheless, as an example for 68 outbreak
isolates screened out of 1,642 isolates, Stucki
and colleagues reported estimated costs per
isolate of 3US$ for a SNP assay established in-
house (requiring preliminary WGS analysis), and
26US$ for spoligotyping, 49US$ for standard
MIRU-VNTR typing and 330 US$ for WGS,
based on commercial services as of August
2014 (Stucki et al. 2015). Costs of the three
latter methods when performed in-house are
expected to be about two to three times lower.
This relative hierarchy remains largely valid as of
early 2017.

The choice of a method also depends on
the technical expertise that is available. WGS
is again the most demanding approach in this
respect, given the expertise in bioinformatics
needed for relevant analysis and interpretation of
NGS data. If adequate resources are available,
WGS will undoubtedly be the method of choice
if most precise/comprehensive information is
desired for public health-related, clinical and/or
basic research questions. For instance, WGS
can uniquely provide potential information on
the directionality of transmission, as a reflection
of the vertical inheritance and accumulation of
mutations without any detectable reversions.
Thanks to its highest resolution power, it
can also uniquely help to determine so-called
super-spreaders (corresponding to particularly
contagious cases) in the population investigated.
The presence of super-spreader cases is
suggested by detection of star-like patterns
in WGS-based trees, � by using algorithms
allowing for potential hypothetical nodes such



3 The Evolution of Strain Typing in the Mycobacterium tuberculosis Complex 65

as minimum spanning and maximum likelihood
trees or median joining networks – indicating
multiple secondary cases originating from a same
common node/index case (Walker et al. 2013a,
b, 2014; Gardy et al. 2011; Perez-Lago et al.
2014; Stucki et al. 2015). However, inferences on
super-spreaders can be blurred by potential co-
existence and differential transmission of clonal
subpopulations in some patients, particularly in
cases of persistent disease with levels of diversity
within a patient that can be as high as that
observed between patients along a transmission
chain (Perez-Lago et al. 2014).

WGS should also be prioritized for best de-
lineation and estimation of starting dates of out-
breaks, based on estimates of genome evolution
rates (Cohen et al. 2015; Eldholm et al. 2015;
Roetzer et al. 2013; Bryant et al. 2013). The
same choice should be made if drug resistance-
related questions are also to be addressed, for
instance in order to reconstruct the sequential
accumulation of mutations leading to epidemic
MDR- and XDR-TB strains (Cohen et al. 2015;
Eldholm et al. 2015). If performed rapidly from
newly positive cultures or potentially even di-
rectly from clinical samples (Pankhurst et al.
2016; Walker et al. 2015; Brown et al. 2015),
WGS analysis can also be of direct diagnostic
benefit. Further aspects on drug resistance and
genomic epidemiology will be discussed in the
following chapters.

Although less informative and precise than
WGS, standard MIRU-VNTR typing can be used
for initial screening or more routine/focal pur-
poses, such as (approximate) strain lineage iden-
tification, ruling out/in of reinfection or labo-
ratory contamination episodes, or exclusion or
inclusion of from/in potential TB transmission
clusters. As indicated in the previous section,
isolates that are clustered based on standard (and
hypervariable) MIRU-VNTR markers can then
be prioritized for subsequent WGS analysis, es-
pecially in the absence of supportive epidemio-
logical data or when the genetic diversity of the
strain population is known to be restricted (as in
Artic regions, see above).

Such a strategy combining different meth-
ods in a staggered manner can also be an effi-
cient, cost-effective option, especially when deal-
ing with large strain collections from multiple
sources and global questions, such as the evolu-
tion of major lineages of the MTBC (Luo et al.
2015; Merker et al. 2015; Stucki et al. 2016b).
In these studies, MIRU-VNTR, spoligotyping,
SNP and/or RD-based typing were first used
as screens in large datasets to identify isolates
of the respective lineages, and to select repre-
sentatives of main clonal complexes for subse-
quent WGS analysis and reconstruction of the
overall genetic structure and bacterial population
dynamics.

Finally, typing using reference RDs or using
well defined reference phylogenetic SNPs can be
used alone if the priority is to analyze poten-
tial links between phenotypes and main strain
lineages in a given strain set, or to know the
broad distribution of main MTBC (sub)lineages
in a geographic region (Hirsh et al. 2004; Reiling
et al. 2013). Spoligotyping can also be used
alone as a relatively easy guide for the latter
purpose, although the precision for (sub)lineage
identification will be substantially lower because
of the levels of homoplasy seen with this typing
method (see Sect. 2.3). The latter method can also
be utilized for possible exclusion of laboratory
contamination episodes.

3.6 Concluding Remarks

WGS undoubtedly represents the culminant point
in the evolution of the MTBC genotyping meth-
ods. Its intrinsically superior resolution power
combined with decreasing prices of NGS and the
many additional advantages described above ar-
gue for its increased adoption for TB surveillance
and control, particularly in higher resourced set-
tings. However, methodologies of WGS-based
typing are still evolving and standardization is
still awaited for facilitating its use in global TB
surveillance. Even more so than for classical
typing, some important analysis parameters in-
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fluencing epidemiological inferences are partic-
ularly sensitive to the algorithms used for iden-
tification of genome variation and the particular
epidemiological and biological contexts, which
results in additional complexity in the interpre-
tation. In addition to pointing out such complexi-
ties, this chapter described potential solutions and
options for adapting WGS analysis depending
on local contexts and facilitating standardization,
such as development of cgMLST for universal
description of the genomic diversity and more
comprehensive understanding of the global trans-
mission of MTBC strains.
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of Tuberculosis
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Abstract

The application of next generation sequencing technologies has opened
the door to a new molecular epidemiology of tuberculosis, in which we
can now look at transmission at a resolution not possible before. At the
same time, new technical and analytical challenges have appeared, and
we are still exploring the wider potential of this new technology. Whole
genome sequencing in tuberculosis still requires bacterial cultures. Thus,
although whole genome sequencing has revolutionized the interpretation
of transmission patterns, it is not yet ready to be applied at the point-of-
care. In this chapter, I will review the promises and challenges of genomic
epidemiology, as well as some of the new questions that have arisen from
the use of this new technology. In addition, I will examine the role of
molecular epidemiology within the general frame of global tuberculosis
control and how genomic epidemiology can contribute towards the elimi-
nation of the disease.
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4.1 Introduction

The tuberculosis (TB) epidemic has changed
since 1993 when TB was declared a “global
health emergency” by the World Health
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Organization (WHO). At that time, TB control
was insufficient in most countries of the world,
and large outbreaks occurred even in high-
income countries (Comas and Gagneux 2009).
Since 2015, elimination of TB is back in the
public health agenda, but at different speeds
across the globe (Dye et al. 2013). Some
countries like the United States are close to
eliminating TB among US-born patients, while
TB incidence remains significantly higher
among immigrants. By contrast, in 6 of the 22

© Springer International Publishing AG 2017
S. Gagneux (ed.), Strain Variation in the Mycobacterium tuberculosis Complex: Its Role
in Biology, Epidemiology and Control, Advances in Experimental Medicine and Biology 1019,
DOI 10.1007/978-3-319-64371-7_4

79

mailto:icomas@ibv.csic.es


80 I. Comas

high burden countries such as Mozambique or
Pakistan TB is on the rise, and the growing
incidence of TB already multidrug-resistant
(MDR) is hampering control programs. Human
immunodeficiency virus (HIV) is no longer
the only co-morbidity focusing attention of
the public health community. Diabetes, alcohol
abuse and smoking are also driving the disease in
developing countries. Globally, TB incidence has
only started to decline but at a pace insufficient
to eliminate the disease in the next century.
The DOTS program set up by WHO in 1996
barely can cope with this changing epidemic,
and now that elimination is back on the agenda,
there are concerns that we are reaching the
limits of DOTS (Dye et al. 2013). Efforts like
DOTS-plus have been developed to address
MDR-TB in resource-limited countries, but
DOTS-plus relies on culture facilities and
prompt diagnosis (Sterling et al. 2003). Even
though DOTS has saved six million lives, we
will need to adapt global TB control to the
specific epidemics in each country or geographic
region. The “one-size-fits-all” approach cannot
be applied anymore to a situation, in which
many countries are close to reaching elimination,
while in others the epidemic is still ongoing
(WHO 2015).

The good news is that in the last 5 years,
we have witnessed the development of new tools
against TB that are slowly being integrated into
control programs. Rapid molecular tests, in par-
ticular Xpert MTB/RIF, have dramatically im-
proved and accelerated the diagnosis of TB and
are being used for drug resistance surveillance
(Pai and Schito 2015). However, despite of these
major achievements, many problems around the
global rollout of these tests remain. For example,
these tests are mainly used at referral centers
and are yet to be further developed into point-of-
care diagnostics. Moreover, increased detection
of TB cases does not always lead to an increase of
cases starting or completing treatment. Two new
drugs, bedaquiline and delamanid, have recently
been licensed for the treatment of TB for the first
time in 40 years, but so far, they have primarily
been used on a compassionate basis for MDR

and XDR-TB cases (Zumla et al. 2014). While
still evaluating their future role on global TB
control, we are far from being able to substitute
the current four drug regimen lasting 6 months by
a new and shorter regimen. Moreover, we have
already witnessed the emergence of resistance
to these new drugs (Bloemberg et al. 2015) and
even cross-resistance to some of them (Andries
et al. 2014). In 2013, the first novel vaccine
candidate for prevention of TB infection has
entered clinical trials (Tameris et al. 2013). The
vaccine failed to enhanced protection compared
to the current, almost century old BCG vaccine.
However, the work showed that it is possible
to carry out controlled TB vaccine clinical tri-
als at a large scale. Many additional new vac-
cine candidates are in the pipeline, but none of
them are expected to be licensed for clinical use
anytime soon.

An additional dimension of global tuberculo-
sis control is how to tackle on-going transmis-
sion. Part of the problem is that DOTS failed
to deliver one of its primary aims. By treat-
ing patients early and providing full follow-up,
DOTS was expected to limit both the emergence
of drug resistance and transmission. But even
under the umbrella of the most advanced public
health systems in low-endemic countries, direct
transmission of TB still accounts for up to 20%
of cases, while in high-burden countries, it is
the main contributor to disease incidence (up to
75% of cases) (Yates et al. 2016). As a result,
even the success of DOTS limiting the num-
ber of new drug resistance cases is in danger
as lack of control of transmission will leave
room for MDR-TB to spread. Therefore, new
epidemiological tools to inform new intervention
strategies including advances towards real-time
molecular epidemiology are needed to limit TB
transmission. However, real-time molecular epi-
demiology in TB is a challenge. This is because
the nature of an outbreak in TB is very special.
One could even argue whether outbreaks in TB
exists at all. First, most individuals infected do
not develop TB disease. For the remaining, it can
take months, years or even decades for active
TB to develop. Contrary to most acute infections,
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outbreaks of TB may span years before being
noticed. For those cases, in which progression to
active disease occurs within months there is room
for infection control, but because the TB bacteria
take between 2 and 4 weeks to grow in culture, by
the time molecular epidemiological data is gen-
erated, it is already too late for an intervention.
This is the reason why molecular epidemiology
has been usually confined to retrospective studies
rather than represent a tool for infection control
in real-time. Yet, we badly need such a tool to cut
transmission.

Whole genome sequencing (WGS) shows
great potential for becoming the ideal tool to
tackle TB transmission. WGS has been shown
to resolve with greater resolution transmission
clusters and overcome the limitations of
conventional genotyping techniques by avoiding
false assignments to transmission clusters
(Walker et al. 2013). It is still not an ideal
marker due to the slow pace of mutation
accumulation, but when combined with classical
epidemiological analysis, it becomes a powerful
tool. Furthermore, due to the comprehensive
nature of genomic data, it has already given
important insights into different aspects of the
biology of TB bacteria, including the emergence
of drug resistance (Comas et al. 2012; Cohen
et al. 2015), within-host bacterial variation
(Eldholm et al. 2014), and responses to immune
pressure (Comas et al. 2010). However, until
now, the use of WGS has largely been confined
to research environments, and in most cases, it
has been applied retrospectively. In this chapter,
I will review different aspects on the application
of WGS to better understand the epidemiology
of TB. In particular, I will review the use of
WGS to resolve large TB outbreaks, define
transmission clusters, monitor new interventions,
and differentiate relapse from re-infection.
Moreover, I will review recent insights gained
from WGS into the biological factors driving the
bacterial diversity within patients and between
transmission cases, and how this diversity may
impact epidemiological inference. I shall end by
discussing the future role of WGS in the global
control of TB.

4.2 Next-Generation DNA
Sequencing Applied
to the Tubercle Bacilli

In 1905, a strain of Mycobacterium tuberculosis
known as H37 was isolated from an outbreak in
the United States. That strain is today known as
H37Rv and is the reference strain used world-
wide for experimental work on M. tuberculosis.
In 1998, H37Rv was among the first bacterial
genomes to be fully sequenced, opening the era
of TB genomics research (Cole et al. 1998). The
genome of H37Rv and its experimental manip-
ulation has represented a quantum leap on the
development of new antibiotics, vaccines and
diagnostics. It has paved the way for an im-
proved understanding of the genetic determinants
of clinical resistance to antibiotics, and helped
defining regions appropriate for molecular typing
or identifying virulence factors that now are the
basis for many of the vaccine candidates under
development.

In 1998, sequencing a bacterial genome re-
quired 2 years of work and cost around 4–5
million US dollars. Today, we could sequence
M. tuberculosis H37Rv hundreds of times in less
than a week and at price hundreds of thousands
of times cheaper than in 1998. It is therefore
not surprising that the whole genome sequence
of bacterial pathogens is becoming the new gold
standard used as an epidemiological marker (Lo-
man and Pallen 2015). The first next-generation
sequencing technology (also known as deep se-
quencing, massive sequencing and next genera-
tion sequencing) was introduced in 2005. Con-
trary to the previous techniques used for whole
genome sequencing, known as shotgun sequenc-
ing, next generation sequencing technologies do
not require a cloning step in Escherichia coli. The
other main feature of these new technologies was
the high throughput in terms of sequencing yield
in a single run. Illumina platforms are the most
widely used for bacterial genome sequencing
today. The mean genome size of M. tuberculosis
is around 4.4 million base pairs (bp). If one
were to run a single strain of M. tuberculosis
on an Illumina MiSeq platform with v3 kits, one
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would read each nucleotide of the genome 3400
times, i.e. the coverage of the strain would be
3400�. With the NextSeq “rapid run” platform,
the coverage would be around 27,200�, and
on an Illumina HiSeq platform at full capacity
136,300�. On an Ion Torrent platform, one can
read each base up to 455 times. Reading the
same position of the genome hundreds of times
is typically not necessary as for many studies we
are interested in a coverage around 80�. Thus, all
of these platforms generate much more data than
what we really need to analyze a single genome.
To take advantage of the high throughput of these
new sequencing machines, several strains are
usually multiplexed in a single run. The amount
of multiplexing depends on the targeted cover-
age, but in theory one can sequence at 80� up to
1700 strain in a single run of HiSeq 1500/2500.
To allow multiplexing for each strain, the ge-
nomic DNA is sheared into fragments of 500–
1000 bp and specific nucleotide tags are added
that can be retrieved during the bioinformatics
analyses and used to assign each sequenced read
to its corresponding strain. By multiplexing, one
not only maximizes the number samples ana-
lyzed in one run, but one also reduces the time
and the cost per sample. Multiplexing allows
sequencing one strain for 80–100 euros if it
is done in-house with recommended reagents.
If customized reagents are used, the price can
drop to below 50 euros, which is not more ex-
pensive than other methods for the molecular
characterization of pathogens used in clinical
microbiology units of hospitals in high-income
countries.

The other main feature of next generation
sequencing technologies that has to be taken
into account is the length of the sequencing
reads. Depending on the organism, one usually
needs to choose a platform based on a trade-off
between read length and overall throughput. In
TB epidemiology, short read length technologies
are mostly used that generate reads between 100
and 300 bp. There are several reasons for that.
The throughput is much higher, and as we have
seen above, this is essential for high multiplexing
and lower price. In addition, for M. tuberculo-
sis, the bioinformatic analysis does usually not

reconstruct the strain genome (approach known
as “de novo assembly”) but maps the sequencing
reads to a reference genome. This is because it is
known that in terms of gene content and genome
structure, all strains are very similar. Indeed, the
average nucleotide identity is above 99% and
thus many stretches of the genome are almost
identical across strains. This reference mapping
is known as re-sequencing and it is very useful to
identify single nucleotide polymorphism (SNPs)
among strains. The drawback is that short reads
are difficult to map to repetitive regions and
those regions must therefore be excluded from
the analysis.

In more genetically diverse bacteria, the strat-
egy of mapping to a reference can be misleading
unless there is a priori knowledge that they have
a very recent common ancestor (for example
if they belong to the same outbreak than the
reference genome). In the case of E.coli, up to
60% of the gene content may not be shared
across strains, and a mapping to reference will
therefore likely miss important information on
the origin and other genomic characteristics of
the strain of interest (Gordienko et al. 2013). In
these cases, it is better to build a new genome
from the sequencing reads based on those reads
that are overlapping. In general, technologies that
produce longer reads are more likely to generate
a better assembly of the genome. These so-called
third generation technologies like PacBio (Pacific
Biosciences) not only generate reads between 10
and 15 kb, but also work with the DNA molecule
directly, thus avoiding the PCR steps necessary
when using the Illumina or Ion Torrent platforms.
This is why PacBio and other technologies like
Oxford Nanopore are considered single molecule
technologies (Loman and Pallen 2015). In ad-
dition, single molecule sequencing can identify
simultaneously the methylation pattern of the
DNA molecule. The drawback is that because
the throughput of third-generation technologies
based on long reads is comparably low, one
cannot multiplex many strains and thus the price
per strain becomes too high for routine public
health and diagnostics purposes. One common
strategy is to combine both technologies so short-
read sequenced strains can be mapped to accu-
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rate assemblies of representative strains gener-
ated with long-read technologies. In summary,
short-read, highly multiplexed technologies are
currently preferred for molecular epidemiologi-
cal studies or diagnostics of bacterial diseases in-
cluding TB. In the future, technologies that offer
simultaneously high multiplexing, long reads and
cheap sequencing will likely replace the current
combination of different technologies.

4.3 The Genome as
an Epidemiological Marker

In TB, the first evidence that the whole genome
sequencing can lead to a higher epidemiological
resolution was the analysis of two strains from
Uzbekistan (Niemann et al. 2009). Those strains
had almost exactly the same MIRU profile and
RFLP pattern, the two most commonly used
epidemiological markers (reviewed in Chap. 3).
The only known difference between these two
strains was the drug sensitivity profile, as one
was pan-susceptible and the other multidrug-
resistant. Whole genome sequence data revealed
a more complex picture with dozens of SNP
differences between the strains. For the first time,
it was shown that the genome can provide a
greater resolution than other molecular markers.
Moreover, this study provided first evidence that
the M. tuberculosis complex is more diverse than
previously anticipated, even at an epidemiologi-
cal scale. This analysis was performed using one
of the first next-generation sequencing platforms,
the Solexa Genome Analyzer (known as Illumina
today). Shortly thereafter, another technology,
Roche 454, was used to analyze genomes from
the first and last case of a suspected transmission
cluster (Schurch et al. 2010). Again the genome
showed a higher resolution compared to conven-
tional methods.

In 2011, the first large-scale genome analysis
of a TB outbreak was published, starting the
era of genomic epidemiology for TB (Gardy et
al. 2011). In this landmark publication, Gardy
et al. analysed 36 cases belonging to an out-
break in British Columbia previously identified
by MIRU and/or RFLP typing, and spanning

several years. WGS was able to trace a clear
picture about how the outbreak started. In par-
ticular, this analysis pointed to the importance
of a superspreader in the outbreak. Superspead-
ers are patients that generate a disproportionally
high number of secondary cases. Superspreaders
rather than chains of transmission seem to be a
common transmission topology in TB. Following
this initial publication, other large outbreaks have
been described, all of them have in common
the complexity of the transmission network. In
Hamburg, a large outbreak identified by MIRU-
VNTR included 86 cases between 1996 and 2011
(Roetzer et al. 2013). However, not all cases were
linked by epidemiological investigations, and be-
fore whole genome sequencing, the true source of
the outbreak remained unknown. WGS analyses
closed the gap between molecular and epidemi-
ological data. Two different outbreaks with two
closely related but distinct strains were involved.
One was linked to many of the cases of the first
years and the other was still on-going in 2010.
This explained the lack of epidemiological links
between the patients involved in this outbreak,
and why the index case was so difficult to trace.
Thus, with the high resolution obtained from
whole genome sequences we can apply different
evolutionary tools, including phylodynamics and
phylogeography, to dissect the tempo and mode
of transmission and drug resistance acquisition of
successful M. tuberculosis clones (Eldholm et al.
2015).

Genomic analysis applied to specific strains
of interest has also allowed to identify the true
extend of an outbreak. This information can be
of vital importance for public health authorities.
Recent examples of that include TB outbreaks in
Bern, Switzerland (Stucki et al. 2015a) and in
Almeria, Spain (Perez-Lago et al. 2015). In the
Bernese outbreak, Stucki et al. (2015a) applied
WGS to three strains of an outbreak that started
in Bern among homeless people, a typical high
risk population for TB in high-income coun-
tries. These strains were thought to be repre-
sentative of the diversity within the outbreak as
they were chosen from different periods during
the outbreak. By comparing to control strains,
Stucki et al. (2015a) were able to identify single
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nucleotide polymorphism (SNPs) that could be
used to assign patients to the outbreak. Real-time
PCR analyses designed based on these SNPs was
then developed and applied to the retrospective
collection of 1642 TB cases in the canton of Bern
between 1991 and 2011. The analyses allowed
assigning 68 new cases to the Bernese outbreak.
The RFLP pattern between all these strains was
almost identical. In contrast, WGS comparison
revealed the true complexity of the outbreak.
Transmission network reconstruction based on
genetic data detected three central nodes in the
topology of transmission that combined with epi-
demiological data allowed to detect two index
cases that had infected many others, i.e. two
superspreaders. The Bernese outbreak is an ex-
ample of how WGS data can illuminate epidemi-
ological investigations in TB. A similar approach
was used by Pérez-Lago et al. (2015) to identify
retrospectively and prospectively new cases due
to an M. tuberculosis strain that had already
led to many secondary cases in Almeria, Spain.
The authors developed a SNP-typing approach
similar to Stucki et al. (2015a, b) but based on
a low-cost, low-tech, decentralized protocol with
the aim to use it at the point-of-care or the closest
referral center. The typing assay is called TRAP
and can be run on a gel to quickly scan a large
number of strain both from cultures and sputum
samples.

These different works are examples of how
genomic information can be used to identify
transmission patterns, and how a technology that
is not universally accessible can help to design
other rapid and low-cost molecular assays. In
summary, the application of WGS to specific
outbreaks have shown its superiority when com-
pared to conventional typing tools and have led to
important new epidemiological insights (Walker
et al. 2013).

4.4 Population Scale Analysis
of TB Transmission Using
WGS

Public Health England has led the way to imple-
ment WGS as both an epidemiological marker

and as a diagnostic for public health systems. In
a series of publications from 2012 to 2015, they
have demonstrated the potential impact of WGS
on the control of TB. In a landmark paper, Walker
and collaborators (Walker et al. 2013a) published
the first large-scale, population-based study of
TB transmission based on WGS. In that study,
the superiority WGS over previous strain typing
methods was corroborated by identifying more
accurately those cases belonging to an outbreak.
At the same time, the authors sequenced serial
isolates from the same patient and isolates from
different body parts of the same patient. Based
on these data, the authors proposed a threshold
to identify a transmission link between two TB
cases. Specifically, a genetic distance separating
patient isolates of five or fewer SNPs was used
to define high-confident transmission clusters,
as most of the time, these clusters were also
supported by epidemiological links. A genetic
distance of between 5 and 12 SNPs was con-
sidered a cluster in which recent transmission
was very likely but often not supported by epi-
demiological data. A genetic distance of more
than 12 SNPs was defined to classify epidemi-
ologically unrelated cases. Using those thresh-
olds, a study in Switzerland has shown that stan-
dard genotyping (MIRU) overestimates the rate
of transmission among immigrant (Stucki et al.
2015a). This is likely due to the high genetic
similarity of strains circulating in high-burden
countries. In addition, it is important to remember
that identification of transmission clusters based
on WGS data does not necessarily imply that
transmission has occurred at the place of study.
For example, transmission between immigrants
may have occurred at their country of origin,
followed by progression to active disease at the
country of residence. This is best exemplified
by the detection of transcontinental spread of M.
tuberculosis clones like in the published case of
Thai refugees in California (Coscolla et al. 2015).

The SNP thresholds described above have
been corroborated by other studies, but most
examples are from low-burden countries (Bryant
et al. 2013b; Hatherell et al. 2016). The com-
plexity of the global TB epidemic suggests that
the same threshold may not apply equally to all
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epidemiological settings. For example, in high-
burden countries where there is a high rate of
on-going transmission, several genetically sim-
ilar clones may act as index cases of different
transmission clusters, and thus differentiating be-
tween those clusters will be difficult (Yates et
al. 2016). The only example from a high-burden
country we have until now is the analysis of 1687
TB patient isolates collected in rural Malawi
between 1995 and 2010 (Guerra-Assunção et al.
2015a). Genetic distances and genetic network
analyses showed consistency with the thresholds
described by Walker et al. (2012). However, this
is just one case, and it is likely that the situation
may change in large urbanized African settings.
Similarly, areas with a high burden of MDR-TB
might also show different patterns. Due to the
selection of drug resistance mutations, we can
expect a higher number of mutations between
epidemiologically linked strains as a result of ge-
netic hitchhiking effects (further discussed in the
following section) (Sun et al. 2012; Eldholm et al.
2014; Liu et al. 2015). For example, by looking
at serial isolates of a single patient Eldholm
et al. (2015) identifies more SNPs separating
the isolates than the number expected between
two transmission cases. To date, only one large
population-based study has been published from
a high- MDR-TB burden setting in Russia (Casali
et al. 2014). The study included more than one
thousand patient isolates, 50% of which were
MDR. Most of these MDR isolates carried the
mutation S450L in the rpoB gene. This mutation
is generally the most common mutation confer-
ring resistance to rifampicin. In addition, large
transmission clusters also carried additional fit-
ness compensatory mutations, mainly in the rpoC
gene (Comas 2012), partially explaining the high
transmissibility of these strains in the region.
Unfortunately, because the associated epidemi-
ological data was not published, it is difficult
to evaluate SNP thresholds levels to delineate
transmission clusters in this Russian dataset.

The epidemiological significance of SNP
thresholds remains a matter of ongoing research.
On the one hand, we lack data from different
epidemiological settings. On the other hand,
calling SNPs from next generation sequencing

data is not straightforward (O’Rawe et al. 2013).
There are multiple steps in the bioinformatics
analyses that can introduce false positive or
false negative SNPs. It is thus very important to
implement and follow multiple quality control
checkpoints. In particular, mobile elements
and repetitive regions of the M. tuberculosis
genome are difficult to interrogate with short
read length technologies such as Illumina. In a
typical analysis, most of these loci are excluded.
In addition, other loci can also be problematic.
For example, scars from insertion elements that
led to incorrect mapping of reads and unknown
deletions and/or insertions can complicate the
analysis. Importantly, the parameters used for
mapping and SNP calling are critical. Finally,
initial quality of the sequencing data is key.
Given that epidemiological inferences are based
in small number of SNPs, it is recommended
to corroborate results independently with a
different analysis pipeline and/or by laboratory
confirmation of a subset of SNPs. In addition,
Illumina technology is currently the main
platform used in genomic epidemiology of
TB, but we do not yet know the potential
epidemiological impact of using long-read
sequencing platforms (Quail et al. 2012). These
platforms, although expensive, should allow
identifying SNPs in regions of the genome
that are not accessible by short-read sequencing
technologies. While some of these regions, like
the PE/PPE genes, are clearly the most variable
of the M. tuberculosis genome (Copin et al.
2014), they are also likely involved in gene
conversion events and/or recombination with
external sources (Phelan et al. 2016). Thus, even
if interrogated with the appropriate technology,
we first will need to understand if and how
these loci can be exploited for epidemiological
purposes.

4.5 Role of Within-Host Diversity
in Transmission Inference

As in any other pathogen, the bacteria belonging
to the M. tuberculosis complex are in constant
evolution, and it is therefore not surprising that
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the bacterial population infecting a patient is
not genetically homogeneous (Pérez-Lago et al.
2013). Understanding this within-host diversity is
crucial, as it can have important consequences for
drug resistance diagnostics, epidemiology and
disease outcomes (Didelot et al. 2016). One im-
portant open question is what is the magnitude of
within-host diversity during TB infection? This
question has been mainly studied in the context of
drug resistance because of its clinical importance.
Historically, clinical microbiologists have recog-
nized the phenomenon of heteroresistance, which
manifests in discordant results of drug suscepti-
ble testing using repeat testing or different iso-
lates from the same patient (Van Rie et al. 2005).
Heteroresistance suggests that there are two co-
existing populations in the patient, one drug-
resistant and the other susceptible to a particular
drug. WGS has the potential to identify the geno-
types of these co-existing populations. Moreover,
we can follow how the relative frequency of these
genotypes changes over time, based on serial
samples from the same patient (Sun et al. 2012,
Eldholm et al. 2015). The precision of this tech-
nique is such that we can detect drug resistance
minority variants in an otherwise homogenous
population at the 10% or even 5% level when
the sequencing coverage is high enough. The
drawback is that many of these minority vari-
ants associated with drug resistance are identified
based on cultured specimens, and thus we cannot
easily trace back their origin in the lung. How-
ever, PET-CT scans have been able to correlate
different lesions in the lung with different M.
tuberculosis genotypes obtained from cultured
isolates, suggesting that micro-geography of the
lungs and the lung lesions are important for the
selection of genetically distinct sub-populations
(Liu et al. 2015).

The co-existence of several bacterial
clones within an individual patient has been
demonstrated beyond the case of heteroresistance
(Pérez-Lago et al. 2013). But what is the origin
of such genetic variation? Recent efforts using
whole genome data have explored this variation
both in vivo and in vitro (see Chap. 13). The
mean whole genome mutation rate as derived
from experiments with cynomolgus macaques

is around 0.39 (0.16–0.80 95% CI) SNPs per
genome per year (Ford et al. 2011). This rate
was found to be similar between macaques that
developed active disease and those that remained
latent although the number of SNPs analyzed
were too low to allow for strong statistical
conclusions. In fact, given that the generation
time of the bacteria is thought to be longer during
latency, the authors concluded that the mutation
rate was higher during latency than during active
disease (Ford et al. 2011). The same research
group was later able to define the in vitro rate
of mutation of different strains belonging to
different lineages in the presence and absence
of different antibiotics (Ford et al. 2013). This
in vitro rate was fairly similar to the rate seen in
vivo in macaques, and slightly higher for Lineage
2 compared to Lineage 4.

However, the mutation rate of bacteria mea-
sured in short-term experiments is not neces-
sarily the same than the substitution rate we
observe in a clinical setting. This is because
in addition to the rate of mutation generation,
we have to consider the action of evolutionary
forces. Most of the mutations arising de novo are
either neutral or deleterious. Neutral mutations
can increase in frequency unnoticed, whereas
deleterious mutations will be removed, more or
less efficiently, by natural purifying selection.
Thus, the action of evolutionary forces uncou-
ples the intrinsic bacterial mutation rate from
the substitution rate. Importantly, the substitution
rate is time-dependent because natural selection
needs time to act. Hence, the shorter natural
selection can act, the closer the substitution rate
will be to the intrinsic mutation rate (Rocha et al.
2006; Biek et al. 2015). This explains why the
long-term substitution rate of many pathogens
is much lower than the mutation rate or the
rate measured over short periods of time. At
the epidemiological level, the substitution rate
can be derived by comparing the number of
differences between two transmission cases and
the difference in time of diagnosis between both
cases. This approach has been used to estimate
the short-term substitution rate of M. tuberculosis
in clinical settings. Findings from several studies
converged in a substitution rate of 0.3–0.5 SNPs

http://dx.doi.org/10.1007/978-3-319-64371-7_13
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per genome per year, thus very close to the in
vivo and in vitro mutation rate discussed above.
However, the variance around that estimate is
so high that it has to be interpreted cautiously
(Bryant et al. 2013b). One of the main “known
unknowns” likely to impact our inferences of
mutation- and substitution rates is latency. To
date, only one study has used time of infection
rather than time of diagnosis to measure the
substitution rate in M. tuberculosis. The study
showed that the substitution rate during latency
was much lower than during active TB (Colan-
geli et al. 2014). Much more data is needed
to draw conclusions about the substitution rate
throughout the life cycle of M. tuberculosis. In
the meantime, we are limited to model the sub-
stitution rate based on estimates during infection
and transmission.

How is the mutation rate modulated by differ-
ent evolutionary forces within the host? Again,
this is best exemplified in the context of antibiotic
treatment. As antibiotics are a strong selective
force, the mutations causing drug resistance are
positively selected. Because M. tuberculosis is
clonal, other mutations present in a particular
genetic background experiencing such positive
selection are also selected, even when they have
nothing to do with antibiotic resistance. This phe-
nomenon is called genetic hitchhiking and have
been elegantly described in several publications
(Sun et al. 2012; Eldholm et al. 2014). In this
context, the drug resistance conferring mutation
can also be referred to as “driver” mutations,
and the hitchhiking mutations as “passenger”
mutations. However, it is also important to un-
derstand the bacterial variation expected in a
patient that does not develop drug resistance. In
these cases, purifying selection is mainly act-
ing in the form of antibiotic purification (Black
et al. 2015). However, variation maybe present
because of neutral processes (e.g. genetic drift)
or because of selection due to an unidentified
evolutionary force. Thus, as a consequence of
the equilibrium between different evolutionary
forces, the amount of bacterial variation seen
in different patients may vary substantially. For
example, a recent study has shown that bacterial
variation can be observed in most consecutive

sputum samples obtained from a given patient
(Pérez-Lago et al. 2013). By contrast, other stud-
ies have reported no genetic differences between
bacterial samples from the same patient, even
when the cultures were separated by more than
1 year (Pérez-Lago et al. 2015). The causes of
these discrepancies are not well understood, but
they might be linked to differences in treatment
efficacy, variation in the site of infection, or
the differential control of the bacterial load by
the immune system. However, what is clear is
that within-host bacterial diversity exists both
inside and outside the context of drug resistance.
From a practical standpoint, the potential overlap
between within-patient diversity and the diversity
seen between transmission cases will complicate
the epidemiological interpretation (Pérez-Lago
et al. 2013). From a biological standpoint it is
important to identify the small fraction of SNPs
detected that are linked to natural selection pres-
sures apart from antibiotics.

4.6 Special Cases of Within-Host
Diversity: Relapse,
Re-infection
and Co-infection

One major outcome measured by clinical trials
of new drugs and drug regimens is the number
of relapses occurring after successful completion
of the treatment (Johnston et al. 2015). In high-
burden countries, it is difficult to differentiate be-
tween a true case of relapse, indicating failure of
the drug/regimen, or reinfection after treatment
completion. Thus, molecular tools that can easily
identify these two situations are key to evaluate
new interventions. Several recent examples have
highlighted the potential of WGS data to distin-
guish between relapses and secondary infections
(Bryant et al. 2013a; Guerra-Assunção et al.
2015b). However, these studies also highlight the
complexity associated to the interpretation of the
data.

As discussed before, a difference of 10–12
SNPs is often used as the cutoff to define a
transmission link. This same cutoff can be used
to determine if two TB episodes in the same
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patient are due to the same strain or not. Applying
this logic, Bryant et al. (2013a) identified the
number of true relapses versus the number of re-
infections in the context of a clinical trial of a
new treatment regimen (ReMOX-TB) (Gillespie
et al. 2014). Forty-seven patients had a second
episode of TB after completing treatment. Using
the SNP-threshold approach, the authors found
that 33 of the 47 patients had less than 12 SNPs
between the first and the second isolate, indi-
cating cases of true relapse. Only three cases
harboured very different strains, indicated by a
pairwise difference of more than 1000 SNPs;
accordingly, these cases were classified as re-
infections. In addition, the authors also reported
a mix of two strains during the second episode
of one patient. One of the isolate was almost
identical to the isolate of the first episode while
the other was clearly different. This single pa-
tient therefore likely represents case of relapse
due to the presence of the original strain, plus
a re-infection as a new strain was detected in
the second episode. Similar results were ob-
tained after analysis of relapse cases in a long-
term epidemiological study carried out in Malawi
(Guerra-Assunção et al. 2015b). However, there
are limitations detecting such mixed infections.
Identifying a re-infection when the second strain
belongs to a different lineage is straightforward,
as the strains will be separated by hundreds or
thousands of SNPs. However, in high-burden
countries, where many of the strains circulating
are closely related, classifying strains as “the
same” or “different” is much more challenging
(Guerra-Assunção et al. 2015b).

WGS data also gives us the opportunity to
detect co-infection in a single sample, i.e. cases
in which two genetically distinct M. tuberculosis
strains (more than 12 SNPs) co-exist in the same
patient. These cases where difficult to identify
until now as one had to rely on e.g. identifying
evidence of mixed number of alleles in MIRU
loci (see Chap. 3). However, this approach tends
to miss many instances of co-infection, as single
locus data has low resolution. By contrast, be-
cause WGS achieves high coverage, the presence
of two different isolates in the same culture
becomes evident when looking at SNP positions

where the reference allele and the variant allele
coexist as low frequency variants (i.e. none of
these alleles are fixed in the population). SNP
positions showing this mix of reference and vari-
ant allele are known as “heterozygous calls”, and
are indicative of two different sub-populations
present in the culture. Heterozygous calls maybe
related to clonal diversification from a single
infecting strain within the lung of a patient. In
this case, the number of heterozygous calls is
expected to be low given the low mutation rate
of M. tuberculosis. On the other hand, if two
different strains infected the same patient, the
number of heterozygous calls will be higher.
Thus, as in the case of relapse and re-infection,
the number of heterozygous calls detected can be
used to differentiate between these two scenarios.
To be compatible with clonal diversification, the
number of heterozygous calls must be below the
12 SNP threshold used to identify transmission
clusters. If more than 12 SNPs are seen, one
can safely assume that two different strains are
co-infecting the same patient. However, although
in theory differentiating between clonal diversi-
fication and co-infection is straight forward, in-
terpreting heterozygous calls is very challenging
(Hatherell et al. 2016). Due to errors in mapping
and SNP calling, much noise can be introduced
during the bioinformatics analyses. As a result, it
is often difficult to differentiate between true and
false heterozygous calls. This is particularly rel-
evant when the sequencing is done directly from
the diagnostic sample, in which DNA from un-
related organisms (i.e. contaminants and/or com-
mensals) might be present. This contaminating
DNA maybe sequenced together with the DNA of
interest, which can contribute to a percentage of
the heterozygous calls. In practice, bioinformat-
ics analyses can easily detect a co-infection when
the number of heterozygous calls is larger than
100, and clonal diversification when the number
is below 12; however, anything in between, is dif-
ficult to interpret (Guerra-Assunção et al. 2015b).
In summary, high-throughput WGS is an ideal
tool to identify co-existing variants, but more
work is needed to develop analytical tools than
can reveal co-infection when the two infecting
strains are evolutionary close (between 20 and

http://dx.doi.org/10.1007/978-3-319-64371-7_3
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100 SNPs). This is especially relevant in high-
burden countries where transmission is often due
to highly similar strains (Kay et al. 2015).

4.7 Reconstructing Transmission

The high variance in terms of genetic changes
accumulated over time seen during both between
host transmission and within a single patient
leads to a very weak correlation between time
and accumulated sequence diversity in M. tuber-
culosis (Bryant et al. 2013b). This weak corre-
lation between time and accumulated number of
SNPs is known as overdispersion of the molecu-
lar clock. A practical consequence is that the low
correlation limits our ability determine the exact
time of infection using genetic data (Hatherell et
al. 2016). Only when large transmission clusters
spanning several years or even decades are ana-
lyzed, researchers have been able to correlate the
dating based on genomic substitution data with
the epidemiological records (Roetzer et al. 2013).
Thus, new analytical approaches are needed to
model the genetic diversity seen during infec-
tion and transmission, and can use the informa-
tion to build accurate genealogies on how and
when transmission has occurred. Several such ap-
proaches have recently been developed, although
not all of them have been tested in large-scale,
population-based studies. Most approaches, like
Outbreaker (Jombart et al. 2014), use the genetic
data to infer the most likely network of trans-
mission between isolates of a cluster, minimizing
the number of genetic changes between isolates.
However, as usually happens for this kind of
approximations, clusters must be defined a priori,
meaning that the researcher needs to select those
strains suspected to be involved in a transmission
group. As a consequence, transmission can only
be defined among suspected cases, limiting the de
novo discovery of cases linked to transmission in
population-based samples. In addition, the “car-
riage” state represented by the latency period is
usually not explicitly modeled. Hence, these ap-
proximations are better suited for acute diseases
where infection, disease and transmission are di-

rectly linked (Jombart et al. 2014). Didelot et al.
(2013) have developed a new way of interpreting
transmission in bacterial infections including TB.
Their approximation is based on using a dated
phylogenetic topology, i.e. one that incorporates
epidemiological data like date of diagnosis, and
convert it into transmission events in a Bayesian
framework. Furthermore, other epidemiological
data like geography can be incorporated to de-
lineate the most likely epidemiological scenario.
The approach takes into account the amount
of genetic diversity that may have accumulated
within the patient during latency. It may be the
case that within-host diversity can be neglected in
most of the cases, particularly if the first isolate
of each patient is analyzed. However overall,
there remains a general lack of data to evaluate
the true role of within-patient diversity. Certainly
in the context of drug resistance, one expects a
potentially misleading effect of this diversity on
epidemiological inference (Eldholm et al. 2015).

In parallel, tools to understand the epidemic
dynamics from WGS data are being applied to M.
tuberculosis (see Chap. 15 for a review). Based
on the principles of Bayesian phylodynamics,
those approximations allow to infer important
epidemiological parameters like incidence,
prevalence, and changes in the basic reproductive
number (R0) over time (Grenfell et al. 2004;
Stadler et al. 2012). The integration of the
phylodynamic and epidemiological frameworks
is a research field in constant development,
and thus different approaches are available,
ranging from classical coalescence to birth-death
models (Stadler et al. 2012). Compartmental
epidemiological models like SIR (susceptible–
infected–removed) (Rasmussen et al. 2011;
Kühnert et al. 2014) can be also incorporated
as well as geographical data (du Plessis and
Stadler 2015). These different approaches are
based on different assumptions, and it remains
to be seen which one will perform best in the
case of TB (Stadler et al. 2012). Again, the effect
of latency and how best to model it remains a
“black box” that needs to be addressed in the
future. Nevertheless, these efforts will play an
important role in the future, as we will be able
to evaluate the impact of new interventions using

http://dx.doi.org/10.1007/978-3-319-64371-7_15
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genetic data as well as predict epidemic trends
based on the evolution of R0 over time.

4.8 Challenges of Genomic
Epidemiology

WGS is becoming the new gold standard for
molecular epidemiology of TB. It provides
higher resolution than previous molecular mark-
ers, which allows for both a better delineation
of transmission clusters and the potential to
establish the direction of transmission. However,
we still have many knowledge gaps to resolve
(van Soolingen 2014).

4.8.1 Understanding the Biology

To properly model what happens within a patient,
we need to understand how bacterial genetic
diversity is generated within a patient and how
much of it is transmitted. Linked to that, we
need to determine the contribution of latency to
the diversity seen, and how to account for it
in transmission models. Interpretation of trans-
mission network is also not straightforward, and
while algorithms have been developed, they are
not always easy to implement. Moreover, they
still have to be evaluated at a larger scale. This
is particularly true if we want to move towards
routine WGS in the clinical environment.

4.8.2 Beyond Distance Thresholds

Since the publication of Walker et al. (2012), us-
ing SNP threshold has become the rule to define
transmission clusters. However, these thresholds
are likely not universal, and have to be tested in a
wider range of epidemiological settings. For ex-
ample, due to the action of natural selection, it is
very likely that in high MDR-TB burden settings,
we will find epidemiologically linked cases with
more than 5 or 12 SNPs. Furthermore, distance
thresholds are useful but can be misleading. The
absence of an intermediate transmission link, an
un-sampled index case for example, may separate

two strains that are in fact epidemiologically
related. As we have seen, algorithms that capture
the diversity and complexity of transmission trees
are being developed. These methods should be
tested at a larger scale to understand how to
interpret transmission at the population level.

4.8.3 Towards Routine Genomic
Epidemiology

Interpretation of WGS data is not straightfor-
ward, and remains mostly confined to the re-
search settings. Efforts have been done in certain
places, most notably Public Health England/NHS
and the US CDC, but we are still far from
democratizing WGS among medical institutions
and across countries. Implementation of WGS
must also be integrated in local, regional, and
national health systems, and the results shared
across the globe to accelerate diagnostic and
epidemiological research (Yozwiak et al. 2015).
However, the reality in high-burden countries is
very different. This is best illustrated by the low
number of genomic epidemiological studies pub-
lished to date from high-burden regions. In most
of these countries, the only routine diagnostic
remains sputum microscopy, and there is usually
no access to bacterial cultures. Thus, the genomic
revolution will likely take time to get to these
high-burden, low-income countries given that the
benefits remain limited.

4.8.4 Genomic Sequencing
from Diagnostic Samples

The real genomic revolution in TB clinical prac-
tice will be the direct sequencing from complex
sputum samples. The advantages of such an
approach are multiple. It will eliminate the need
for culture, generate a positive diagnostic result
in less than a week or perhaps even hours,
and will be used simultaneously for infection
control. However, the challenges of obtaining
an M. tuberculosis genome from a sputum
samples are enormous. Some advances have been
achieved recently, for example by performing
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diagnostic metagenomics (Doughty et al. 2014).
This approach consists in isolating total DNA
from sputum and subject it to direct sequencing.
However, for samples with low bacterial load, M.
tuberculosis enrichment strategies must be ap-
plied (Brown et al. 2015, Votintseva et al. 2017).
An alternative is targeted sequencing of certain
regions of the genome, including known drug
resistance loci, an approach also referred to as
high-throughput amplicon sequencing (Colman
et al. 2015). While still in early days, there is no
doubt that new approaches will be developed,
some probably linked to real-time, portable
genomic technologies like those based on
nanopores (Bradley et al. 2015, Votintseva et al.
2017) that have been successfully applied during
the recent Ebola epidemic (Quick et al. 2016).

4.9 Practical Implications
of Genomic Epidemiology

WGS has the potential to, and to some extent
already is, revolutionizing molecular epidemi-
ology of TB. Once more powerful analytical
tools are developed, we will be able to establish
a high resolution picture of TB transmission
in different epidemiological settings, which will
help developed tailored control strategies. Such a
high resolution picture will allow determining the
role of different host, bacterial and environmental
factors in the transmission of TB. In addition,
together with geopositioning data, we will be
able to develop new tools for spatial epidemi-
ology of TB. Thus, genomic epidemiology will
improve our view not only of the various drivers
of TB transmission, but also of the specific foci of
transmission. If factors driving TB transmission
can be established, particularly those involving
human and bacterial variation, new avenues of
research will open and contribute to a better
understanding of the complex interplay between
the host and the pathogen. In addition, WGS
offers the opportunity to identify the genetic
changes and the evolutionary forces behind infec-
tion, disease and transmission. Indeed, the study
of mutations associated with drug resistance is
currently leading the way, but we need to identify

the genetic loci of both the host and the pathogen
that are under different selective pressures. If
we are able to identify such loci, a whole new
opportunity for research will be created for the
development of new drugs, vaccines and host
directed therapies. Finally, if we are able to po-
sition WGS analysis close to point-of-care and to
the diagnostic sample, we will transition from a
tool used in retrospective studies to a tool used
for infection control and monitoring treatment
efficacy in real-time. While there is still a lot
of work to do in terms of standardization and
interpretation, genomic epidemiology can have
a central role on the new strategies for global
TB control and help pave the way towards TB
elimination.
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Abstract

Tuberculosis is caused by different groups of bacteria belonging to the
Mycobacterium tuberculosis complex (MTBC). The combined action of
human factors, environmental conditions and bacterial virulence deter-
mine the extent and form of human disease. MTBC virulence is a compos-
ite of different clinical phenotypes such as transmission rate and disease
severity among others. Clinical phenotypes are also influenced by cellular
and immunological phenotypes. MTBC phenotypes are determined by
the genotype, therefore finding genotypes responsible for clinical pheno-
types would allow discovering MTBC virulence factors. Different MTBC
strains display different cellular and clinical phenotypes. Strains from
Lineage 5 and Lineage 6 are metabolically different, grow slower, and
are less virulent. Also, at least certain groups of Lineage 2 and Lineage 4
strains are more virulent in terms of disease severity and human-to-human
transmission. Because phenotypic differences are ultimately caused by
genotypic differences, different genomic loci have been related to various
cellular and clinical phenotypes. However, defining the impact of specific
bacterial genomic loci on virulence when other bacterial determinants,
human and environmental factors are also impacting the phenotype would
contribute to a better knowledge of tuberculosis virulence and ultimately
benefit tuberculosis control.
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5.1 Introduction

Tuberculosis (TB) in humans is mostly caused
by the members of the Mycobacterium tuberculo-
sis complex (MTBC) known as Mycobacterium
tuberculosis sensu stricto and Mycobacterium
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Fig. 5.1 Maximum
likelihood phylogeny
(Coscolla and Gagneux
2014). Node support after
1000 bootstrap replications
is shown on branches and
the tree is rooted by the
outgroup M. canettii. Large
Sequence Polymorphisms
(LSPs) described in
(Brosch et al. 2002) are
indicated along branches.
Scale bar indicates the
number of nucleotide
substitutions per site
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africanum. Today, based on whole genome se-
quence (WGS) analyses, we know that MTBC
includes seven human-adapted lineages (Lineage
1 to Lineage 7 in Fig. 5.1). The seven lineages
can be grouped in “modern” and “ancestral”
based on the presence or absence of a genomic
region named TbD1. The so called “modern”
strains belong to Lineages 2, 3 and 4 forming
a monophyletic clade in which TbD1 is deleted.
By contrast, the “ancestral” strains form a para-
phyletic clade in which TbD1 is intact.

Apart from Lineages 1 to 7, the MTBC also
includes several animal-adapted ecotypes (Smith
et al. 2006) i.e. M. bovis, M. caprae, M. mi-
croti, M. pinnipedii, M. origys, M. mungi, M.
suricattae, the dassie bacillus, the chimpanzee
bacillus (Cousins et al. 1994; Alexander et al.
2010; Coscolla et al. 2013; Parsons et al. 2013),

and a group of bacilli that display a smooth
colony morphology and only occasionally infect
humans; the latter are known as M. canettii and
“smooth tuberculosis bacilli” (STB, see Chap. 2)
(Canetti 1970; van Soolingen et al. 1997; Supply
et al. 2013).

This chapter discusses the role of bacterial
factors in human TB, therefore I will focus on
the group of MTBC that predominantly causes
disease in humans: M. tuberculosis sensu stricto
(MTBC Lineage 1–4 and Lineage 7) and M.
africanum (Lineage 5 and 6). A more thorough
discussion of the smooth bacilli, M. africanum
and the animal adapted ecotypes can be found in
Chaps. 2, 6, and 7 of this book.

In human TB, the MTBC is transmitted from
a person with the respiratory form of the dis-
ease to another person via air droplets generated

http://dx.doi.org/10.1007/978-3-319-64371-7_7
http://dx.doi.org/10.1007/978-3-319-64371-7_6
http://dx.doi.org/10.1007/978-3-319-64371-7_2
http://dx.doi.org/10.1007/978-3-319-64371-7_2
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through coughing and sneezing. After exposure
to the MTBC, the outcome can vary. Following
initial infection (1) the bacteria can be cleared
quickly through the action of innate immunity,
(2) the infection can progress rapidly to active
disease, or (3) be contained in a latent form
with no clinical signs of disease. This latent TB
infection may or may not re-activate up to several
decades following initial exposure. Additionally,
not only the outcome of infection is variable,
but the course of disease can also vary. Active
TB disease comprises a range of presentations,
including pulmonary TB, and various forms of
extrapulmonary disease such as TB meningitis
and miliary TB. Each of these forms of disease
feature a variety of symptoms that are associ-
ated with diverse host responses to the pathogen
(O’Garra et al. 2013).

A particularity of TB is that the disease in dif-
ferent patient populations are often caused by dif-
ferent members of the MTBC (Hirsh et al. 2004;
Gagneux et al. 2006a; Filliol et al. 2006; Baker
et al. 2004; Hershberg et al. 2008; Wirth et al.
2008; Reed et al. 2009) (Figs. 5.1 and 5.2). More-
over, not all MTBC lineages are equally abundant
and geographically distributed. Some MTBC lin-
eages are restricted to one or a few countries and
other lineages occur across a broader geograph-
ical range, even worldwide (Fig. 5.2). Lineage
5, 6 and 7 are good examples of the former
as they occur almost exclusively in certain re-
gions of Africa or in recent immigrants from
those regions. The broadly distributed lineages
are Lineage 2 and Lineage 4, also known as East-
Asian and Euro-American lineages, respectively,
which occur frequently in populations from Asia,
Europe, Africa and the Americas. Finally, the
remaining lineages, Lineage 1 and Lineage 3
show an intermediate geographical range. Inter-
estingly, the specific bacteria-human combina-
tions in disease can be disrupted in HIV co-
infected patients (Fenner et al. 2013), indicating a
role for immunosupression in the host-pathogen
relationship. Indeed, human factors, including
immunity, are known to impact the outcome of
TB. For example, T cell defective immunity, such
as in HIV seropositive individuals, is a strong risk
factor for rapid progression from TB infection

to active disease (Kwan and Ernst 2011). Simi-
larly, human genetic determinants influence the
susceptibility to TB (Casanova and Abel 2002).
Environmental factors also play a role in TB
epidemiology. For example, increased ventilation
reduces TB transmission by diminishing expo-
sure to infectious particles (Clark et al. 2002;
Lygizos et al. 2013). In addition to these hu-
man and environmental factors, bacterial factors
have increasingly been acknowledged as play-
ing a role in the heterogeneity of TB infection
and disease.

Human-adapted MTBC is an obligate human
pathogen, and “virulence” in TB can be concep-
tualized as a composite of (i) the ability of the
bacteria to survive in face of the host immune re-
sponses, (ii) their capacity to cause lung damage,
(iii) to survive the aerosolisation process outside
of the host, and (iv) successfully transmit to and
infect a new host. The purpose of this chapter
is to summarize and discuss the evidence that
bacterial variation can result in different cellular,
immunological or epidemiological phenotypes.
Ultimately, differences among MTBC strains are
determined by their genomic differences. There-
fore, when possible, I will also present evidence
for the bacterial genetic determinants that un-
derlie these phenotypic differences. This chapter
specifically excludes a particularly relevant viru-
lence phenotype, which is drug resistance, as it is
the subject of Chap. 14 of this book.

5.2 Genomic Differences Among
MTBC Strains and Lineages

Strains of the MTBC differ genetically in their
content of single nucleotide polymorphisms
(SNPs), small insertion and deletions (indels),
mobile and repetitive elements, large genomic
deletions and large duplications. There are
various typing methods to classify MTBC strains
based in these sources of genetic diversity (see
Chap. 3 of this book for details). However,
the more robust and discriminatory way of
classifying the MTBC and asses its genetic
makeup is whole genome sequencing (WGS),

http://dx.doi.org/10.1007/978-3-319-64371-7_3
http://dx.doi.org/10.1007/978-3-319-64371-7_14
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Fig. 5.2 Panel a shows the dominant MTBC Lineages by
country (Coscolla and Gagneux 2014). Colors correspond
to lineages in Fig. 5.1 and panel (b). Each dot corresponds
to 1 of 80 countries represented in the 875 MTBC strains
from the global strain collection analysed by Gagneux
et al. (2006a). The yellow and an orange dot represent
Lineage 7 in Ethiopia (Firdessa et al. 2013) and the

extinct MTBC strains from Peru, respectively (Bos et al.
2014). Panel b shows the number of pairwise differences
between MTBC strains for each lineage. The alignment
of 217 human-adapted MTBC clinical strains published
previously (Comas et al. 2013) were used to calculate the
number of SNPs (i.e. the SNP-distance) (Adapted from
Coscolla and Gagneux 2014)

which can reveal all sources of genomic
variation.

Based on WGS analyses of all MTBC
lineages, we know that on average, two human-
adapted MTBC strains differ by about 1200
SNPs, which corresponds to 0.03 % of the

genome when excluding repetitive sequences
(Fig. 5.2b). Lineage 1 appears as the most diverse
lineage, harbouring the largest genetic diversity
with an average of 730 SNPs between any two
strains belonging to this lineage (Fig. 5.2b). On
the contrary, Lineage 7 is the most conserved
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with only 230 SNPs separating any two strains
(Fig. 5.2b). In terms of between-lineage diversity,
the strains belonging to the “modern” Lineages
2, 3 and 4 differ by 970 SNPs on average. Strains
belonging to the “ancestral” Lineages 1, 5, and
6 are more distantly related with an average
of 1500 SNPs between them. The maximum
SNP distance of 1800 SNPs is observed between
strains of Lineage 7 and either Lineage 1, 5, or 6.

Apart from SNPs, there are other sources
of genomic diversity. Repetitive and mobile el-
ements in the MTBC genome can be classi-
fied as: Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR), Variable Num-
ber of Tandem Repeats (VNTR) and Insertion
Sequences (IS). All three elements are polymor-
phic, and they have been used for strain typing
but their functional role has only rarely been
determined. For example, variation of specific
IS and VNTR elements in promotor regions can
have phenotypic consequences by altering pro-
motor activity and the differential expression of
the downstream genes (Olsen et al. 2009; Phares
et al. 2007; Tantivitayakul et al. 2010; Perez-
Lago et al. 2013; Soto et al. 2004; Safi et al.
2004; Alonso et al. 2011). In addition, VNTR
variability can impact bacterial phenotypes, as in-
tragenic VNTR diversity can modify the structure
and function of the proteins affected (Yindeey-
oungyeon et al. 2009).

Although duplications are not an extensive
source of genomic diversity among contem-
porary MTBC strains, large duplications have
played a role in the expansion of gene families
within mycobacteria. A large gene family
known as the PE/PPE gene family, appeared
by duplications and expansion of the ESAT-6
gene clusters in an ancestor of the MTBC (Gey
van Pittius et al. 2006). Large-scale duplications
might also have played a role during the in
vitro evolution of the BCG vaccine strains.
Two tandem duplications termed DU1 and DU2,
of 29,668 bp and 36,161 bp, respectively, are
present in M. bovis BCG Pasteur compared to
a reference Lineage 4 MTBC strain, H37Rv
(Brosch et al. 2000). Intriguingly, DU2 showed
four alternative forms evolved in the different
laboratories where the different BCG strains were

passaged, leading to independent duplications of
similar genomic regions (Brosch et al. 2007). The
evolution of the BCG vaccine strains is discussed
in detail in Chap. 8 of this book.

Large genomic deletions are regions from tens
to thousands of base pairs that affect up to least
5.5 % of the MTBC genome (Tsolaki et al.
2004). Although large genomic deletions are ro-
bust phylogenetic markers that can be used to
differentiate the main human MTBC lineages
(Gagneux et al. 2006a), comparisons with other
organisms suggested that the impact of large
genomic deletions on the overall MTBC diversity
is low (Tsolaki et al. 2004). However, dele-
tions are known to modify relevant phenotypes
such as the mycobacterial cell wall (Constant
et al. 2002) and drug susceptibility (Rouse and
Morris 1995).

5.3 Molecular and Cellular
Consequences of Genomic
Differences Between MTBC
Strains

Biological differences among unicellular organ-
isms comprise any different observable charac-
teristics of cells. Bacterial phenotypes can be
broadly applied to any cell property, including
molecular phenotypes. In the MTBC, differences
among strains have been reported for mRNA,
protein and metabolite levels, methylation pro-
files, cellular growth, and cell wall structure.

5.3.1 Differences in mRNAs,
Proteins and Metabolites

Deciphering the biochemical and metabolic net-
works of the MTBC is fundamental for the devel-
opment of new diagnostic, drugs and vaccines.
Differences in those networks between MTBC
strains might result in heterogeneous efficacy
of such interventions. Strain differences in tran-
scriptomes (Mostowy et al. 2004; Golby et al.
2007; Homolka et al. 2010; Rose et al. 2013;
Shell et al. 2013) and proteomes (Jungblut et al.
1999; Betts et al. 2000; He et al. 2003; Pheiffer

http://dx.doi.org/10.1007/978-3-319-64371-7_8


100 M. Coscolla

et al. 2005; Jhingan et al. 2016) have been re-
ported. Both strain-specific and lineage-specific
transcriptomes have been described for different
MTBC clinical strains (Homolka et al. 2010;
Rose et al. 2013). The genomic determinants
of these transcriptional differences have been
attributed to point mutations including synony-
mous and non-synonymous SNPs, deletions and
duplications (Mostowy et al. 2004; Domenech
et al. 2010; Weiner et al. 2012; Rose et al.
2013). Because the implication on the biology of
the mycobacterial cell, one of the most widely
studied phenotype at the transcription level is the
dormancy survival regulator DosR. The DosR
regulon is composed of 48 co-regulated genes
and is essential for MTBC persistence (Sherman
et al. 2001; Voskuil et al. 2003). Some Lineage
2/Beijing strains show a higher expression of
DosR. Both, a gene duplication and a synony-
mous SNP within the gene immediately upstream
of DosR have been suggested to be partially
responsible for increased expression of the DosR
regulon in Lineage 2/Beijing (Domenech et al.
2010; Weiner et al. 2012; Rose et al. 2013).

Other genetic determinants have been found to
be responsible for transcriptional differences be-
tween isolates. One synonymous SNP upstream
of malQ in Lineage 1 creates a new TSS as-
sociated with increased expression of malQ in
strains from Lineage 1 (Rose et al. 2013). More-
over, deletions have been proven to affect tran-
scription patterns of genes outside the deleted
region (Mostowy et al. 2004). Interestingly, point
mutations in methyltransferases can affect tran-
scriptional patterns by altering the methylation
patterns in the genome (Shell et al. 2013). One
non-synonymous SNP in the methyltransferase
mamA in Lineage 2 and another non-synonymous
SNP in the active site of hsdM in Lineage 4
are responsible for the different adenine methy-
lation between these two lineages (Shell et al.
2013). Similarly, mutations resulting in different
methylation patterns have been shown at supra-
lineage level between “ancestral” versus “mod-
ern” strains, at lineage level between Lineage 2
and lineage 3, but also within Lineage 4 (Zhu
et al. 2016).

The final consequences of different tran-
scription patterns in a cell are differences in
metabolism. Large scale metabolic data is
currently not available for different MTBC
strains, but predictions can be made by modeling
metabolic states using whole cell measurements
of gene expression (Colijn et al. 2009). However,
specific metabolite differences have been shown
between MTBC strains and lineages. Lineage
5 and Lineage 6 differ at the metabolic level
from the other human-adapted lineages; a feature
which has been exploited for the traditional
method to differentiate those lineages based on
biochemical testing (see Chap. 6 in this book).
Lineage 5 and Lineage 6 are also deficient for
vitamin B12 synthesis. The explanation could be
that a gene involved in biosynthesis of vitamin
B12 is missing from Lineage 5 and Lineage
6 as a consequence of a deletion of the RD9
region (Brosch et al. 2002). Additionally, genes
involved in Vitamin B12 metabolism appear as
pseudogenes in both Lineage 5 and Lineage 6
genomes (Bentley et al. 2012).

One of the reasons of the slow in vitro growth
of Lineage 5 and 6 is the pyruvate deficiency, and
strains for Lineage 5 and 6 grow better in the
presence of pyruvate. A non-synonymous SNP in
the pykA gene has been found to be responsible
for the specific pyruvate requirements for growth
of Lineage 5 and 6 strains (Chavadi et al. 2009).

5.3.2 Differences in Bacterial
Growth

Intracellular growth of the MTBC is used as a
proxy for bacterial fitness in vitro (Koch et al.
2014). In vivo, bacterial fitness can be approxi-
mated by highly transmissible strains that can be
identified as molecularly clustered strains using
discriminatory genotyping methods (see Chap.
3). One study showed that such clustered MTBC
strains grew significantly faster in a monocyte
cell-line compared to less transmissible strains
(Theus et al. 2005, 2006), indicating that bac-
terial growth can also be a proxy for fitness
in clinical settings. Several studies have shown
that different strains show different growth rates

http://dx.doi.org/10.1007/978-3-319-64371-7_3
http://dx.doi.org/10.1007/978-3-319-64371-7_6
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in vitro and in human and murine phagocytes
(McDonough et al. 1993; Laochumroonvorapong
et al. 1997; Zhang et al. 1999; Manca et al. 1999;
Li et al. 2002; Sarkar et al. 2012; Homolka et al.
2010), as well as in animal models (Ordway et al.
1995; North et al. 1999; Collins and Smith 1969;
Valway et al. 1998; Bishai et al. 1999; Barczak
et al. 2005). Most of the current evidence comes
from experiments using reference strains like
H37Rv, H37Ra, CDC1551, Erdman and HN878.
Reference strains originated from clinical strains
but have been passaged for a long time and have
thus become laboratory-adapted. Comparisons
between the laboratory strain H37Rv and its non-
virulent derived form, known as H37Ra, showed
they grew differently in murine but not in human
macrophages (Paul et al. 1996). Clinical and
reference strains also grew differently in liquid
culture (Sarkar et al. 2012), human macrophages
(Newton et al. 2006; Tanveer et al. 2009) and
mice (Valway et al. 1998). Interestingly, Lineage
3 strains showed consistently slower growth than
reference strains (Sarkar et al. 2012; Newton
et al. 2006; Tanveer et al. 2009). Studying clinical
strains has the advantage of better representing
the phenotype of the virulent MTBC strains.
However, the heterogeneous nature of clinical
strains makes comparisons across studies chal-
lenging. In liquid culture, Sarkar et al. showed
that Lineage 4 grew the fastest, Lineage 3 the
slowest and Lineage 2 displayed an intermedi-
ate phenotype (Sarkar et al. 2012). In contrast,
Homolka et al. reported that Lineage 4 strains
grew slower than Lineage 1, 2 and 5 (Homolka
et al. 2010). Such discrepancies do not only
appear across studies, but also within studies
where strains that grew faster in liquid culture
grew slower in macrophages (Homolka et al.
2010; Sarkar et al. 2012). Reiling et al. showed
that “modern” strains replicated faster in vitro,
in human monocyte-derived macrophages and in
aerosol infected mice (Reiling et al. 2013). The
different experimental conditions across studies
together with the different growth requirements
of the different MTBC strains might result in ap-
parent contradicting results across experiments.
Therefore, to gain a better knowledge of the
differences among clinical strains, it is necessary

to take into account the experimental conditions
as well as the qualitative and quantitative genetic
differences among strains belonging to the same
lineage.

Specific genetic differences among strains
have been shown to be responsible for the
different growth dynamics. As explained in
the previous section and in Chap. 6 of this
book, the deficient growth patterns of Lineage
5 and 6 in standard media can be explained
by mutations in genes coding for biosynthesis
of metabolites such as pyruvate and vitamin
B12. Additionally, because drug resistance-
conferring mutations affect genes encoding
essential functions of the cell, most drug resistant
mutations confer a fitness defect (Melnyk et al.
2015). Consequently, MTBC strains with drug
resistance-conferring mutations grow slower
(Gagneux et al. 2006b). Moreover, a disruption
of a great number of genes implicated in the
biogenesis of the mycobacterial cell wall has
also been shown to result in slower growth in
vitro and in different tissues of infected animal
models (reviewed in Forrellad et al. 2013).

5.3.3 Differences in the
Mycobacterial Cell Wall

The mycobacterial cell wall consists of an in-
ner and an outer layer. The inner layer is the
“core” of the membrane and includes peptido-
glycan, arabinogalactan and mycolic acids. The
upper segment is composed of free lipids and
fatty acids. Interspersed are the cell-wall proteins,
the phosphatidylinositol mannosides (PIMs), the
phthiocerolcontaining lipids, lipomannan (LM),
and lipoarabinomannan (LAM). Modification of
the composition and structure of the cell wall
have various consequences for the cell, ranging
from the basic viability of the cells (Hett and
Rubin 2008) to the interaction with host cells
(Brennan 2003). There is strong evidence for dif-
ferences in cell wall among MTBC strains. Even
closely related strains differing in a small number
of SNPs, like the laboratory strain H37Rv and its
avirulent variant H37Ra, exhibited a fivefold dif-

http://dx.doi.org/10.1007/978-3-319-64371-7_6
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ference in abundance of 29 membrane-associated
proteins (Målen et al. 2011). One important com-
ponent of the cell wall is the manosilated lipoara-
binomannan (manLam), which is expressed at the
MTBC cell surface. ManLam variations among
strains translate in differences in the surface and
most likely also in immune-pathogenesis (Tor-
relles and Schlesinger 2010). Natural mutants in
manLam among clinical Lineage 2 grew slower
than the Lineage 4 reference strains H37Rv and
Erdman (Torrelles et al. 2008).

Lipids are important constituents of the my-
cobacterial cell wall, representing 60 % of the dry
mass and impacting cytokine responses and anti-
gen presentation (Astarie-Dequeker et al. 2010).
Mycolic acids play an important role in mod-
ulating the host immune response and helping
the bacteria resist oxidative stress (Vander Beken
et al. 2011). Portevin et al. reported significant
differences in mycolic acid profiles between dif-
ferent MTBC strains and lineages (Portevin et al.
2014). Mutants in the genes pcaA and hma have
been shown to affect mycolic acids and their
effect on virulence in mouse model (Glickman
et al. 2000; Dubnau et al. 2000). Gene pcaA
is required for mycolic acid cyclopropane ring
synthesis in the cell wall of both BCG and M. tu-
berculosis (Glickman et al. 2000). PcaA mutants
showed decreased bacterial load in lung, spleen
and liver. Hma mutant strains no longer syn-
thesizes oxygenated mycolic acids, causing pro-
found alterations in envelope permeability and
attenuation in mouse infections (Dubnau et al.
2000).

Complex lipids such as phthiocerol dimyco-
cerosate (PDIM) help mycobacteria evade the
immune system (Cambier et al. 2014). PDIM
is prone to being lost during extended periods
of in vitro culture (Domenech and Reed 2009).
Mutations in psk1, pks5, pks7, pks 10, pks 12,
pks 15, mmpL4, mmpL7, fadD26 and fadD28
have been demonstrated to alter the synthesis of
PDIM, leading to differences in growth and/or
attenuation in mice (Sirakova et al. 2003a, b;
Reed et al. 2004; Tsenova et al. 2005; Cox et al.
1999; Camacho et al. 1999; Rousseau et al. 2004;
Domenech et al. 2005; Rousseau et al. 2003).

Sulfatides and phospholipids can also vary
across MTBC strains, which is often linked to
differences in virulence (Goren et al. 1974a).
MTBC clinical isolates showed differences in the
production of sulfolipids in culture, which was
correlated with the rank order of virulence in
a guinea pig model of infection (Gangadharam
et al. 1963; Goren et al. 1974a, 1982; Grange
et al. 1978). Genes such as pks2 (Sirakova et al.
2001), and mmpL8 gene (Domenech et al. 2004;
Converse et al. 2003) have been shown to de-
termine the variable sulfolipid composition of
MTBC strains. Moreover, an amino acid change
at position 71 of PhoR that occurs naturally in
all MTBC strains belonging to Lineage 5 and 6,
and in all animal-adapted MTBC strains, could
be a genetic determinant that affects the synthesis
of sulfolipid and lipids of the polyacyltrehalose
(PAT). Another cell wall constituent that showed
differences among strains was phthiocerol dimy-
cocerosate (DIM) (Goren et al. 1974b). Lineage
2/Beijing strains exhibited structural variants of
DIM and phenolic glycolipid (PGL) compared
to other MTBC strains (Huet et al. 2009). These
structural variants were due to a point mutation
in the gene Rv2952 (Huet et al. 2009). But
other genetic determinants do also affect PGL.
A deletion disrupting the locus of the polyke-
tide synthase (Pks)15/1 in strains belonging to
Lineage 4 resulted in a defective production of
phenolic glycolipid (PGL) (Constant et al. 2002),
thereby affecting the bacterial interaction with
host immune cells (Sinsimer et al. 2008). Indeed,
the absence of PGL has been linked to reduced
MTBC virulence in infection models (Reed et al.
2004; Cambier et al. 2014).

5.4 Immunological
Consequences of MTBC
Diversity

Innate and adaptive immunity play an impor-
tant role during TB, and these processes can be
affected by genetic differences among MTBC
strains. Different strains might interact differ-
ently with host cell receptors, which will have
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consequences for bacterial entry into the host
cell, binding to MHC that will interact with
T cells, the activation of host cells to kill M.
tuberculosis, the death of the infected cells, and
the ability to propagate to other cells. The key
immunological outcome for controlling MTBC
is bacterial killing. There is strong experimental
evidence that MTBC strains differ in their sus-
ceptibility to phagocytes because bacterial strains
vary in the inflammatory responses they induce,
in their susceptibility to reactive oxygen and
nitrogen intermediate (ROIs and RNIs, respec-
tively), and in their capacity to control phago-
some maturation. While there is large experimen-
tal evidence for different susceptibility to phago-
cytes among MTBC strains, immunological dif-
ferences among MTBC strains in clinical settings
are mostly restricted to a different inflammatory
response.

5.4.1 Differences in Inflammatory
Response

Transmission of the MTBC occurs from persons
with active pulmonary disease, therefore MTBC
transmission might benefit from a more severe
inflammatory host response causing more lung
damage (further discussed in Ernst 2012). How-
ever, many studies have found increased MTBC
virulence associated with reduced and/or delayed
inflammatory responses, perhaps by allowing a
stronger bacterial proliferation early during the
infection process, leading to increased virulence
at a later stage.

Different MTBC strains and lineages have
been shown to induce distinct immune responses.
At the supra-lineage level, “modern” strains
(Lineages 2, 3 and 4) caused a lower early
inflammatory response compared to other
lineages (Portevin et al. 2011; Chen et al.
2014). Similarly, Krishnan et al. (2011) showed
increased inflammatory responses in Lineage
1 strains compared to Lineage 4, but these
were not significantly higher than in Lineage
2 strains. The lower inflammatory response of
“modern” lineages has also been demonstrated

in clinical setting, where Lineage 2 and 3
tended to induce lower IFN-” than Lineage 1
(Rakotosamimanana et al. 2010). Lineage 6,
belonging to the “ancestral” group, showed a
different inflammatory phenotype than “modern”
lineages in clinical studies (de Jong et al.
2006; Tientcheu et al. 2014). De Jong et al.
showed that Lineage 6 was less likely to trigger
an IFN-” response to the dominant antigen
ESAT-6 than patients and household contacts
infected by other lineages (de Jong et al. 2006).
Further differences in host immune responses
between TB patients infected with Lineage 6
have been reported (Tientcheu et al. 2014).
Some genetic determinants could explain the
different inflammatory phenotypes of Lineage
6. Lineage 5 and Lineage 6 have a base pair
insertion that truncates the gene product of
the ortholog of Rv2958c (Bentley et al. 2012)
that could be responsible for lower survival in
human macrophages (Miller and Shinnick 2000).
Moreover, Lineage 6 has a frameshift mutations
in the ortholog of Rv0386 (Bentley et al. 2012)
that could result in a reduction of TNF-alpha
production (Agarwal et al. 2009).

Different strains within the “modern” lineages
also differed in their host immune profile (New-
ton et al. 2006; Mihret et al. 2012; Tanveer
et al. 2009; Sarkar et al. 2012; Wang et al.
2010; van Laarhoven et al. 2013). For example,
studies using different infection models found
that strain NH878 (belongs to Lineage 2/Bei-
jing) was consistently associated with a delayed
inflammatory immune response and increased
virulence (Manca et al. 2001, 2004, 2005; Li
et al. 2002; Tsenova et al. 2005; Chacon-Salinas
et al. 2005; Rocha-Ramirez et al. 2008; Sub-
bian et al. 2013). Lineage 3 strains exhibited
a higher inflammatory phenotype compared to
strains of Lineage 4 in macrophages (Newton
et al. 2006) and in plasma samples from the
patients (Mihret et al. 2012). This could be par-
tially explained by the deletion of Rv1519 in
Lineage 3 strains that has been linked to a de-
crease in the production of the anti-inflammatory
cytokine IL-10 by in infected hosts (Newton et al.
2006). Wang et al. (2010) reported that differ-
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ent Lineage 2/Beijing strains commonly induced
lower levels of TNF-’, IL-6, IL-10 and GRO-’
compared to strain H37Rv in monocyte-derived
macrophages and dendritic cells. Similarly, other
studies have reported a lower proinflammatory
phenotype for Lineage 2 compared to Lineage
4 in in monocyte-derived macrophages (Sarkar
et al. 2012) and in peripheral blood mononuclear
cells (van Laarhoven et al. 2013). Conversely,
Krishnan found lower concentrations of TNF-’
elicited by Lineage 4 than by Lineage 2 in bone-
marrow-derived murine macrophages (Krishnan
et al. 2011). These contradictory findings with
respect to the host immune responses elicited
by Lineage 2 and Lineage 4 could on the one
hand be due to differences in experimental con-
ditions, including the different cell types or the
antigens used to stimulate the immune response.
On the other hand, sub-lineages within the main
lineages, as well as individual strains within any
given lineage might vary in the inflammatory
responses they elicit.

Because the main MTBC lineages are not
genetically homogeneous (Figs. 5.1 and 5.2),
differences in immune regulation among strains
are expected at sub-lineage level (Portevin et al.
2011). Such differences have been most widely
studied in Lineage 2. Although one study did
not find differences between sublineages within
Lineage 2/Beijing (Wang et al. 2010), two inde-
pendent studies showed that Lineage 2/“modern
Beijing” showed a lower inflammatory response
compared to so-called Lineage 2/“ancient Bei-
jing” (Chen et al. 2014; van Laarhoven et al.
2013). Some of the variable cytokine profiles
elicited by the distinct groups of strains within
Lineage 2 have been linked to differential Toll-
like receptor recognition (Carmona et al. 2013).
Deletions in PE_PGRS33 were associated with
reduced induction of TNF-’ by the host (Basu
et al. 2007). Because PE_PGRS 33 is polymor-
phic within lineages (Copin et al. 2014), it is
possible that deletions in PE_PGRS33 might be
partially responsible for the different immune
phenotypes at sublineage level.

Increased “virulence” surely entails more than
a mere delay in early pro-inflammatory response.

Indeed, Reiling et al. (2013) reported lineage-
specific differences in virulence profiles based
on variable bacterial uptake by host cells, dif-
ferences in cytokine induction, and intracellular
growth. In agreement with other studies (dis-
cussed above), the “modern” Lineages 2 and 4
showed high replicative potential compared to
“ancestral” Lineages 1 and 6. However, Lineage
2 was characterized by low uptake, and low
cytokine induction, whereas Lineage 1 and Lin-
eage 4 exhibited high uptake and higher cytokine
induction.

5.4.2 Differences in Susceptibility
to Macrophages

Reactive oxygen and nitrogen species are part
of the antimicrobial repertoire of phagocytes.
Therefore differences in hydrogen peroxide
susceptibility across MTBC strains are relevant
to tuberculosis infection and pathology. Starting
in the 1960s, results from in vitro cultures have
shown differences among MTBC strains in the
susceptibility to hydroxen peroxide (Subbaiah
and Ramachandran 1961; Subbaiah et al. 1960;
Grange et al. 1977; Grange et al. 1978; Rhoades
and Orme 1997; Firmani and Riley 2002).
Jackett et al. showed that strains showing a
high virulence phenotype in guinea pigs were
associated with lower susceptibility to hydrogen
peroxide (Jackett et al. 1978). Similarly,
resistance to reactive nitrogen species was
positively correlated with bacterial virulence in
guinea pigs (O’Brien et al. 1994). More recently,
Lineage 3 clinical strains appeared to be less
susceptible to hydroxen peroxide than reference
strains (Newton et al. 2006). However, using only
reference strains, Laochumroonvorapong et al.
found that virulent and attenuated strains did not
differ in susceptibility to exogenous hydrogen-
peroxide (Laochumroonvorapong et al. 1997).
Repetitive genomic elements might be implicated
in macrophage resistance. Increased number
of repeats in the VNTR3239 locus of MTBC
was reported to lead to a higher expression
of DNA glycosylase, which is involved in the
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protection against oxidative DNA damage (Olsen
et al. 2009). Therefore, the genetic basis of the
susceptibility to reactive nitrogen species could
be partially due to VNTR polymorphisms.

MTBC can also resist macrophage killing by
arresting phagosome maturation. The bacteria
can modify their intracellular milieu by block-
ing the acquisition of late endosomal/lysosomal
constituents and facilitating fusion with early
endosomal compartments (Vergne et al. 2004).
Important constituents of the mycobacterial cell
wall such as LAM and PIM are known to play
an important role in bacterial survival within
infected macrophages (Fratti 2003 and Vergne
et al. 2004). Consequently, several mutations
affecting the production of cell wall components
described in the section above will impact MTBC
resistance to macrophages. Moreover, additional
genes were found to be responsible for a de-
fective arrest of phagosome maturation in M.
tuberculosis (Beatty et al. 2000).

5.4.3 Differences in Host Cell Death

The way infected cells die is an important mech-
anism to control pathogenesis during infection
(Ruckdeschel et al. 1997; Wickstrum et al. 2009;
Zhou et al. 2000). In the MTBC, apoptosis is
a defense mechanism that initiates both innate
and adaptive immunity (Behar et al. 2010), and
necrosis allows the bacteria to evade host de-
fense mechanisms by inducing cellular lysis and
spreading the infection (Chen et al. 2006). Cells
infected with the attenuated MTBC laboratory
strain H37Ra undergo apoptosis, while cells in-
fected with the virulent H37Rv undergo necrosis
in both human and mouse macrophages (Gan
et al. 2008; Divangahi et al. 2009; Duan et al.
2001; Lee et al. 2006; Oddo et al. 1998; Brookes
et al. 2003; Chen et al. 2006, 2008). Different
genes such as secA2 and nuoG have been demon-
strated to be involved in controlling cell death
(Hinchey et al. 2007; Velmurugan et al. 2007).
Although mutants of these genes altered either
the virulence or the immune profile in mice and
guinea pigs, there is no evidence that natural

mutants of these genes present a more attenuated
virulence phenotype during human disease.

5.5 Epidemiological
Consequences of Genomic
Differences Between MTBC
Strains

Virulence in TB is a composite of different clin-
ical or epidemiological phenotypes such as the
severity of the disease, the ranges of disease
presentation and the transmission rate.

5.5.1 Disease Severity

The virulence of a pathogen depends on how
much it damages the host. Therefore, one way
to measure virulence in TB is by probing the
severity of the disease. Many studies have re-
ported differences in disease severity between
MTBC strains in animal models. But investigat-
ing the impact of bacterial differences in hu-
man disease is more challenging, because so-
cial, environmental and biological factors con-
tribute to the phenotype. However, two indepen-
dent studies in human TB concluded that strains
from the “modern” lineages were more virulent
than strains from the “ancestral” clades (Stavrum
et al. 2014; de Jong et al. 2008). Stavrum et al.
(2014) showed that TB patients from Tanzania
infected with “modern” Lineage 4 strains showed
more c1-acid glycoprotein and C reactive protein,
higher neutrophils counts, and a lower body mass
index than those infected with Lineage 1. De
Jong et al. (2008) showed that in the Gambia,
individuals infected with modern Lineages 2 and
4 were more likely to progress to active disease
compared to individuals infected with Lineage 6.
The higher virulence of the modern Lineage 2
compared to “ancestral” Lineage 6 was corrobo-
rated in a novel marmoset model of infection (Via
et al. 2013) where infection with Lineage 2 in-
duced more rapid weight loss, and led to a higher
bacterial load in liver, spleen and lymph nodes.
Deciphering which of the natural sequence vari-
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ants that appeared during MTBC evolution affect
disease severity in human populations is chal-
lenging. Mutations in phoP have been shown
to play a role in virulence (Chesne-Seck et al.
2008; Gonzalo-Asensio et al. 2014). Lineage 6
and animal strains have a non-synonymous SNP
in phoP that reduces transcription of the PhoP
regulon, and thus might be partially responsible
for the reduced virulence of Lineage 6 compared
to “modern” strains.

Clinical studies have also demonstrated
a higher virulence of Lineage 2, generally
compared to Lineage 4. For example, Ogarkov
and colleagues (2012) found that patients
infected with Lineage 2 and carrying a human
genetic polymorphism previously associated
with TB (CD209_336 A/G) were more likely
to die of TB compared to patients infected with
other strains. Nahid et al. (2010) found during a
clinical trial that patients infected with Lineage
2 strains and one sub-group of Lineage 4 were
more likely to yield a positive culture at week
eight after treatment initiation when compared
to other Lineage 4 strains. Other experimental
studies in mice and rabbits have supported the
higher virulence of Lineage 2 (Barczak et al.
2005; Ordway et al. 2007; Tsenova et al. 2005;
Manca et al. 2005). Even within Lineage 2,
differences of virulence have been demonstrated
in guinea pigs and mice (Kato-Maeda et al. 2012;
Aguilar et al. 2010), demonstrating the role
of strain genetic background on the virulence
phenotype of TB.

Apart from genetic variation of phoP men-
tioned above, there is no clear genetic determi-
nant of strain- or lineage-specific virulence in
MTBC. However, nucleotide variation and differ-
ences in gene expression in some PE/PPE genes
have been associated with virulence (Dheenad-
hayalan et al. 2005; Yu et al. 2011), indicating a
possible role of this gene family in TB virulence.

5.5.2 Transmissibility

The ultimate virulence phenotype that impacts
the extent of TB epidemic is transmissibility.
MTBC transmissibility can be estimated by com-

paring genotypic clustering between patient iso-
lates (van der Spuy et al. 2003), comparing the
prevalence of household contacts with a positive
TST (de Jong et al. 2008), measuring the fre-
quency of genotypes over time, and by associ-
ation with younger patient age, because TB in
older patients is more likely to reflect reactivation
rather than ongoing transmission (Borgdorff and
van Soolingen 2013). The majority of epidemi-
ological studies have supported the view that
overall, strains from “modern” lineages are more
transmissible than other MTBC strains. On the
one hand, three studies have reported a decreas-
ing prevalence of M. africanum (i.e. Lineage 5
and 6) in Cameroon, Guinea-Bissau and Burk-
ina Faso (Niobe-Eyangoh et al. 2003; Godreuil
et al. 2007; Groenheit et al. 2011), supporting the
notion of a lower transmission potential of these
“ancestral” lineages. Similarly, Buu et al. (2012)
reported higher genotypic clustering of Lineage
2 compared Lineage 1 in Vietnam. However,
(de Jong et al. 2008) reported no differences in
transmission between “ancestral” and “modern”
lineages by comparing contacts with positive
TST. Many studies have noted a higher trans-
missibility of Lineage 2/Beijing strains based on
higher clustering and increases in frequency over
time (Wirth et al. 2008; Chen et al. 2014; Anh
et al. 2000; European Concerted Action on New
Genetic et al. 2006; Hanekom et al. 2007; Cowley
et al. 2008; van der Spuy et al. 2009; Tuite
et al. 2013; Buu et al. 2012). In some cases, the
increased transmission of Lineage 2/Beijing was
associated with drug resistance (Buu et al. 2012;
Kubica et al. 2004). Yet, several other studies
observed no such increases and no enhanced
transmissibility of Lineage 2 strains compared to
other strains (de Jong et al. 2008; Lillebaek et al.
2003; Albanna et al. 2006; Marais et al. 2009;
Langlois-Klassen et al. 2013). Because transmis-
sion is shaped by human and social factors, some
of these contradictory findings could be due to
differences in the study populations. Another ex-
planation for discrepant results is that the differ-
ent measures for approximating transmission are
measuring different things. For example, by com-
paring the positive TST of household contacts
you can measure transmission independently of
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progression to active disease. By contrast, when
comparing isolate clustering, because you need
to genotype the infecting bacterial strains, only
the cases that progressed to active disease are
considered. Transmission studies that depend on
isolating the bacteria can also be affected by cul-
ture bias due to MTBC variability in growth and
metabolism. Additionally, if sublineages differ in
transmissibility, the genetic heterogeneity within
lineages and different prevalence of sublineages
across geographical locations would lead to in-
consistent results. In support of this notion, Kato-
Maeda et al. showed that one sublineage within
Lineage 2 showed higher genotypic clustering in
San Francisco (Kato-Maeda et al. 2010). This
sublineage was also more virulent in guinea pigs,
supporting again an intrinsic bacterial role in
increased pathogenicity linked to enhanced trans-
mission (Kato-Maeda et al. 2012).

Taken together, although de Jong et al. (2008)
did not find different transmission rates between
Lineage 6 and other lineages in The Gambia,
several studies support the view that on average,
strains belonging to “modern” MTBC lineages
are more transmissible than other strains.

5.5.3 Disease Presentation

MTBC can cause a wide variety of disease man-
ifestations affecting many organs of the human
body (Zumla et al. 2013). However, because
efficient MTBC transmission relies on lung dam-
age, only pulmonary disease has a role in TB
transmission. Therefore, bacterial genotypes that
are more prone to cause pulmonary and cavi-
tary disease will be associated with an increased
transmission potential.

In humans, epidemiological studies have been
rather inconsistent with regards to MTBC strain
or lineage effects on disease presentations. At
least five studies reported such effects but there
is no consistency of one group of strains being
associated with a particular disease presentation
in different clinical settings (Kong et al. 2006,
2007; Pareek et al. 2013; Click et al. 2012;
Caws et al. 2008). On the other hand, at least
another five studies failed to find any association

between MTBC lineage and disease presenta-
tion (Borgdorff et al. 2004; Nicol et al. 2005;
Wampande et al. 2013; van Crevel et al. 2001;
Firdessa et al. 2013).

Experiments in the marmoset model revealed
more extra-pulmonary spread to the lymph node,
liver and spleen in animals infected with a Lin-
eage 6 clinical strain compared to animals in-
fected with the Lineage 4 strain CDC1551 (Via
et al. 2013). Unlike clinical studies, where human
factors might obscure associations, these experi-
ments were conducted using genetically identical
individuals (i.e. marmosets always give birth to
twins or triplets), suggesting that the different
disease presentation associated with the different
MTBC strains are due to bacterial rather host
genetic differences. In support of this notion, the
disruption of a bacterial gene coding for a pos-
sible phospholipase (plcD) has been associated
with extrathoracic TB (Yang et al. 2005; Kong
et al. 2005).

5.6 Conclusions

MTBC strains belonging to Lineage 2 and Lin-
eage 4 are more globally wide-spread than other
strains. If the global success of Lineage 2 and
Lineage 4 is linked to virulence, we would expect
these lineages to show a more virulent pheno-
type. Different clinical phenotypes such as trans-
mission rate, disease severity and presentation
contribute to virulence in TB. However, clinical
phenotypes are probably influenced by cellular
and immunological phenotypes. The cell wall
for the MTBC has a key role in the interac-
tion with the host immune system. There is a
long list of genomic loci responsible for dif-
ference in mycobacterial cell wall (reviewed in
Forrellad et al. 2013). As a consequence, natural
bacterial mutants in these genes are likely to
impact MTBC pathogenicity. Growth rate is a
cellular phenotype used as a proxy of bacterial
fitness, and MTBC strains differ in growth rate
in different experimental conditions. Similarly,
different MTBC strains have shown differences
in susceptibility to host immune cells. However,
because cellular phenotypes are measured in dif-
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ferent experimental conditions, it is difficult to
assess the role of bacterial genetics during human
infections. Differences between strains in clinical
settings have been demonstrated with respect
to their inflammatory response, the severity of
the disease, transmission rate and disease pre-
sentation. Although the variety of strains and
the different approximations to measure complex
phenotypes poses a challenge when comparing
studies, the observation that highly transmissible
strains in humans tend to cause more severe
disease in animal models is consistent with in-
trinsic bacterial features linking “virulence” with
pathogenicity and strain fitness in epidemiologi-
cal settings. Moreover, the growing evidence of
bacterial genetic determinants affecting different
cellular and clinical phenotypes strongly supports
a role for bacterial factors in the outcome of TB
infection and disease. In particular, evidence sup-
ports that strains from Lineage 5 and Lineage 6
are metabolically different, grow slower, and are
less virulent. Similarly, at least certain groups of
Lineage 2 and Lineage 4 strains are more virulent
in terms of disease severity and human-to-human
transmission. In summary, there is growing evi-
dence that, together with human and environmen-
tal factors, MTBC strain diversity contributes to
the variable outcome of infection and disease in
human TB.
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Abstract

West Africa is the only region in the world where six out of seven
mycobacterial lineages of human importance are endemic. In particular,
two evolutionary ancient lineages, Mycobacterium africanum West Africa
1 (MTBC Lineage 5) and M. africanum West Africa 2 (MTBC Lineage 6)
are of interest as they cause up to 40% of all pulmonary TB cases in some
West African countries. Although these M. africanum lineages are closely
related to M. tuberculosis sensu stricto lineages, they differ significantly
in respect to biology, epidemiology and in their potential to cause disease
in humans. Most importantly the M. africanum lineages are exclusive to
West Africa. Although the exact mechanisms underlying this geographical
restriction are still not understood, it is increasingly suspected that this
is due to an adaptation of the bacteria to West African host populations.
In this chapter, we summarize the geographical distribution of the M.
africanum lineages within the region, describe biological and clinical
differences and the consequent implications for TB control in West Africa.
We also try to shed light on the geographical restriction, based on recently
published analyses on whole genomes of M. africanum isolates.
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6.1 General Introduction
and History

The pathogen Mycobacterium africanum (Maf)
was first isolated from an expectorate of a Sene-
galese patient with pulmonary tuberculosis (TB),
and described by Castets and colleagues (1968)
as a member of the tuberculosis causing my-
cobacteria with phenotypic characteristics that
place it in an intermediate position between M.
tuberculosis (Mtb) and M. bovis (David et al.
1978). Later, Meissner described similar my-
cobacterial isolates in Ghana in 1969 (Meissner
and Schroder 1969) and related organisms were
also isolated in Democratic Republic of Congo
and Uganda (Sticht-Groh et al. 1994), and sub-
sequently from other African countries (Haas et
al. 1997; Frothingham et al. 1999). However, in
contrast to Mtb and M. bovis, Maf strains isolated
from the different countries showed higher de-
grees of variability in their phenotypic attributes
(Haas et al. 1997; Kato-Maeda et al. 2001). This
heterogeneity of Maf complicated its unequiv-
ocal species identification that could have led
to the misclassification of clinical strains. Prat
and colleagues concluded and speculated that
the biochemical heterogeneity observed among
Maf strains represents a continuous spectrum
linking the classical human and bovine variants
of Mtb (Prat et al. 1974). This made other sci-
entists question the wisdom in the separation of
the three pathogens into three species (Pattyn et
al. 1970), and suggested its designation as sub-
species or biovar status using different classifica-
tion approaches including Adansonian classifica-
tion (Tsukamura 1967, 1976; David et al. 1978);
DNA homology (Bradley 1972; Baess 1979) and
immune-diffusion analysis (Stanford and Grange
1974). Grange in UK in 1979 (Grange 1979)
therefore described them all as Mtb with desig-
nation as human, bovine or African strains, and
Tsukamura (1976) was the first to refer to them as
part of the ‘M. tuberculosis complex’ (MTBC).

Based on a battery of biochemical assays
(Table 6.1), results of which varied with geo-
graphical origin, Maf was divided into two major
subgroups: Maf subtype I originating from West
Africa and Maf subtype II from East Africa

(David et al. 1978; Vasconcellos et al. 2010),
with Maf subtype I more closely related to M.
bovis, whereas subtype II more closely resem-
bling Mtb (Table 6.1). However, based on mod-
ern molecular analysis, we now know that Maf
constitutes two distinct lineages that branched at
an early stage in evolution of the MTBC from
the “modern” Mtb lineages common to America,
Europe and Asia (see Chap. 1) (Smith et al. 2009;
Galagan 2014).

Early comparative genomic analysis also
indicated that Maf subtype I strains from West
African countries were characterized by the
presence of low or medium numbers of IS6110
bands and different spoligotype signatures
(absence of spacers 7 through 12 and 37–39)
from the subtype II (see Chap. 3) (de Jong
et al. 2009; Streicher et al. 2007). Moreover,
they showed a characteristic genomic deletion
(RD9) and distinct gyrB DNA sequences that
permitted their clear distinction from Mtb (Sola
et al. 2003; Parsons et al. 2002). RD12 and RD4
are further genomic regions, intact in MAF I yet
absent in M. bovis that allow their differentiation.
Maf strains from Uganda (subtype II/ East
African) on the contrary showed high IS6110
copy numbers, spoligotype pattern similar to
that of Mtb (absence of spacers 33 through 36),
and identical gyrB sequence, presence of the
RD9 region, and the Mtb specific deletion TbD1
(Brosch et al. 2002; Niemann et al. 2002).

Based on the above studies and others, Maf
type II (East African clade) has been reclassi-
fied as Mtb genotype “Uganda”, a sublineage
of Mtb Lineage 4 (also known as the Euro-
American lineage) (Sola et al. 2003; Mostowy
et al. 2004). The ‘true’ Maf is therefore Maf
subtype 1 (West African clade), which has further
been sub-divided into two separate lineages that
are genetically diverse; i.e. Maf West African
type 1 (Maf1) or Lineage 5, characterized by the
deletion of RD711, prevalent around the Eastern
part of West Africa (Gulf of Guinea) (Gagneux
et al. 2006), and Maf West African type 2 (Maf2)
or Lineage 6 characterized by the deletion of
RD702, (Gagneux et al. 2006; Mostowy et al.
2004) prevalent in Western West Africa; with
countries in the middle harboring both variants.

http://dx.doi.org/10.1007/978-3-319-64371-7_3
http://dx.doi.org/10.1007/978-3-319-64371-7_1
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Within the subsequent sections of this chapter,
‘Maf’ will refer only to what was previously
known as Maf subtype I including both MTBC
Lineage 5 and 6.

6.2 Epidemiology of Maf

6.2.1 Prevalence and Geographical
Distribution of Maf in Humans

Though Maf has sporadically been identified in
other regions of the world, the pathogen is al-
most exclusively restricted to West-Africa, where
a prevalence of more than 50% among smear-
positive TB cases has been indicated in distinct
countries and time periods (Huet et al. 1971;
Kallenius et al. 1999; de Jong et al. 2010). Maf1
has been isolated as far East as the Democratic
Republic of Congo (Hermans-Boveroulle et al.
1965) and used to cause 56% of TB in Cameroon
(Huet et al. 1971). Biochemical speciation at that
time did not permit distinction between Maf1 and
Maf2, although the present distribution suggests
that all 56% were Maf1. The distribution of Maf1
and Maf2 overlap in the central part of West
Africa or middle of West Africa, particularly
Ghana, Benin (Affolabi et al. 2009), Sierra Leone
and Ivory Coast (de Jong et al. 2010). Countries
outside Western Africa where cases have been
occasionally reported include: England (Grange
and Yates 1989; Brown et al. 2010), France (Frot-
tier et al. 1990; Grosset et al. 1974), Spain (Perez-
de Pedro et al. 2008; Isea-Pena et al. 2012),
Germany (Jungbluth et al. 1978; Schroder 1982),
Italy (Garzelli et al. 2010), Denmark (Bek et al.
2010), California, USA (Desmond et al. 2004)
and Columbia (Hurtado et al. 2016) from both
pulmonary and extra-pulmonary sources. While
most of the identified TB cases carrying Maf
within these reports were African migrants, a few
of the studies also identified other nationalities
(Schroder 1982; Desmond et al. 2004). For ex-
ample, the study of Desmond that retrospectively
analysed an isolate collection of the California
State using spoligotyping and IS6110 restriction
length polymorphism, identified 2/5 Maf isolates
from a Vietnamese- and a US born African Amer-

ican patient, neither of whom had any travel his-
tory to Africa (Desmond et al. 2004), suggesting
that transmission had occurred outside of Africa.

The prevalence of Maf estimated by various
studies in West Africa showed that actual species
and sublineage prevalence varies from country
to country, region within a country, as well as
period of sampling with figures ranging between
3% and 56%. During a national survey of primary
resistance carried out from May 1995 to May
1996 in Côte d’Ivoire, using randomized cluster
sputum sampling, 17 Maf were identified among
321 (5.3%) mycobacterial isolates and Maf was
isolated from four regional centers (Dosso et
al. 1999). In Nigeria, Ibadan (17%) and Nnewi
(14%) both showed medium prevalence, while in
Abuja, only 8% of all TB was due to Maf1 infec-
tion (Lawson et al. 2012). In a countrywide study
in Senegal from the 1970s, the prevalence of Maf
ranged from 10% in Casamance to 46% near the
Senegal river (Diop et al. 1976). Likewise, in the
southern sector of Ghana, a prevalence of 20%
have been reported as compared to 26% in the
north central sector.

There are some indications that Maf probably
is being replaced by variants of Mtb. Based on
phenotypic identification a study by Huet et al.
conducted over 40 years ago, reported that 56%
of cases of TB were due to Maf strains in the
West and South regions of Cameroon (Huet et
al. 1971). A reduced prevalence of 9% was how-
ever observed between 1997 and 1998, (Niobe-
Eyangoh et al. 2003) and a recent publication
in 2013 suggested that Maf1 has almost disap-
peared from Cameroon (Koro et al. 2013). Of the
total 565 MTBC strains analysed, only 19 were
identified as Maf, representing 3.3% of MTBC
strains. The authors concluded that their findings
showed a real regression of Maf compared to
the 9% described in the 1990s (P D 0.0001),
giving the impression that Maf is gradually being
out-competed by the Cameroon sublineage of
Lineage 4 Mtb. To confirm that the decline of
Maf in Cameroon is not due to identification
bias, the study conducted by Niobe-Eyango et
al. used the same phenotypic assays as done
by Huet et al., as well as molecular methods;
both approaches gave almost the same prevalence
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(9%) of Maf. Similar trends have been reported in
Guinea Bissau; in 2011 Groenheit et al. reported
a declining prevalence from 52% in 1994 to 38%
in 2008 (Groenheit et al. 2011).

In contrast, two recent studies covering several
regions of Nigeria identified a high Maf preva-
lence, ranging from 14% to 33% (Lawson et al.
2012; Thumamo et al. 2012), and detected active
foci of recent Maf transmission in 2009–2010
(Lawson et al. 2012), which is consistent with
the prevalence of 37% Maf recorded in Benin
(Gehre et al. 2013a). Similarly, various studies
conducted in Ghana spanning periods of about
two decades using either phenotypic or genotypic
assays have recorded a prevalence rate of not
less than 20% (Lawn et al. 2001; Addo et al.
2007; Yeboah-Manu et al. 2011; Asante-Poku et
al. 2015). Also in the Gambia, two independent
studies reported in 2008 and 2013 indicated that
the prevalence of Maf2 was consistently around
38%. Among isolates from 552 TB cases the
prevalence of Maf 2 (n D 223) was 40%, (Gehre
et al. 2013a), while the previous study conducted
in the same country by de Jong et al. in 2008
recorded a prevalence of 39%. Other country
prevalence values and year of report are indi-
cated in Table 6.2. While some researchers have
postulated that Maf may be more prevalent in
rural West Africa, within our work in Ghana,
where both Maf lineages are prevalent we did
not observe this. We however, did find statistical
association of Maf with an ethnic group (the Ewe
ethnic group, one of the native tribes of coastal
West Africa) driven by Lineage 5 (Asante-Poku
et al. 2015, 2016).

6.2.2 Isolation of Maf from Animals

The phylogenetic proximity of Maf to the animal
strains of the MTBC as well as its restricted
geographic distribution, gave the indication that
the pathogen may have an animal reservoir in
West Africa. Different phylogenetic analyses of
MTBC strains have always shown Maf, espe-
cially Maf2, is closer to animal adapted strains
compared to other lineages of Mtb (de Jong et

al. 2010). For example an MTBC strain isolated
from a wild chimpanzee in Côte d’Ivoire that
was shown by comparative genomic and phy-
logenomic analyses to belong to a new lineage
of MTBC was most closely related to Maf2 (i.e.
MTBC Lineage 6) and shares 32 SNPs with this
lineage (Coscolla et al. 2013). Two other animal-
associated members of the MTBC are known to
cluster with lineage 6 rather than with the other
classical animal-adapted lineages: M. mungi and
the dassie bacillus, which infect African mon-
gooses and hyraxes, respectively (Cousins et al.
1994; Alexander et al. 2010). One of the 32
SNPs shared between the chimpanzee bacillus
genome and the Maf also occurred in M. mungi
or dassie bacillus (Coscolla et al. 2013). Similar
to Maf, the dassie bacillus was shown to lack the
regions RD7, RD8, RD9, and RD10 (Mostowy
et al. 2004). Moreover, the association of Maf2
with HIV infection suggests that the ratio of la-
tent/active Maf2 infection is greater than for Mtb
infections, maintenance of which could again
indicate an animal reservoir sustaining zoonotic
infection in humans.

However so far, no animal reservoir has been
identified for Maf based on extensive skin testing
and abattoir surveys in Senegal, Gambia, Guinea
and Guinea Bissau not identifying mycobacterial
infection and lesion (Unger et al. 2003).
Nevertheless, Maf has been isolated from diverse
animal species (Hart and Sutherland 1977;
Thorel 1980a; Alfredsen and Saxegaard 1992).
A study conducted in North-Central Nigeria,
identified 1/5 Maf mycobacterial isolates from
400 unpasteurized milk (Cadmus et al. 2006),
and in Ghana, Asante-Poku et al. identified
1/6 mycobacterial isolates obtained from 17
lesions of a cow carcass by spoligotyping as
Maf (Asante-Poku et al. 2014). Other studies that
have isolated Maf from cattle have been reported
in Bangladesh (Rahim et al. 2007) and Bavaria
(Weber et al. 1998). Furthermore, Maf has also
been isolated from pigs during an outbreak of
TB in pigs and cows in 1992, where lesions were
found to be similar to those caused by M. bovis
and M. avium (Alfredsen and Saxegaard 1992).
Among wild animals, disseminated TB disease
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Table 6.2 Prevalence of M. africanum from both human and animal sources as reported from different countries at
different time periods

Country Source Sample size
M. africanum
(%) Method References

Benin Clinical 194 37.0 Spoligo. miru Gehre et al. (2013a) and
Affolabi et al. (2009)

Burkina Faso Clinical 229 18.0 Biochemical Simonet et al. (1989)

Burkina Faso Clinical 300 18.4 Ledru et al. (1996)

Burkina Faso Clinical 120 0 Spoligo Godreuil et al. (2007)

Burkina Faso Clinical 110 4.2 Biochemical Sangare et al. (2010)

Burkina Faso Clinical 72 22.2 Spoligo Gomgnimbou et al. (2012)

Cameroun Clinical 56.0 Biochemical Huet et al. (1971)

Cameroun Clinical 455 9.0 Spoligo Niobe-Eyangoh et al. (2003)

Cameroon Clinical 169 1.2 MIRU; spoligo Assam et al. (2013)

Cameroun Clinical 565 3.4 Spoligo Koro et al. (2013)

Cameroun Clinical 445 2.3 Biochemical, spoligo Kuaban et al. (2014)

Congo R Clinical 34 8.8 spoligo Ontsira Ngoyi et al. (2014)

Djibouti Clinical 435 0.5 Spoligo, VNTR Blouin et al. (2012)

Egypt Mummies 12 30.0 Spoligo Zink et al. (2003)

Ethiopia Clinical 168 9.5 spoligo Nuru et al. (2015)

Ghana Clinical 25 8.0 IS6110-RFLP Lawn et al. (2001)

Ghana Clinical 64 20.0 Biochemical Addo et al. (2007)

Ghana Clinical 1906 29.2 IS6110-RFLP, spoligo Meyer et al. (2008)

Ghana Clinical 325 28.9 Spoligo Homolka et al. (2010)

Ghana Clinical 162 19.7 Spoligo, LSP Yeboah-Manu et al. (2011)

Ghana Cattle 6 16.7 Spoligo, snp Asante-Poku et al. (2014)

Ghana Clinical 613 17.1 Spoligo Asante-Poku et al. (2015)

Ghana Clinical 2551 18.3 Spoligo Yeboah-Manu et al. (Manuscript
in preparation)

Guinea Bissau Clinical 414 47.1 LSP; spoligo Groenheit et al. (2011)

Lebanon Clinical 60 1.7 Spoligo Bedrossian et al. (2013)

Japan Clinical 970 0.2 LSP Ueyama et al. (2014)

Nigeria Clinical 30 3.3 LSP, spoligo Cadmus et al. (2009)

Nigeria Clinical 375 5.3 Genotype MTBC Aliyu et al. (2013)

Nigeria Clinical 105 10.5 LSP Waziri et al. (2014)

Nigeria Clinical 180 8.9 Spoligo Uzoewulu et al. (2016)

Sierra Leone Clinical 97 23.7 Spoligo, LSP Homolka et al. (2008)

The Gambia Clinical 386 38.4 LSP de Jong et al. (2009)

was observed in an adult female hyrax (Procavia
capensis) imported from United Arab Emirates
and held in captivity at a zoo in Croatia, and
confirmed by genotyping to be caused by Maf
(Gudan et al. 2008). Thorel et al. also identified
isolates in the Veterinary Research Centre in
France (Thorel 1980b).

6.3 Genomic Structure of Maf

Until recently, mycobacterial lineages were
defined based on a phylogenetic classification
system that considered the absence or presence of
genomic deletions, namely regions of differences
(RDs, see Chap. 1) (Tsolaki et al. 2004). These

http://dx.doi.org/10.1007/978-3-319-64371-7_1
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original classification systems revealed that the
two Maf lineages, together with the animal
strains, belong to a group of evolutionary ancient
mycobacterial lineages that share a common
deletion of RD9. Maf1 has a further deletion
in RD711, while Maf2 can be identified by a
deletion of RD702 (de Jong et al. 2005). Using
spoligotyping, Maf1 is characterised by a loss of
spacers 8–12 and 37–39, while in Maf2 spacers
7–9 and spacer 39 are missing (de Jong et al.
2010). With the increased availability of whole
genome sequencing data, lineage defining SNPs
for either of the Maf lineages were identified and
developed into SNP assays for rapid speciation
(Stucki et al. 2012).

Although no in-depth phylogenetic stud-
ies were conducted to date, spoligotyping
in combination with 12-loci MIRU-VNTR
genotyping of Maf1 isolates from several West
African countries (Sierra Leone, Nigeria, Benin)
suggested the presence of at least ten sub-
lienages within the Maf1 lineage, which differ
in their capacity to spread within the human
population (Gehre et al. 2013a). For Maf2, no
comparable data is currently available.

6.4 Genomic Diversity
and Implications for
Epidemiological Differences
Between Maf and Other
MTBC Lineages

So far, only few whole genome sequencing stud-
ies of Maf isolates have been performed (Bentley
et al. 2012; Gehre et al. 2013b; Winglee et al.
2016). Besides the reference genome for Maf2
(Bentley et al. 2012) and a study on a limited
number of Maf2 isolates (Gehre et al. 2013b), a
third sequencing study (the most comprehensive
of all) on 24 Maf2 and 2 Maf1 isolates was re-
cently published (Winglee et al. 2016). No refer-
ence genome for Maf1 is available at the moment,
although efforts are ongoing and the present
preliminary findings (Winglee et al. 2016) need
to be confirmed in future large-scale studies. For
Maf2, all studies described similar key observa-
tions. When compared to Mtb genomes, Maf2 is

characterised by increased genome erosion due
to a larger number of pseudogenes (Bentley et
al. 2012). The above-mentioned decrease of Maf
prevalence could be due to a replacement of Maf
isolates by rapidly spreading Mtb isolates in West
Africa. It was speculated that a loss of functional
genes in the Maf genome and therefore a loss
of fitness of Maf when compared to Mtb may
ultimately lead to an inability of Maf to compete
with newly introduced Mtb isolates in the region.
If this was the case, one would expect that the ge-
netic diversity of rapidly spreading Mtb lineages
would be higher than in the slowly vanishing, de-
creasing Maf populations (Winglee et al. 2016).
However, available sequencing data did not find
any differences in genetic diversity between Maf
and Mtb isolates, and therefore did not detect a
genetic bottleneck indicative of a selective sweep
that would have occurred during exerted selective
pressure on Maf isolates following introduction
of Mtb lineages (Winglee et al. 2016). Similarly,
no quantitative difference in mutations of viru-
lence genes between the Maf and Mtb lineages
was found that could explain a loss of fitness and
competitiveness. Therefore, the exact interaction
between the various MTBC lineages and the
reason for the geographical restriction of Maf
to West Africa is still unknown. One suggested
scenario based on sequence data was that while
Mtb isolates may be able to establish infection
independent of host ethnicity, Maf appears to be
particularly well adapted to West African hosts.
As Winglee et al. described, Mtb is one of a
few bacterial species capable of Vitamin B12
synthesis essential for bacterial survival during
Vitamin B12 limiting conditions within the host
(Winglee et al. 2016). DNA sequence data how-
ever revealed that Maf2 isolates lost the capacity
to synthesize Vitamin B12. As West Africans are
speculated to have higher Vitamin B12 levels
than other ethnicities, the auxotroph Maf will
still encounter sufficient Vitamin B12 amounts
for bacterial survival within these West African
hosts, while the lack of available Vitamin B12
in other host ethnicities outside the region limits
Maf growth. This hypothesis is supported by a
recent publication investigating Maf infections in
the US that found a strong association between
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Maf infection and patients born in West Africa or
of West African ancestry (Sharma et al. 2016).

6.5 Growth Requirement,
Morphology
and Biochemical
Characteristics of Maf

Mycobacteriological laboratory methods have
traditionally utilized a series of phenotypical
tests based on growth rate, colony morphology,
growth requirements and other biochemical prop-
erties to separate the classical members of the
MTBC. In the past, Maf strains were generally
identified by default, having initally ruled-out
both Mtb and M. bovis by biochemical tests
(Hoffner et al. 1993; Grange and Yates 1989).
Maf prefers minimal oxygen (microaerophilic)
and produces dysgonic colonies compared to the
abundant growth (eugonic colonies) exhibited
by Mtb. Similar to M. bovis and M. microti,
Maf is unable to use glycerol as a sole carbon
source, thus to improve isolation of Maf, solid
medium are normally supplemented with 0.4–
1.0% pyruvate for primary culture; this culture
medium has shown a better recovery rate
(Stonebrink 1958; Wayne and Kubica 1986),
which has been attributed to the lack of pyruvate
kinase activity. A SNP in pykA seems to affect
the organization at the active site of the pyruvate
kinase enzyme, including association with the
co-factor (Mg2C) and substrate [ADP/ATP] and
phosphoenolpyruvate binding (Munoz and Ponce
2003).

Most Maf isolates also show catalase activity;
in one study it was found that all Maf isolates
analysed had catalase activity less than or equal
to 10 mm (height of bubbles above agar) at 22 ıC,
and all were negative for catalase activity at 68 ıC
(Frothingham et al. 1999). Like M. bovis, Maf
is nitrate negative, with a variable reaction to
accumulation of niacin, between negative and a
weak production of niacin. Comparison of the
narGHJI promoter revealed that at nucleotide
�215 prior to the start codon of narG, Maf
has a cytosine residue, compared to Mtb, which
carries a thymine residue (Stermann et al. 2003).

Furthermore, Maf are susceptible to thiophene-
2-carboxylic acid hydrazide (TCH) (5 mg/l) and
pyrazinamide (PZA, positive pyrazinamidase ac-
tivity), although, like Mtb, resistance to PZA
can develop, typically reported among multi-
drug resistant cases (Frothingham et al. 1999;
Homolka et al. 2010). Very importantly, Maf
grows more slowly than Mtb. From the first
descriptions of Maf, the time to detection on solid
medium was known to be longer when compared
to Mtb (Grange and Yates 1989; Castets et al.
1968). Gehre et al. compared the growth rates
of Mtb and Maf isolates in The Gambia in two
liquid culture systems on primary isolation and
found Maf to grow significantly more slowly than
Mtb (Gehre et al. 2013a). This observation was
confirmed in growth experiments under defined
laboratory conditions.

6.6 Diagnostic Implications

The two Maf lineages are phylogenetically re-
lated yet distinct from the remaining Mtb lin-
eages. Consequently, differences in the bacterial
physiology were observed that not only impact
on the direct detection of bacteria in the labo-
ratory but also lead to clinical differences that
need to be considered during patient diagnosis.
As most of culture media and diagnostics were
traditionally optimized using Mtb isolates and
Mtb infected patients, the sensitivity in detecting
Maf is not known for most of the commonly used
assays. While clinical researchers in West Africa
are slowly progressing in evaluating diagnostic
assay performance for Maf2, data on Maf1 is still
lacking.

A key first step of laboratory TB diagnos-
tics is microscopy of sputa, with or without
Xpert MTB/RIF, and culture on solid or liquid
media for patients who need phenotypic drug
susceptibility performed. As mentioned above,
Maf2 isolates cannot metabolize glycerol and
therefore require pyruvate-supplemented media
to grow in vitro (Keating et al. 2005). This find-
ing was demonstrated in traditional biochemical
growth experiments, and therefore it was recom-
mended to add pyruvate to Loewenstein-Jensen
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slopes, which should be commonly done in Maf-
endemic West African countries. However, the
compositions of other solid media such as Ku-
doh/Ogawa slopes (Palaci et al. 2013; Jaspe et
al. 2009; Kothadia and Sengupta 1982) or the
recently described MOD9 plates (Asmar et al.
2015) as well as liquid culture systems such
as the widely used BactecMGIT960 were never
evaluated for their suitability for Maf culture.
Similarly, as previous publications described a
deficiency of Maf2 in vitamin B metabolism
(Bentley et al. 2012; Winglee et al. 2016), non
egg-based media (eggs contain vitamin B) sup-
plemented with vitamin B might result in higher
yields of Maf. Also, the impact that the prefer-
able microaerophilic growth of Maf has on au-
tomated culture systems is not fully understood,
as the majority of culture techniques are either
under aerobic growth conditions or, in the case
of the Bactec MGIT 960, use oxygen deple-
tion as a proxy for bacterial proliferation. As a
microaerophilic organism, Maf2 might consume
less oxygen during growth.

Another factor that could influence Maf lab-
oratory diagnosis is the pre-defined length of a
42 day incubation period for TB diagnosis of
primary isolation from sputa, or a 12 day incu-
bation period for phenotypic drug-susceptibility
testing using the Bactec MGIT 960. As the dou-
bling time of Maf2 was described to be signifi-
cantly longer (24.12 h) compared to that of MTB
(20.16 h) (Gehre et al. 2013b), it is conceivable
that incubation periods in Maf endemic countries
need to be extended. Therefore, in one of the
first publications by Castets et al., an extended
incubation period of 90 days for isolates from
West Africa was already recommended (Castets
et al. 1968), yet never implemented in modern
diagnostic laboratory algorithms.

To confirm that growing bacteria in positive
cultures are indeed members of the MTBC, lat-
eral flow rapid tests are widely used around
the world. These rapid tests detect the secreted
MPT64 antigen common to all members of the
MTBC (Bekmurzayeva et al. 2013; Jiang et al.
2014; Wang et al. 2007). However, unpublished
data from The Gambia demonstrated that Maf2
isolates express the mpt64 gene at 2.5-fold lower

levels than Mtb. Indeed, during the 10 day test
window, recommended by most manufacturers,
in which positive MGIT tubes should be pro-
cessed, the sensitivity of the test in correctly iden-
tifying Maf2 isolates as members of the MTBC
ranged from only 78% to 84% for day 1 to day
10 after MGIT positivity, respectively. Although
no evaluation was performed in Maf1 isolates to
date, genomic analysis of the mpt64 gene in Maf1
already demonstrated a lineage-defining nsSNP
that could impair the functionality of rapid tests
in the Maf1 lineage as well (Gagneux and Small
2007).

To detect whether a patient’s immune sys-
tem was previously exposed to MTBC bacteria,
ELISPOT assays are performed. For these assays,
PBMCs are stimulated with various antigens,
for instance ESAT-6, and the amount of T-cells
responding to ESAT-6 stimulation is assessed.
However, when comparing Mtb and Maf2, it was
found that the sensitivity of ESAT-6 ELISPOT
assay in Maf2 infected patients’ blood was signif-
icantly lower than in patients infected with Mtb
(de Jong et al. 2006). However, no difference in
responsiveness towards the other two ELISPOT
antigens PPD and CFP-10 was observed (de
Jong et al. 2006). It was concluded that Maf2
induces a somewhat attenuated anti-ESAT-6 im-
mune response, possibly due to impaired ESAT-6
synthesis or secretion, therefore limiting the use
of ESAT-6 ELISPOT tests in Maf endemic areas.

Taken together, various examples show that
commonly used diagnostics might have a reduced
performance when applied to Maf, due to under-
lying physiological differences of the bacteria.
Therefore, it is strongly recommended that all
novel diagnostic assays need to be re-evaluated
for their performance in correctly detecting Maf
isolates, including Maf1.

6.7 Biological Implications

Besides diagnostic implications, a solid under-
standing of the differences and similarities be-
tween Mtb sensu stricto and Maf lineages is
essential, as numerous potential drug or vaccine
targets are designed to interfere with biological
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mechanisms identified in Mtb sensu stricto lab-
oratory strains or clinical isolates. However, to
assure success of any therapeutic intervention it
is imperative that it targets mechanisms equally
conserved between Mtb and Maf. Fulfilling this
task becomes increasingly more complex, when
considering novel research findings on the micro-
biology and immunology of Maf, which to date
have hinted at the distinct niche adaptation by
these lineages.

Previous genomic studies already suggested a
different lifestyle of Maf from Mtb. For instance,
besides the overall gene erosion outlined above,
fundamental genetic changes occurred in genes
associated with lipid cata– and metabolism in
Maf. These include, amongst others, an accu-
mulation of nsSNPs in lipid transporters of the
mmpL gene family (Gehre et al. 2013b) as well
as frameshift mutations in genes synthesising
phenolic glycolipids (Malaga et al. 2008) and
genes responsible for the synthesis of sulfolipids,
DATs and PATs regulated by a mutated phoP/R
system (Broset et al. 2015; Gonzalo-Asensio et
al. 2014). Confirming this, the phenotypic lipid
profile of Maf dramatically differs from Mtb.
It was shown that it is essential for Mtb to
adjust its lipid catabolism in response to hy-
poxic, intracellular survival within the human
host cell, as lipids are the major intracellular car-
bon source in the absence of sugars (Niederweis
2008). A key regulon dosR/Rv0081 was recently
described in Mtb to orchestrate the adaptation to
hypoxic conditions experienced during anaerobic
growth within the human macrophage or gran-
uloma (Galagan et al. 2013). The fact that Maf
might already have acquired fundamental genetic
changes in lipid metabolism, ion transport and
genes essential for intracellular survival (Gehre
et al. 2013b) might indicate alternative survival
strategies. Unpublished preliminary mRNA ex-
pression data from The Gambia shows that the
expression of genes belonging to the dosR regu-
lon is significantly downregulated in Maf isolates
when compared to Mtb. Although speculation at
this point, it is conceivable that Maf does not
rely on rapid dosR/Rv0081 switching between
aerobic and anaerobic growth to the same degree
as Mtb. This could be a consequence of in-

creased adaptation to a more persistent, anaerobic
lifestyle and explain the fact that patients infected
with Maf progress to disease significantly slower
when compared to Mtb (de Jong et al. 2008). Mtb
outnumbering Maf in several traditionally Maf-
endemic West African countries, as mentioned
earlier, may be the consequence of this slower
progression of Maf. As an accelerated spread
of bacteria within the human population, as ob-
served for Mtb, requires the capacity to rapidly
switch between aerobic and anaerobic growth
due to faster infection-reinfection cycles between
hosts, Maf might have lost its capacity for rapid
spread as a sacrifice to its preferred anaerobic
growth niche.

Another important virulence factor of Mtb is
the early secreted antigen 6 kDa (ESAT-6), impli-
cated in the mycobacterial translocation from the
phagolysosome to the cytosol (van der Wel et al.
2007) of the macrophage during intracellular sur-
vival. The above mentioned reduced sensitivity
of ESAT-6 ELISPOTs for the detection of Maf2
(de Jong et al. 2006) was a first indication of a
potential lower overall ESAT-6 synthesis or se-
cretion defect of Maf2 isolates. The exact mech-
anism is still elusive, and, while one publication
attributes the overall reduced ESAT-6 immuno-
genicity of Maf2 to a relative secretion defect of
ESAT-6 in Maf2 when compared to Mtb (Bold et
al. 2012), other studies suggest a more complex
mechanism that leads to reduced synthesis of the
ESAT-6 peptide (Gonzalo-Asensio et al. 2014).
For instance, it was demonstrated that ESAT-6
expression is directly linked to the expression of
the espACD operon, which itself is regulated by
the phoP/R regulatory system (Gonzalo-Asensio
et al. 2014). Maf2 isolates possess mutations in
the phoR gene, which, when transformed into
an Mtb background, will lead to an abolishment
of ESAT-6 production and a dramatically altered
lipid profile. Despite the presence of this dele-
terious phoR mutation, ESAT-6 synthesis is not
fully ceased in Maf2 indicating the presence of
a Maf2-specific compensatory mechanism that
restores ESAT-6 synthesis. Although it does not
fully restore ESAT-6 secretions to the levels of
wildtype Mtb, the rescue mechanism could be as-
sociated with a gain of espACD operon function
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due to the loss of the RD8 region in Maf2 isolates
(Gonzalo-Asensio et al. 2014).

As shown, despite the fact that both Maf and
Mtb cause TB, they significantly differ, amongst
many others, in two crucial virulence mecha-
nisms: the dosR/Rv0081 regulon and phoP/R and
ESAT-6 regulation, rendering these pathways less
suitable drug or vaccine targets. Therefore, iden-
tifying common biological mechanisms between
Mtb and Maf isolates is essential for drug and
vaccine design. Failing to do so risks selecting
for Maf isolates in West Africa by the imple-
mentation of drugs/vaccines specific only to Mtb
targets, yet the outlined microbiological differ-
ences might already reveal potential for vaccine
escape variants that could emerge in Mtb isolates
in the future, similar to their natural evolution
in Maf.

6.8 Clinical Differences Between
Maf and Mtb

Unlike its close relative M. bovis, Maf is sen-
sitive to pyrazinamide. As treatment outcomes
on regular Category 1 therapy (Cat 1; 2 months
of isoniazid, rifampicin, ethambutol and pyrazi-
namide, followed by 4 months of isoniazid and
rifampicin), do not differ between Maf and Mtb
patients (de Jong et al. 2007), there is no clinical
urgency in diagnosing TB infection as due to Maf
vs Mtb. Several studies found lower rates of drug
resistance in Maf than in Mtb isolates, and/or an
underrepresentation of Maf among retreatment
patients, suggesting that Maf may be more effec-
tively treated by Cat 1. Given the complexities of
clinical trials for TB, specific regimen shortening
studies for Maf infected patients however seem
not warranted.

The underrepresentation of Maf among re-
treatment cases could also be linked to its lower
progression to disease, observed in contacts ex-
posed to Maf2 infected index cases. While the
skin test conversion rate was the same as in
contacts exposed to Mtb, the contacts exposed
to Maf2 were significantly less likely to develop
TB during the 2-year follow-up period relative to
Mtb exposed contacts, suggesting that transmis-

sion rates are similar, yet the rate of progression
to active disease is lower in Maf2 (de Jong et al.
2008).

Studies from Ghana (unpublished data) and
Gambia (de Jong et al. 2005) have identified
an association of Maf2 with HIV infection. In
Ghana, Maf1 was not associated with HIV infec-
tion (unpublished data) and an older study from
Ghana, in which Maf1 and Maf2 were analysed
together, also did not identify such an association
(Meyer et al. 2008). In Gambia, Maf2 is also
associated with patients with lower BMIs than
Mtb. It is however unclear whether Maf2 pref-
erentially causes disease in underweight persons,
or causes more immune stimulation of e.g. TNFa,
associated with increased weight loss, or causes
more indolent disease for which patients present
later, after more weight loss has taken place.

While the frequency of extrapulmonary
disease has not been systematically studied in
Africa, where diagnostic testing facilities for
non-pulmonary TB disease are limited, a recent
study from the US, in which MAF1 and MAF2
were analysed together, found Maf to be more
common in extrapulmonary disease (Sharma
et al. 2016). Whether this is related to the
microaerophilic adaptation of Maf is unclear.
The extrapulmonary predilection of M. bovis,
ascribed to the additional gastro-intestinal route
of transmission, is based on similar mechanisms
as Maf, also remains to be investigated.

6.9 Future Research Questions

As outlined above, understanding fundamental
biological processes in any of the two Maf lin-
eages will inform research about pathogenicity,
virulence and drug/vaccine design of the MTBC.
Although research on Maf2 is slowly increasing,
major efforts need to be made in investigating
Maf1 biology. Knowledge about both lineages
will allow optimisation of diagnostic algorithms
and targeted intervention strategies.

Identifying the various differences of the
molecular interactions between Maf and the hu-
man host, might give further insights into overall
virulence of MTBC bacteria. Similarly, studying
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the regulatory strategy of Maf2 to compensate for
a reduced activity of the dosR/Rv0081 regulon
will reveal novel mycobacterial strategies to
adjust to microaerophilic growth, persistence
and latency. On an epidemiological level,
insights into the causes and consequences of the
geographical restriction of Maf isolates to certain
regions within West Africa will reveal important
clues on sub-regional or even intercontinental
TB transmission mechanisms. Moreover, the
predilection for a weakened host (especially
for Maf2, Lineage 6) suggests a relatively
larger reservoir of latent infection relative to
that of ‘modern’ Mtb. As mycobacterial DNA
to date has not been isolated from persons
with latent TB infection, and antigens specific
for Maf2 relative to Mtb proved insufficiently
sensitive nor specific (Hill et al. 2005), the only
imperfect proxy for latent infection available
to date is whether a person was exposed to
an index case with Maf vs Mtb. However,
novel phylogenetic modelling techniques may
be able to estimate the total mycobacterial
population size based on the genomes obtained
from patients with active disease, and thus test
the size of the relative latent reservoirs (see
Chap. 15). Taken together, carefully comparing
these ancient West African MTBC lineages with
modern Mtb lineages will not only result in
optimised vaccine and treatment strategies but
also in the design of novel transmission blocking
interventions.
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Abstract

The Mycobacterium tuberculosis complex (MTBC) is composed of sev-
eral highly genetically related species that can be broadly classified into
those that are human-host adapted and those that possess the ability to
propagate and transmit in a variety of wild and domesticated animals.
Since the initial description of the bovine tubercle bacillus, now known
as Mycobacterium bovis, by Theobald Smith in the late 1800’s, isolates
originating from a wide range of animal hosts have been identified and
characterized as M. microti, M. pinnipedii, the Dassie bacillus, M. mungi,
M. caprae, M. orygis and M. suricattae. This chapter outlines the events
resulting in the identification of each of these animal-adapted species, their
close genetic relationships, and how genome-based phylogenetic analyses
of species-specific variation amongst MTBC members is beginning to
unravel the events that resulted in the evolution of the MTBC and the
observed host tropism between the human- and animal-adapted member
species.
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7.1 What’s in a Name? Defining
the Animal-Adapted Species
of the MTBC

The Mycobacterium tuberculosis complex
(MTBC) is composed of several highly genet-
ically related species (>99% nucleotide identity)
that can be broadly classified into those that are
human-host adapted, such as M. tuberculosis
and Mycobacterium africanum, and those that
possess the ability to propagate and transmit
in a wide variety of wild and domesticated
animal hosts. Following the identification of
M. tuberculosis by Robert Koch in the sputum of
a tuberculosis patient in 1882, Theobald Smith
in 1896 was the first to demonstrate that the
causative agent of tuberculosis in cattle, and
indeed other animal hosts, was not the same as
the human bacillus, a finding that ultimately
led to the description of the bovine-adapted
species Mycobacterium bovis (Smith 1898).
Since then, there have been numerous reports
of tuberculous isolates originating from a wide
range of animal hosts including, but certainly
not limited to, possums, voles, deer, shrews,
pigs, goats, cats, meercats, mice, dogs, badgers,
dassies, seals and rhinoceroses; as these animal-
related isolates were identified, they were named
after the host from which they were originally or
most frequently isolated (Alexander et al. 2010;
Boardman et al. 2014; Coscolla et al. 2013;
Cousins et al. 1994; De Garine-Wichatitsky et
al. 2013; Fitzgerald and Kaneene 2013; Miller
et al. 2016; Parra et al. 2003; Parsons et al.
2013; Pesciaroli et al. 2014; Wells 1937, 1946).
This has resulted in the nomenclature of M.
bovis (Karlson and Lessel 1970), M. microti
(Wells 1937, 1946), M. pinnipedii (Cousins et
al. 1993), the Dassie bacillus (Cousins et al.
1994), M. mungi (Alexander et al. 2010), M.
caprae (Aranaz et al. 1999), M. orygis (van
Ingen et al. 2012) and M. suricattae (Parsons
et al. 2013), while a novel isolate derived from
a chimpanzee with pulmonary tuberculosis in
Cote d’Ivoire has been recently identified that
is tentatively referred to as the chimpanzee
bacillus (Coscolla et al. 2013). However, this
process and nomenclature can be misleading as

it may result in erroneous redundancy within
the complex, it does not exclusively define host
range and it hinges upon whether the host in
question is one to which the associated pathogen
is adapted to and can successfully propagate
within (‘primary’ or ‘maintenance’ host) or one
to which the pathogen has been introduced to but
is not adapted to for propagation (‘secondary’ or
‘spillover’ host). This issue can be seen in the
context of the cattle pathogen M. bovis and the
diverse range of maintenance hosts from which it
can be identified (e.g. badgers, white tailed deer,
bush-tailed possum) while instances of M. bovis
infection in humans as a spillover event has also
been documented (Cadmus et al. 2006; Chen et
al. 2009; De Garine-Wichatitsky et al. 2013; Soto
et al. 2004; Waters and Palmer 2015).

A more rational view of the animal-adapted
MTBC species is to consider them as ‘ecotypes’.
In doing so, this concept allows for the defini-
tion of MTBC members as evolutionarily related
groups, or clades, which adapt to and sustain
within distinct host populations and where strains
of a given clade are immune to periodic selec-
tion events that occur within independent clades
(Cohan 2002; Smith et al. 2006). This classi-
fication, along with genome-based phylogenetic
analyses of species-specific variation amongst
MTBC members, is beginning to unravel the
evolutionary events that resulted in the formation
of the MTBC and the observed host tropism
between the human- and animal-adapted member
species. With the availability of the M. tuber-
culosis genome sequence in 1998, the genomic
sequences of the MTBC species were interro-
gated to determine if specific molecular barriers
associated with sustainability within a given host
could be defined (Cole et al. 1998). In doing
so, it became apparent that single nucleotide
polymorphisms (SNPs) and/or regions of dele-
tion (RDs) could assemble the entire MTBC into
a phylogenetic architecture that broadly mirrors
the observed host specificity amongst the MTBC
members (Brosch et al. 2002; Cole et al. 1998;
Huard et al. 2006; Smith et al. 2006, 2012b).
The animal adapted species of the MTBC form
a clade separate from M. tuberculosis and closer
to Lineage 6 or M. africanum West-African 2
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(WA2) that is demarcated by the absence of
RD9; this is in stark contrast to traditional ideas
whereby animal-adapted strains were thought to
be closer to the progenitor of the MTBC (Smith et
al. 2006, 2009b). WA2 strains exhibit phenotypic
variation and show attenuation in the human
host in that those infected with these strains
are less likely to progress to active tuberculosis
in comparison to other human-adapted strains
(de Jong et al. 2008). These findings suggest
that early diversification of an M. africanum-like
strain that was maintained within African human
populations or in a yet to be identified animal
host subsequently gave rise to the animal-adapted
lineages, which coincides with the geographical
location of animal-adapted MTBC member hosts
such as banded mongooses, oryx, waterbucks,
gazelles and meercats.

7.2 The Animal-Adapted MTBC
Strains of Small Animals
and Rodents

There is a subgroup of animal-adapted MTBC
species that infect small animals and rodents
which can be differentiated from those that cause
tuberculosis in bovine, caprine and pinniped
hosts by the presence of intact RD12 and RD13
sequences in their genomes which include M.
microti, the Dassie bacillus, M. mungi and the
recently classified M. suricattae (Alexander et al.
2010; Cousins et al. 1993; Dippenaar et al. 2015;
Frota et al. 2004; Mostowy et al. 2004; Wells
1937, 1946).

7.2.1 Mycobacterium microti

Mycobacterium microti, previously known as the
vole bacillus, was first identified by Wells in 1937
in Great Britain as the causative agent of tubercu-
losis in small rodents such as the wood mouse
(Apodemus sylvaticus), shrews (Sorex araneus)
and voles (Microtus agretis) with the latter being
the most commonly identified host (Cavanagh et
al. 2002; Wells 1937, 1946). M. microti has also

been documented as a zoonosis and has been
isolated from immunocompromised patients in
the United Kingdom, Germany, Switzerland and
the Netherlands (Cavanagh et al. 2002; Niemann
et al. 2000; van Soolingen et al. 1998). Besides
small rodents, M. microti is most frequently iso-
lated from felines in Great Britain and it is specu-
lated that feline hunting practices are responsible
for this spillover event (Smith et al. 2009a). After
its identification, M. microti showed promise for
use as a live vaccine against tuberculosis as it was
found safe when administered to pigs, cattle and
humans and its use did not result in pathology
or progressive disease in animal models unless
given in high doses; however an M. microti vac-
cine was not developed further after this point as
trial results failed to demonstrate increased effi-
cacy in comparison to the BCG vaccine (Hart and
Sutherland 1977; Sula and Radkovsky 1976). As
M. microti infection is protective in this manner,
it has been suggested that the lack of recovery of
M. bovis from cats in the south-western regions
of the United Kingdom may be due to high
burden levels of M. microti in the felines of this
area (Smith et al. 2009a).

Prior to the application of genotyping meth-
ods for the identification of MTBC members,
it was difficult to distinguish M. microti from
M. africanum and M. bovis biochemically, with
different M. microti strains resulting in varying
niacin accumulation and nitrate reduction test
readings (Levy-Frebault and Portaels 1992). In
two studies between 2002 and 2004, the M.
microti genome was compared to the M. tubercu-
losis H37Rv and M. bovis AF2122/97 reference
strain genomes (Brodin et al. 2002; Frota et
al. 2004). The results revealed that like other
animal-adapted species, the M. microti genome
had RD7, RD9 and RD10 genomic deletions,
intact RD12 and RD13 sequences along with a
unique M. microti deletion known as RD1mic, a
14 kb region that shows partial overlap with the
RD1 deletion of M. bovis BCG that is responsible
for the attenuation of the BCG vaccine strain
(Lewis et al. 2003; Pym et al. 2002). Also, there
were four other deletions that were found to be
specific to M. microti and these include RD5mic,
MiD1, MiD2 and MiD3. Taken together, these
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Fig. 7.1 The molecular markers and regions of dele-
tion that distinguish the animal adapted species of the
Mycobacterium tuberculosis complex. This diagram de-
picts the regions of deletion (RD) and specific nucleotide
polymorphisms (SNPs) that are described in the main text
and that can be used to describe the evolution of the
MTBC phylogeny, from an M. canetti–like ancestor to
M. bovis BCG Pasteur. Sequential loss of DNA segments
act as unique markers with which the broad evolutionary

steps of the phylogeny can be elucidated. Animal silhou-
ettes illustrate the primary host from which the associ-
ated MTBC species was originally or most frequently
isolated from while the syringe denotes a vaccine strain
(Alexander et al. 2010; Aranaz et al. 1999; Brosch et al.
1998; Dippenaar et al. 2015; Frota et al. 2004; Garnier
et al. 2003; Gordon et al. 1999; Marmiesse et al. 2004;
Mostowy et al. 2004; van Ingen et al. 2012)

genomic markers placed M. microti between M.
tuberculosis and M. bovis on the evolutionary
scale of the MTBC complex (Brodin et al. 2002;
Frota et al. 2004) (Fig. 7.1). A complete genome
sequence of M. microti was published at the start
of 2016 (Zhu et al. 2016).

7.2.2 The Dassie bacillus,
Mycobacterium mungi and
Mycobacterium suricattae

The Dassie bacillus was first described in 1960
and was isolated from the South African Cape
hydrax (Procavia capensis), commonly known

as the dassie (Smith 1960). The Dassie bacillus
was reported to be attenuated in the vole, mouse,
rabbit and guinea pig hosts in experimental in-
fections, with no reports, thus far, of infection in
humans (Cousins et al. 1994; Smith 1965).

M. mungi was first identified in a study of the
banded mongoose (Mungos mungo) in Botswana
in 2010 where the population in question was
living in close proximity to humans with some
of the animals dying from what appeared to be a
tuberculosis-like disease (Alexander et al. 2010).
The banded mongoose, in contrast to the majority
of other mongoose species, lives in a colony
with complex social hierarchies; animals scent
mark their territory and communicate with others
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within the colony through anal gland secretions
and urine markings (Alexander et al. 2016). M.
mungi was found to be environmentally trans-
mitted amongst the studied mongoose popula-
tion, primarily through abrasions in the nose
that most likely occur from foraging activity,
and this represents a novel mode of transmis-
sion for an MTBC species in contrast to the
traditional aerosolized route (Alexander et al.
2016). Furthermore, M. mungi was found in the
urine, respiratory secretions and anal gland tissue
and secretions of infected mongooses, similar
to the levels found in tuberculous lung tissue
from other host species infected with M. bovis
(Alexander et al. 2016). Hence, M. mungi has
effectively usurped the social behaviour of the
banded mongoose for dissemination and propa-
gation amongst the population in that scent sniff-
ing effectively transmits the pathogen from con-
taminated secretions originating from infected
mongooses. Also of note is that infection of the
mongoose with M. mungi is reported to progress
rapidly, with infected animals succumbing within
2–3 months of infection; this is in contrast to the
chronic disease established with infection with
other MTBC species (Alexander et al. 2010). As
mongoose troops in Botswana live in close prox-
imity to human settlements, understanding the
ecology and the potential for transmission events
to occur within this environment will be critical
for assessing the potential for the emergence of
zoonotic infections.

Currently, the newest member of the MTBC
to be described is M. suricattae (Dippenaar et
al. 2015; Parsons et al. 2013). In 2002, dissem-
inated tuberculosis was described in a troop of
free-living meercats (Suricata suricatta) in the
Kalahari Desert in Botswana and histopathologic
examination revealed granulomas in most tissues
and organs of infected animals including the
lymph nodes, spleen, liver and lungs (Parsons et
al. 2013). M. suricattae is highly pathogenic for
meercats and appears to be more virulent than the
Dassie bacillus in its eponymous host (Dippenaar
et al. 2015; Parsons et al. 2013).

Comprehensive molecular and whole-genome
analyses of the Dassie bacillus, M. mungi, and M.
suricattae have revealed the close genetic rela-

tionship amongst these species in that they share
genomic deletions RD7, RD8, RD9 and RD10.
The Dassie bacillus was first characterized as
being most similar to M. microti and investigation
revealed genomic deletions specific to the Dassie
bacillus that include RD5das, RD25das and an
RD1-like deletion variant, RD1das, representing
the smallest such deletion at the locus encoding
the ESX-1 secretion system discovered to date
(Mostowy et al. 2004). Further to this, a SNP
in Rv0911 at position 389 was revealed in the
Dassie bacillus genome that could distinguish
the Dassie bacillus from all other members of
the MTBC defined up to then (Huard et al.
2006). With the identification of tuberculosis in
the banded mongoose, investigations into the
genetic polymorphisms present in the isolated
strain sought to identify if a novel primary host
for an existing MTBC member or a novel MTBC
member had been uncovered; as the latter was
shown to be the case, M. mungi was defined
(Alexander et al. 2010). M. mungi was found
to share RD25das with the Dassie bacillus but
it was the lack of a SNP present in Rv0911389

and an RD1 variant deletion (RD1mun which is
larger than RD1das) that differentiated it from the
Dassie bacillus. Furthermore, a unique spoligo-
typing pattern was identified for M. mungi that
was found consistent within M. mungi strains
isolated from varying mongoose troops in diverse
geographical locations between 2000 and 2009
(Alexander et al. 2010). Subsequently, following
investigations aimed to differentiate the causative
agent of tuberculosis in meercats, M. suricattae,
from human-adapted pathogens M. tuberculosis
and M. africanum, from M. bovis and in par-
ticular from M. mungi and the Dassie bacillus
(Parsons et al. 2013). M. suricattae was found to
share the RD1das and N-RD25das deletions found
in the Dassie bacillus and the presence of RD1das

and the Rv0911389 SNP (originally described
as specific to the Dassie bacillus) in the M.
suricattae genome allowed for its differentiation
from M. mungi. The ability to differentiate M.
suricattae from the Dassie bacillus relied on two
genomic variant events; 21 copies of the IS6110
insertion element were found in the M. suricattae
strains analysed in contrast to 15 copies in the
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Dassie bacillus, while an RD5bovis-like genomic
deletion variant was identified, RD5sur, that is
unique to M. suricattae and contains an IS6110
insertion element. Finally, spilogotyping analysis
of M. suricattae revealed that the entire direct
repeat region along with 3500 bp upstream and
1700 bp downstream of the region was deleted,
while a SNP was disclosed in the 16S rDNA
(T214G) that distinguishes M. suricattae from
all other members of the MTBC (Parsons et al.
2013). Of course, a natural caveat to the increas-
ing membership of the MTBC is that with the
increased resolution of molecular methods, the
inclination to designate each new animal isolate
as a separate ‘species’ may complicate discourse
around host adaptation.

7.3 The Animal-Adapted MTBC
Strains of Bovines, Caprines
and Pinnipeds

Another subgroup of animal-adapted MTBC
members that can be differentiated from those
that cause tuberculosis in small animals and
rodents include M. orygis, M. caprae, M.
pinnipedii and the hallmark animal-adapted
strain M. bovis.

7.3.1 Mycobacterium orygis

Mycobacterium orygis, formally known as the
oryx bacillus, was first described in 1976 after
isolation from two East African oryxes and was
elevated to subspecies status in 2012 follow-
ing the characterization of 22 clinical isolates
(Lomme et al. 1976; van Ingen et al. 2012). M.
orygis has been isolated from many members
of the Bovidae family and the true extent of
its host range is unknown; isolates have been
recovered from waterbucks (Kobus ellipsirpym-
nus), different species of deer, free ranging buf-
falo (Syncerus caffer), cattle and rhinoceroses
(Rhinoceros unicornis) (Gey van Pittius et al.
2012; Thapa et al. 2015; van Soolingen et al.
1994). Furthermore, M. orygis has also been
identified in primate and human hosts; reports

of isolates recovered from rhesus monkeys and
patients in Africa and south Asia suggest animal-
human transmission with humans representing a
spillover host (Thapa et al. 2015). Prior to its
elevation as a species, M. orygis may have been
misidentified as M. africanum on account of the
gyrB1450 SNP mutation that they share, and M.
orygis was also once considered a variant of M.
bovis (van Ingen et al. 2012). Classification of
M. orygis discovered species-specific polymor-
phisms within its genome such as a GGC muta-
tion in Rv2042, a gyrB113 G-A single nucleotide
polymorphism and a subspecies specific RD12
deletion (RD12oryx) that can differentiate M. ory-
gis from all other members of the MTBC. Fur-
thermore, unlike the Dassie bacillus, M. mungi
and M. microti, M. orygis displays an intact RD1
locus (van Ingen et al. 2012).

7.3.2 Mycobacterium caprae

Mycobacterium caprae, originally known as M.
tuberculosis subsp. caprae or M. bovis subsp.
caprae was first isolated from a goat with dis-
seminated tuberculosis in 1999, and in 2003 it
was officially defined as a member of the MTBC
(Aranaz et al. 1996, 1999, 2003; Niemann et
al. 2002). M. caprae has been identified in sev-
eral European countries including Spain, Austria
and Germany and it is not solely restricted to
the caprine host; M. caprae had been isolated
from sheep (Ovis aries), red deer (Cervus ela-
phus), cattle, wild boar (Sus scrofa), from hu-
mans and captive animals such as the Siberian
tiger (Panthera tigris altaica), camel (Camelus
dromedarius) and bison (Bison bison) (Chiari et
al. 2014; Cvetnic et al. 2007; Fink et al. 2015;
Hansen et al. 2012; Kubica et al. 2003; Lantos
et al. 2003; Munoz Mendoza et al. 2012; Parra
et al. 2003; Pate et al. 2006; Prodinger et al.
2014; Rodriguez et al. 2009, 2011). Along with
M. bovis, M. caprae constitutes a sub-cluster
within the MTBC delimited by the deletion of
RD12 and RD13 along with a SNP in the oxyR
gene (G295A) (Aranaz et al. 1999; Garnier et
al. 2003). M. caprae is generally thought of as
less diverse than M. bovis strains with two main
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spoligotype patterns identified, one that is found
in the Iberian peninsula and the other which is
found in Central and Western Europe (Aranaz et
al. 2003; Duarte et al. 2008; Erler et al. 2004;
Prodinger et al. 2002; Rodriguez et al. 2011). M.
caprae can be distinguished from M. bovis based
on its sensitivity to pyrazinamide, spoligotype
pattern, the presence of wild-type pncA and RD4
in the M. caprae genome, while a SNP in gyrB at
position T1311G differentiates M. caprae from
the rest of the complex members (Aranaz et al.
1999; Brosch et al. 2002). The first complete
M. caprae genomic sequence was published in
2015 and will provide the basis for future in-
depth comparative genomic analyses with other
members of the MTBC (de la Fuente et al.
2015).

7.3.3 Mycobacterium pinnipedii

Once known as the seal bacillus after isolation
from its primary host both in the wild and cap-
tivity, M. pinnipedii was classified as a separate
member of the MTBC in 2003 (Cousins et al.
2003). Apart from wild and captive Australian
fur seals (Arctocephalus forsteri) and sea lions
(Neophoca cinera), M. pinnipedii has been iso-
lated from Brazilian and Malayan tapirs (Tapirus
indicus) and the camel (Camelus bactrianus bac-
trianus) (Cousins et al. 1993; Forshaw and Phelps
1991; Moser et al. 2008; Woods et al. 1995).
Recovery of M. pinnipedii from human hosts
has also been reported. Seal trainers from both
the Netherlands and Australia were found to be
infected with M. pinnipedii and there are even re-
ports of the recovery of an-M. pinnipedii related
strain from 1000 year old Peruvian human skele-
tons; however, whether M. pinnipedii possesses
the ability to successfully transmit and sustain
within the human population is yet unknown
(Bos et al. 2014; Kiers et al. 2008; Thompson et
al. 1993). The genome of M. pinnipedii contains
the subspecies specific deletion PiD1 which can
distinguish it from the rest of the MTBC species
while PiD2/RD2seal is also deleted from the M.
pinnipedii genome and results in the removal of
genes associated with the mammalian cell entry

3 (Mce3) locus, disruption of which is associated
with attenuation of M. tuberculosis in mice (Bigi
et al. 2005; Cousins et al. 2003; Senaratne et al.
2008).

7.3.4 Mycobacterium bovis

Mycobacterium bovis is the causative agent of
bovine tuberculosis and is the most widely stud-
ied animal-adapted MTBC species as bovine tu-
berculosis exacts a tremendous global economic
toll through the loss of productivity and disease
control costs, results in a negative impact on
animal health and welfare, and is a threat to
human health through zoonotic infections (Aber-
nethy et al. 2013; Heath 2013; Mableson et al.
2014; Muller et al. 2013). The primary control of
bovine tuberculosis in developed countries with a
control policy relies on a ‘test and slaughter’ pol-
icy whereby those cattle that test positive to the
tuberculin skin test (‘reactor’ animals) are subse-
quently removed from the herd and slaughtered
(Barker 2015; More and Good 2006). Failure to
eradicate bovine tuberculosis can be attributed
to a number of factors including on-farm prac-
tices and policies, missed surveillance of disease
in abattoirs, a lack of an effective vaccine and
specificity/sensitivity issues associated with cur-
rent diagnostic testing regimens (More and Good
2006; Sheridan 2011). However, one of the many
difficulties impeding the control and eradication
of bovine tuberculosis is the presence of wildlife
reservoirs of M. bovis infection. M. bovis can be
found in a diverse range of maintenance hosts
that include (and are not limited to) species such
as white-tailed deer (Odocoileus virginianus),
elk (Cervus Canadensis), domestic goats (Capra
aegagrus hircus), North American buffalo (Bison
bison), wood bison (Bison bison athabascae),
brushtail possums (Trichosurus vulpecula), and
the European badger (Meles meles) (Drewe et al.
2013; Lees et al. 2003; Pesciaroli et al. 2014;
Waters and Palmer 2015; Wright et al. 2015).

The badger is considered a highly suscepti-
ble host for M. bovis infection (Corner et al.
2007). Infected badgers present with a range of
disease states of which only a small proportion
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develop general pathology; one study determined
that 30/57 naturally infected badgers had latent
infection with no signs of gross pathology, a
difficulty with regards to wildlife disease surveil-
lance (Corner et al. 2012). Epidemiological data
has shown that tuberculosis is endemic in Irish
badgers and that cross-species transmission may
play a significant factor in the failure to totally
eradicate tuberculosis from Irish cattle herds. For
example, the most widely distributed M. bovis
genotype found in Ireland could be detected in
proximal cattle and badger populations while M.
bovis strains isolated from the associated badger
and cattle populations were similar, indicating
cross-species transmission (Furphy et al. 2012;
Olea-Popelka et al. 2005). The route of trans-
mission from badger to cattle and vice versa has
yet to be fully elucidated although it has been
speculated that close contact at water reservoirs,
aerosol transmission and to a lesser extent faeces
transmission may play a role (Corner et al. 2012;
Gormley and Corner 2013). Several studies have
shown that the selective removal of badgers led to
an improvement in the bovine tuberculosis rates
in cattle within a given population and as a result,
culling of badgers in both the UK and Ireland is
undertaken in an effort to reduce transmission to
cattle, particularly in areas of high disease preva-
lence in cattle (Gormley and Corner 2013; Griffin
et al. 2005; Kelly et al. 2008; More and Good
2006, 2015; Olea-Popelka et al. 2009; Smith et al.
2012a). Furthermore, efforts towards developing
a vaccine for badgers are currently being pursued
as a practical replacement for badger culling
activity and to reduce the prevalence of infection
and the rate of M. bovis transmission to cattle
(Chambers et al. 2011; Corner et al. 2008, 2010;
Murphy et al. 2014).

Genetic diversity and the geographical
distribution of M. bovis strains provide insight
into the overall success of bovine tuberculosis
surveillance programmes. For example, since
2000, France has been officially declared
bovine tuberculosis free by the EU. However,
a survey of over 4000 M. bovis strains isolated
from livestock, wildlife and domesticated
animals between the years 1978 and 2010
has revealed that the number of cases of M.

bovis infection are on the increase in France
and that three spoligotypes dominate amongst
animal populations namely SB0120 (26% of
strains tested), SB0134 (11%) and SB0121 (6%)
(Hauer et al. 2015). The occurrence of these
spoligotypes within livestock, wildlife (red deer,
badgers, boar) and domesticated animals (cats,
dogs, zoo animals) highlights the inter-species
transmission of M. bovis and the challenges faced
in eradicating infection from animal reservoirs
(Hauer et al. 2015).

A study in the United Kingdom explored
whether any phenotypic differences existed
between the ten major M. bovis spoligotypes that
occur within the national herd and it was found
that strains could be grouped independently
of each other based on their global metabolic
profiles, suggesting differential metabolic
features are associated with different M. bovis
spoligotypes (Winder et al. 2006). Furthermore,
another study highlighted differences with
respect to the expression of a subset of genes
between the four most common UK M. bovis
spoligotypes (SB0263, SB0140, SB0129 and
SB0134) with some of this diversity linked to
the occurrence of SNPs between these highly
genetically related strains (Golby et al. 2013).
Taken together, these studies suggest that the
slight differences in genetic makeup across
M. bovis lineages affect the phenotypic traits
of the associated strains; this diversity may
ultimately influence diagnostic test performance
and monitoring of disease burden and have
consequences for diagnostic test and vaccine
development.

M. bovis not only presents as a threat to wild
and domesticated animals, but is also a zoonotic
threat. In 2006, the WHO declared bovine tu-
berculosis as one of the world’s most neglected
zoonotic diseases with little progress being made,
particularly in Africa, to combat this threat to
human health (Mableson et al. 2014; Muller et
al. 2013; WHO 2005). Although M. bovis is
generally regarded as attenuated within human
hosts, there have been several reports of tuber-
culosis caused by M. bovis infection in humans,
especially within those in close contact with
cattle such as abattoir workers, cattle herders and
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those who co-habit with livestock (De Garine-
Wichatitsky et al. 2013; Kazoora et al. 2016;
Khattak et al. 2016; Malama et al. 2014). Fur-
thermore, genetic diversity within the M. bovis
lineage also presents as a threat to the human
population. For example, a multi-drug resistant
strain of M. bovis that transmitted between HIVC
patients was found to possess an IS6110 insertion
upstream of the phoP gene that may have played
a role in potentiating the strain’s capacity for
human-human transmission (Soto et al. 2004).

Constant vigilance and surveillance of na-
tional herds and wildlife reservoirs is paramount
for the eventual eradication of bovine tuberculo-
sis. Further research should focus on defining the
ecology and interplay of reservoir hosts, cattle
and humans and how genetic diversity in M. bovis
may impact upon these interactions.

7.4 Host Tropism Within
the MTBC

As mentioned, the MTBC can be broadly
classified into those that are human-host adapted
and those that possess the ability to propagate
and transmit in animal hosts. Host tropism
amongst MTBC species is a balance between
host-driven and pathogen-driven processes,
where differences in the immune response of
the host or differences in the phenotypes of
the MTBC species drive infection, persistence,
disease and transmission. The focus of studies
of the MTBC is largely driven by their threat to
human health; M. tuberculosis is estimated to
latently infect one third of the world’s population
and tuberculosis was the world’s lead cause of
death from an infectious agent in 2015 (WHO
2015), while M. bovis infection of domesticated
animals poses a threat to animal productivity,
welfare and zoonotic infection. There are a
small number of reports of these two MTBC
members sustaining in the opposite host; cattle
presenting with M. tuberculosis infection have
been found in regions of high human tuberculosis
prevalence and in African countries such as
Ethiopia, Nigeria, and India, while M. bovis
infection in humans has been documented in

those working or living in close proximity
with animals, or in the immunocompromised
(Ameni et al. 2013; Berg et al. 2009; Cadmus
et al. 2006; Chen et al. 2009; Du et al. 2011;
Soto et al. 2004; Srivastava et al. 2008). In
2010, Whelan et al. revisited the host specificity
between M. tuberculosis and M. bovis in the
bovine host, and the distinct attenuation of M.
tuberculosis in cattle was demonstrated (Whelan
et al. 2010). While experimental infection of
Friesian cattle with M. bovis AF2122/97 led to
pathology characteristic of bovine tuberculosis
after 16 weeks, infection of cattle with M.
tuberculosis H37Rv did not result in gross
pathology, despite both groups of animals
showing positive skin-test and interferon-gamma
responses indicative of successful infection
(Whelan et al. 2010). Furthermore, it has also
been shown that infection of bovine alveolar
and blood-derived macrophages in vitro with M.
bovis and M. tuberculosis resulted in differential
production of nitric oxide and select chemokines
and cytokines (Magee et al. 2014; Piercy et
al. 2007; Widdison et al. 2008). These results
therefore demonstrate a difference in the immune
response of the host in the face of infection
with the two highly related pathogens. From the
viewpoint of the pathogen, understanding the
evolutionary events that led to the adaptation
of MTBC species to specific primary hosts
will allow for the molecular definition of host
tropism; this will not only aid in understanding
the evolution of the MTBC during speciation as
a whole but also provide fundamental data to
underpin the development of novel control tools.
The transition from human-to-animal host within
the MTBC is associated with an overall reduction
in genome size (Brosch et al. 2002; Garnier et al.
2003). The question as to which specific genome
polymorphisms found amongst the members
of the MTBC impact upon host tropism, and
whether or not a single genomic deletion or
multiple deletion events are required, has yet to
be resolved; however, there are some genomic
events between members of the MTBC that have
been found to impact upon pathogenicity. It is
clear that loss of the region encompassing RD1,
which encodes for components of the ESX-1
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secretion system, is responsible for attenuation of
M. bovis BCG in vivo (Gordon et al. 1999; Pym
et al. 2002). That being said, M. bovis BCG has
been documented to infect immunocompromised
hosts receiving immunotherapy while M. microti
and the Dassie bacillus also contain variants of an
RD1 deletion (RD1mic and RD1das respectively)
and yet possess the ability to cause tuberculosis
in their respective hosts, with additional reports
of M. microti infecting immunocompromised
hosts (Frota et al. 2004; Mostowy et al. 2004;
Perez-Jacoiste Asin et al. 2014). Conversely,
the Mce3 pathway encoded by RD7 in M.
tuberculosis is expressed during infection and
when disrupted results in the attenuation of M.
tuberculosis in mice; equally, RD7 is deleted
from the M. bovis genome and yet its loss
clearly does not attenuate M. bovis in mice
or cattle (Ahmad et al. 2005; Senaratne et
al. 2008). As well as the deletion of specific
genomic segments, there are also some examples
of minor genetic modifications leading to
significant phenotypic changes between MTBC
members. A SNP present in the promoter of the
narGHJI locus is responsible for the difference
in nitrate reductase activity between M. bovis
and M. tuberculosis and is a trait that is used
to distinguish the two species diagnostically
while a frameshift event in pks1-15 results in
a loss of phenolic glycolipid production from
M. tuberculosis H37Rv in contrast to other
M. tuberculosis strains and M. bovis (Pang et
al. 2012; Sinsimer et al. 2008; Sohaskey and
Modesti 2009; Stermann et al. 2003).

As M. bovis is the most studied animal-
adapted member of the MTBC at both the
genetic and phenotypic level, comparison with
the human-adapted M. tuberculosis aims to reveal
the impact of reductive evolution or genome
downsizing on host specificity between the
two species. M. bovis AF2122/97 was the first
bovine mycobacterial strain to be fully sequenced
(Garnier et al. 2003). In the original M. bovis
AF2122/97 genome publication, the authors
highlighted the major differences between the M.
bovis AF2122/97 genome and M. tuberculosis
H37Rv reference sequence with regards to the
potential impact upon the phenotype of both

species (Garnier et al. 2003) (Fig. 7.2). These
analyses revealed high nucleotide sequence
identity (>99%) between the two genomes, no
unique genes per se found in the M. bovis
AF2122/97 genome and that a number of
genomic deletions led to a reduced genome
size for M. bovis AF2122/97 e.g. RD4, RD7-
10. Also, examples of gene alteration events
such as frameshifts (alanine dehydrogenase
Ald and lipoprotein LppO) and deletions (Esx-
family proteins Rv2346c, Rv2347c, Rv3619c
and Rv3620c) were found in the M. bovis
AF2122/97 genome and a link was suggested
between the lack of pyruvate kinase activity in
M. bovis AF2122/97 and a SNP in the pykA
gene which was later independently verified
(Garnier et al. 2003; Keating et al. 2005). At
the time, it was unknown how these nucleotide
polymorphisms impacted upon the phenotype of
the two species to result in altered host-pathogen
interactions, virulence and host tropism. In 2007,
two microarray-based publications compared
the transcriptome of M. bovis to that of M.
tuberculosis to identify differential global gene
expression between the two pathogens. Both
studies highlighted that the genes encoding the
major antigens MPB83 and MPB70 (MPT83
and MPT70 in M. tuberculosis) were expressed
at higher levels in M. bovis in comparison to
M. tuberculosis (Golby et al. 2007; Rehren et
al. 2007). MPB83 is a lipoprotein that is post-
translationally glycosylated and anchored in
the cell membrane while MPB70 is a secreted
protein (Hewinson et al. 1996; Wiker 2009),
with the function of both proteins unknown. The
expression of both of these proteins is under the
control of the SigK regulator (Charlet et al. 2005;
Said-Salim et al. 2006). In M. tuberculosis these
antigens show low-level expression and selective
induction during intracellular growth, while M.
bovis shows constitutive high-level expression
of both genes as a result of the loss of negative
regulation due to the mutation of the anti-sigma
factor RskA (Charlet et al. 2005; Said-Salim et
al. 2006; Schnappinger et al. 2003). Constitutive
expression of MPB70 and MPB83 can also
be seen in M. orygis where an independent
mutation in the rskA gene can be found; this
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Fig. 7.2 Schematic of the major differences between
M. bovis AF2122/97 and M. tuberculosis H37Rv.
Depicted are the genotypic and phenotypic differences
predicted and/or experimentally validated to date between
M. bovis AF2122/97 (blue shading) and M. tuberculosis
H37Rv (red shading). Surface-exposed proteins, transport
molecules, intracellular and secreted proteins particular to
each bacillus are shown. Red crosses representing lesions
in M. bovis AF2122/97 in comparison to M. tuberculosis

H37Rv while asterisks denote mutations that alter the
function of the associated protein. Also, the regions of
deletion (‘RD’/‘Rv’, yellow) that are present in the as-
sociated tubercle bacilli and absent in the other, along
with their associated genes and gene products are depicted
(Brosch et al. 2002; Cole et al. 1998; Garnier et al. 2003;
Gordon et al. 1999; Keating et al. 2005; Pang et al. 2012;
Pym et al. 2002; Sohaskey and Modesti 2009; Stermann
et al. 2003)

suggests that overcoming RskA regulation to
drive high expression of MPB70 and MPB83
confers a yet to be elucidated selective advantage
for both the bovine and oryx bacillus during
infection (Said-Salim et al. 2006). Furthermore,
the aforementioned transcriptional profiling
studies highlight that certain biosynthetic genes
involved in the production of major cell wall
proteins sulfolipid-1 (SL-1) and phthiocerol
dimycocerosate (PDIM) were differentially
expressed between the two species with increases
in SL-1 and PDIM related genes expressed
to a higher level in M. tuberculosis and M.
bovis, respectively (Golby et al. 2007; Rehren
et al. 2007). Comparative global transcriptomic
profiling using RNA-sequencing and global
proteomic profiling using quantitative SWATH
mass spectrometry of M. tuberculosis H37Rv
and M. bovis AF2122/97 grown in vitro also
supports the difference in expression of the SL-
1 and PDIM biosynthetic genes between the
two mycobacterial species (Malone and Gordon,
unpublished) (Fig. 7.3). These results are in
agreement with previous reports that M. bovis
lacks trehalose-containing glycolipids in its cell

wall, including SL-1, di- and poly-acyl trehalose
(DAT, PAT) (Gonzalo Asensio et al. 2006; Goren
1970). The ratio and biosynthesis of PDIM
and SL-1 in cell envelope composition of M.
tuberculosis has been shown to be dependent
on the flux of common intermediates such
as methyl malonyl CoA within the cell; M.
tuberculosis mutants in SL-1 synthesis display
increased PDIM production (Jain et al. 2007).
The consequence of SL-1 loss in the M. bovis
cell wall with regards to virulence and adaptation
to the host cell environment is unclear. SL-
1 is one of the most abundant lipids in the
mycobacterial outer membrane, it is unique to
pathogenic mycobacteria, it is immunogenic
and it has been implicated in the alteration
of phagolysosome fusion (Brodin et al. 2010;
Seeliger et al. 2012; Zhang et al. 1991). That
being said, M. tuberculosis SL-1�/PDIMC
strains do not show an attenuated phenotype
in the murine host (Converse et al. 2003). PDIM
has recently been reported to mask pathogen-
associated molecular patterns (PAMPs) of M.
tuberculosis during immune evasion in vivo
(Arbues et al. 2014; Cambier et al. 2014) and it is



146 K.M. Malone and S.V. Gordon

Fig. 7.3 Differential expression of the Sulfolipid-1
and phthiocerol dimycocerosate biosynthesis path-
ways in M. tuberculosis H37Rv and M. bovis
AF2122/97. Representation of the expression of the (a)
sulfolipid-1 (SL-1) and (b) phthiocerol dimycocerosate
(PDIM) synthesis associated genes at the RNA and
protein level in M. tuberculosis H37Rv and M. bovis
AF2122/97. The expression of each gene (“Gene expres-
sion”) is presented as Log2TPM (transcripts per million)
at the RNA level while the relative abundance of RNA or
protein (“Relative expression”) between the two species
is presented as log2FC (fold change). Those genes that
change significantly at the RNA and protein level (cor-

rected p < 0.05) are denoted (*). Genes within either
pathway that are of equal length and are conserved 100%
at the amino acid level (“ID”) or are not 100% conserved
at the amino acid level (“VAR”) are noted while absence
of protein measurements is also noted (“n.m”). (c) Dia-
grammatic overview of the SL-1 and PDIM biosynthesis
pathways in M. tuberculosis. Those proteins coloured
in blue represent the genes in (i) that are upregulated
in M. bovis AF2122/97 in contrast to M. tuberculosis
H37Rv and those in red represent the genes (ii) that are
upregulated in M. tuberculosis H37Rv in contrast in M.
bovis AF2122/97

required for the virulence of M. tuberculosis (Day
et al. 2014). Whether or not the loss of trehalose
containing glycolipids from the cell wall of
M. bovis results in a seemingly compensatory
production of PDIM is unclear and its overall

effect on the virulence of the bovine bacilli
remains to be demonstrated. Furthermore, the
role of either SL-1 or PDIM in host specificity
has yet to be determined and whether or not these
differential lipid profiles hold under infection-
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like conditions between the two species has yet
to be elucidated.

The genetic basis for the loss of these
glycolipids in M. bovis has been linked to
the PhoPR two component signalling system.
PhoPR signalling is implicated in the regulation
of the biosynthesis of complex cell wall lipids
and EsxA/ESAT-6 secretion in M. tuberculosis
(Gonzalo Asensio et al. 2006, 2014). It has
been suggested that mutation of PhoR in
M. bovis in comparison to M. tuberculosis
may explain the host specificity of these two
species, leading to attenuated PhoPR signalling
in M. bovis, alterations in the secretion of
EsxA and SL-1/PDIM ratios in the cell wall
(Gonzalo-Asensio et al. 2014); strikingly, the
RD8 deletion of M. bovis restores EsxA/ESAT-
6 secretion in a PhoPR-independent manner
(Gonzalo-Asensio et al. 2014). Transfer of
the PhoPR system-associated mutations from
M. bovis into M. tuberculosis led to a loss
of complex lipids (including SL-1), lower
virulence and reduced secretion of EsxA/ESAT-
6 (Gonzalo-Asensio et al. 2014). Reduced
PhoPR signalling in M. bovis and its link to
virulence in humans is supported by the report
of a hypervirulent and multidrug-resistant strain
of M. bovis recovered from a human patient
that showed constitutive and high expression
of PhoP as a result of an insertion sequence
event upstream of the phoP gene (Soto et al.
2004). However, these mutations do not fully
demonstrate that PhoPR is solely responsible for
the human/animal host specificity exhibited by
these species and thus, the mechanism behind
bovine/human host tropism has yet to be fully
determined.

Differential cell wall profiles between the hu-
man and bovine tubercle bacilli may also be a re-
sult of differential responses to extracellular stim-
uli. External environmental signals can be trans-
lated into adaptive responses in the mycobacte-
rial cell by protein kinases, and M. tuberculo-
sis encodes 11 serine/threonine protein kinases
(STPKs) (M. bovis encodes 12) that are involved
in the regulation of cell division, pathogenesis
and cell wall biosynthesis (Av-Gay and Everett
2000; Chao et al. 2010). PknD is associated with

the phosphorylation of the MmpL7 transporter
protein of the PDIM biosynthetic pathway; pknD
is split into two coding sequences in M. bovis
AF2122/97 in contrast to M. tuberculosis H37Rv
and therefore PknD-MmpL7 interactions may
be perturbed in the bovine bacillus and result
in an altered PDIM profile in contrast to M.
tuberculosis (Perez et al. 2006). PknH has also
been associated with PDIM synthesis; an M.
tuberculosis pknH knockout mutant was attenu-
ated for the production of PDIM, and the PDIM
synthesis-associated protein PpsE was identified
as a potential target for PknH (Gomez-Velasco
et al. 2013). PknH’s cognate partner is the tran-
scriptional regulator EmbR, a protein associated
with the regulation of the embCAB genes that are
involved in the production of arabinan and resis-
tance towards ethambutol while a third protein,
EmbR2 is found to bind to EmbR and inhibit
EmbR phosphorylation by PknH (Brossier et al.
2015; Sharma et al. 2006). EmbR2 is present in
M. bovis and is absent in M. tuberculosis as part
of RvD5 and therefore a difference in the regula-
tion of PDIM synthesis between the two species
may be a result of differential PknH signalling
(Molle et al. 2008); however this remains to be
shown.

7.5 Practical Implications

Genomic analyses across the animal-adapted
members of the MTBC and comparison to M.
tuberculosis have exposed the evolutionary steps
that generated this unique group of pathogens.
A key challenge is to now define how genetic
variation across the MTBC translates into
functional consequences for host adaptation.
By achieving this linkage between genotype and
phenotype the precise molecular basis of host
preference across the complex can be revealed.
This has implications not only for our broad
understanding of how pathogens evolve to new
hosts, but also conversely reveal what is it is
that makes M. tuberculosis such a successful
human pathogen. This integration of research
on human and animal pathogens, in a true ‘One
Health’ framework, holds substantial promise



148 K.M. Malone and S.V. Gordon

for the development the next generation of tools
and approaches to combat tuberculosis in both
humans and animals.
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Abstract

BCG vaccines were derived by in vitro passage, during the years 1908–
1921, at the Pasteur Institute of Lille. Following the distribution of
stocks of BCG to vaccine production laboratories around the world, it
was only a few decades before different BCG producers recognized that
there were variants of BCG, likely due to different passaging conditions
in the different laboratories. This ultimately led to the lyophilization
of stable BCG products in the 1950s and 1960s, but not before con-
siderable evolution of the different BCG strains had taken place. The
application of contemporary research methodologies has now revealed
genomic, transcriptomic and proteomic differences between BCG strains.
These molecular differences in part account for phenotypic differences in
vitro between BCG strains, such as their variable secretion of antigenic
proteins. Yet, the relevance of BCG variability for immunization policy
remains elusive. In this chapter we present an overview of what is known
about BCG evolution and its resulting strain variability, and provide some
speculation as to the potential relevance for a vaccine given to over 100
million newborns each year.
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8.1 Introduction

Humans have been infected with M. tubercu-
losis (Mtb) for millennia. Mtb, the intracellu-
lar pathogen that causes tuberculosis (TB), was
discovered in 1882 by Robert Koch and is re-
sponsible for more human deaths than any other
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single pathogen today (Kaufmann et al. 2010;
Kaufmann and Winau 2005; Ottenhoff 2009).
Mycobacterium bovis Bacillus Calmette-Guérin
(BCG), an attenuated strain of M. bovis, has been
used as a prophylactic measure against TB for
nearly a century to immunize over four billion in-
dividuals in more than 180 countries or territories
(McShane 2011; Ottenhoff and Kaufmann 2012;
Zwerling et al. 2011). Over 90% of children
worldwide are vaccinated with BCG and more
than 120 million doses of BCG are administered
annually, making it the world’s most widely
used vaccine. Given this large denominator, it
is possible to infer that there is a remarkable
safety record. Unfortunately, despite the large
numbers of individuals who have received BCG,
in both programmatic settings and in clinical
trials, the true efficacy of BCG has been difficult
to understand due to many experimental variables
(Griffin et al. 2001).

The parent BCG vaccine strain was derived
from a virulent strain of M. bovis, a primary cause
of TB in cattle, which is member of the M. tu-
berculosis complex that mainly affects wild and
domesticated mammals (see Chap. 7) (Frothing-
ham et al. 1994; Imaeda et al. 1985). Case-control
studies have shown that BCG is associated with
protection against childhood disseminated TB
including meningitis and miliary TB (Colditz et
al. 1995; Trunz et al. 2006). However, its efficacy
against pulmonary TB in adults, as measured
in randomized controlled trials, has varied from
no efficacy at all to as high as 80% protection
(Fine 1995). It was noted as far back as 1967
that the protective efficacy of BCG against TB
varies substantially between studies, showing an
average risk reduction of pulmonary TB of 50%,
and of disseminated and meningitic forms of this
disease by 70–80% (Brewer 2000; Colditz et al.
1995; Trunz et al. 2006). There are several rea-
sons for this variation in BCG vaccine effective-
ness, including differences in host populations,
differences in their exposure to environmental
mycobacteria and methodologic differences be-
tween the studies. In this chapter, we focus on dif-
ferences between strains of BCG vaccine in use,
and consider the possibility that the heterogeneity

among these strains has in part contributed to the
heterogeneous results from clinical trials (Behr
2002). Nowadays, several BCG strains are cur-
rently used worldwide as vaccines. Early clinical
trials in indigenous groups in North America,
infants in Chicago and school children in the UK
demonstrated the efficacy of the vaccine and led
to its distribution to several countries for world-
wide application (Aronson et al. 1958; Rosenthal
et al. 1961). Next to BCG, no other vaccines are
available for protecting from TB, and of the many
new candidates in the pipeline none is close to
market use. Therefore, it is critical to examine
the product known as BCG and to ask whether
evolution and strain variability in BCG may have
a role in determining the capacity to provide
protective immunity against TB.

8.2 Historical Aspects of BCG

BCG is named for Albert Calmette and Camille
Guérin (Bacillus of Calmette and Guérin) who
derived the original BCG vaccine strain from an
isolate of M. bovis at the Pasteur Institute of Lille,
France in the early part of the twentieth century.
Since 1900, Calmette and Guérin began their
research on the M. bovis strain, which had been
isolated from the milk of a cow suffering from
tuberculous mastitis by Nocard at the Pasteur
Institute of Paris, France in 1902. This isolated
strain of M. bovis was used by Albert Calmette
and Camille Guérin to study the pathogenesis
of bovine TB (Grange et al. 1983; Oettinger
et al. 1999). In early studies, Calmette reported
that oral inoculation of M. bovis resulted in pul-
monary TB, through lymphatic spread from the
mesenteric to the mediastinal lymph nodes. This
finding presented a public health challenge, as, at
the time, the predominant route of acquisition of
pulmonary TB was through respiratory aerosols.
To produce inocula for these experiments, Cal-
mette and Guérin cultivated these tubercle bacilli
on a glycerol-soaked potato medium, but they
found that there was difficulty in the production
of homogenous suspension of the bacilli and
bacteria used to grow in clumps in vitro. In

http://dx.doi.org/10.1007/978-3-319-64371-7_7
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order to minimize mycobacterial clumping and
make the bacteria homogenous for optimized
infections, they added ox bile to the potato slices
soaked in glycerol. To their surprise, they ob-
served alterations in colony morphology within
a few months of growth on this new medium,
and when injected into guinea pigs, the bacilli
were less virulent than the original Nocard’s M.
bovis. This fortuitous observation became source
of long term project of producing a vaccine from
this attenuated tubercle bacilli (Calmette 1922;
Gheorghiu et al. 1983).

However, appreciating the importance of re-
duced virulence in terms of vaccine develop-
ment, Calmette and Guérin continued the serial
in vitro sub-culturing of the Nocard’s M. bovis
strain on potato slices soaked in ox bile and
glycerol at three weekly intervals for 13 years
(1908–1921), leading to total of 231 passages
(Corbel et al. 2004). When administered at dif-
ferent doses and by different routes, the lab-
adapted Nocard M. bovis strain was well tolerated
and failed to produce progressive TB in differ-
ent animal models, including guinea pigs, cows,
horses, hamsters, mice, rabbits, dogs, chicken,
and non-human primate (Sakula 1983). However,
these cultures maintained the clumped morphol-
ogy, and the same physical properties and exhib-
ited continued immunogenicity in animal models
i.e., guinea pigs, cattle, mice and chimpanzees.
Furthermore, BCG vaccination protected cows
against challenge with virulent M. bovis. These
results established the safety and efficacy of BCG
vaccine in experimental animals. At Guerin’s
suggestion, they named it Bacille Bilie Calmette-
Guerin; later they omitted “Bilie” and so BCG
was born (Calmette 1922).

In 1921, the BCG strain was used for the
first time as a human vaccine at the request
of Benjamin Weill-Halle a French pediatrician
and bacteriologist. Weill-Halle wanted to protect
an infant born to a mother who had died of
TB a few hours after childbirth, and who was
now under the care of a grandmother suffering
from TB at the Charité Hospital, Paris (Bryder
1999; Sakula 1983). On July 18th, 1921, Ben-
jamin Weill-Halle assisted by Raymond Turpin

administered orally the culture of the lab-adapted
Nocard’s M. bovis strain in three doses of 2 mg
each (6 mg total; �2.4 � 108 bacilli). On follow-
up, there were no serious side effects, and the
child did not develop any sign of TB. Based on
this first anecdotal success, over the next year,
additional newborns were vaccinated and no ill
effects were reported. By 1924, they were able
to report a series of more than 660 oral BCG
vaccinations of infants (Calmette et al. 1924).
For the first time, a safe and apparently effec-
tive vaccine was available for protection against
human TB. The Pasteur Institute of Lille started
mass-production of the BCG vaccine for medical
applications.

As early as 1924, the original culture of BCG
strain was sub-cultured and distributed to several
laboratories throughout the world (Oettinger et
al. 1999). These cultures were further propagated
on non-synthetic culture media that varied around
the world, and used for local vaccine production.
This propagation of BCG on different culture
media, at times following different passaging
schedules, led to its diversification into a number
of genetically distinct BCG sub-strains (daughter
strains) (Liu et al. 2009). The first documented
distribution of a daughter strain was BCG-Russia
obtained in 1924 (Dubos and Pierce 1956). In
the absence of lyophilisation or freezing and the
production of seed-lots in 1961, BCG-Pasteur
continually underwent serial passage of in vitro
evolution, with daughter strains obtained directly
or indirectly from the Pasteur Institute of Lille.
After BCG Russia, records of BCG transfers be-
tween laboratories have shown that BCG Moreau
and Japan (Tokyo-172), were obtained in 1925
(Behr and Small 1999; Obayashi 1955), Swe-
den in 1926 and Birkhaug in 1927 (Lind 1983;
Wallgren 1928). Over the years, more than 14
sub-strains of BCG have evolved and have been
used as BCG vaccine strains in different parts
of the world. The main strains or seed-lots that
are currently in use are: BCG Pasteur 1173 P2
(lyophilized strain in 1961 after 1173 serial pas-
sages (Gheorghiu et al. 1983)), BCG Danish
1331, BCG Glaxo 1077 (derived from the Dan-
ish strain), and BCG Moreau RDJ strains. The
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Fig. 8.1 Revised historical genealogy of BCG strain
dissemination. The vertical axis represents time. The
horizontal axis denotes different geographic locations
of BCG propagation. Strains obtained before 1927 are

labelled as “early strains”; strains obtained in 1931 or later
are indicated as “late strains” (Adapted from a figure by
Behr et al. 1999)

historical records of BCG dissemination sepa-
rated “early strains” that were obtained in the
early 1920s (BCG Russia, BCG Tokyo, BCG
Moreau, BCG Sweden, BCG Birkhaug) from
“late strains” that were obtained from the Pasteur
Institute after 1927 (Fig. 8.1). The distinction
between early strains and late strains coincides
with reports of ongoing attenuation of BCG in
the late 1920s (Dreyer and Vollum 1931), and
is correlated with severely reduced production
of the antigenic proteins MPB70, MPB83 and
MPB64 in late strains (Milstien and Gibson 1990;
Wiker et al. 1996). However, whether this his-
torical distinction is critical for BCG phenotypes
remains uncertain, as certain properties such as
production of virulence lipids, have been inde-

pendently lost in both early and late strains (Chen
et al. 2007). Furthermore, the relevance of an
early versus late dichotomy in term of protective
efficacy in humans cannot be ascertained, as
randomized clinical trials of BCG vaccination
only employed late strains.

8.3 Phylogeny of BCG

It is fundamental to recognize that the currently
available BCG strains have undergone two
phases of genomic modification. The initial
phase (1908–1921) comprises the 231 in vitro
passages conducted by Calmette and Guérin
to produce the lab-adapted Nocard’s M. bovis
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strain (the original vaccine). The second phase
starts circa 1924 with widespread use and
distribution of the culture of the lab-adapted
Nocard’s M. bovis strain. It ends several decades,
and hundreds of passages, later (1961 for BCG-
Pasteur 1173 P2, but different years for different
daughter strains) with the establishment of
frozen seed lots. Due to the initial phase, it is
expected that BCG daughter strains should share
the acquired particular genomic modification
(BCG versus virulent M. bovis), whereas the
second phase should give rise to additional
genomic modification, specific to individual
BCG strains and lineages. During the past
two decades, several studies on BCG daughter
strains have demonstrated changes at the genome
level, using a variety of comparative genomic
techniques, including subtractive hybridization,
BAC libraries, spotted oligonucleotide arrays,
microarray based resequencing, and whole
genome sequencing. These studies have not
only documented differences between BCG
and M. bovis, but also documented additional
genomic modifications that apparently were
not present in the original culture obtained by
Calmette and Guerin (Abdallah et al. 2015;
Behr et al. 1999; Brosch et al. 2000, 2007;
Gordon et al. 1999; Mahairas et al. 1996;
Mostowy et al. 2003; Salamon et al. 2000). This
extensive genotypic diversity in BCG daughter
strains includes uncovered regions of difference
(RD), single nucleotide polymorphisms (SNPs),
insertion sequences (IS6110), deletions and
tandem duplications.

Notably, due to the loss of the original strain
of M. bovis (Nocard strain) used to derive BCG
during the First World War, genomic studies have
compared BCG vaccine to a variety of different
M. bovis strains until the sequence of the M.
bovis AF2122/97 strain was completed in 2003
(Garnier et al. 2003). As a consequence, certain
differences uncovered between a particular BCG
strain and the chosen M. bovis strain could repre-
sent M. bovis-M. bovis variants rather than BCG-
specific differences. For instance, most circulat-
ing strains of M. bovis, including the sequenced

strain AF2122/97, have only one copy of the
IS6110 element. A straightforward comparison
with most BCG strains might suggest that this
was the ancestral state of BCG. However, a
second copy of IS6110 element has been shown
to be present in certain BCG daughter strains,
and these were limited to BCG strains obtained
before 1925 (BCGs Russia, Moreau, and Japan).
While a potential explanation would be that a
second IS6110 element was introduced into these
different strains, the finding that they each have
IS6110 element at base pair 851,592 of the M.
tuberculosis H37Rv genome suggest the possibil-
ity that the ancestral M. bovis which gave rise to
BCG had two copies of IS6110, with one IS6110
element deleted in 1925–1926 (Mostowy et al.
2003).

Based on the accessible data, it is now well
defined which genetic characteristics are shared
across all BCG daughter strains relative to
M. bovis that may be directly involved in the
attenuation of BCG, and which genetic variations
are specific for only certain BCG daughter strains
that may account for variation in protective
efficacy and over attenuation of certain BCG
daughter strains. RD1 is the example for the
genomic particularities that apply to all BCG
daughter strains and shown to be implicated in
virulence. Deletion of RD3 and Del_Mb2377c
most likely occurred during the first attenuation
period (1908–1921) as these regions are absent
in all BCG daughter strains (Liu et al. 2009).
The variations that were observed for only
certain daughter strains of BCG consist of
deletions, duplications, and point mutations, and
probably occurred during the following period
of divergence (1921–1966). Of note, RD2 was
deleted only from daughter strains derived from
the BCG Pasteur strain after 1927 while nRD18
is only deleted in strains obtained after 1933.

Based on the RD1 and RD2 deletions among
BCG daughter strains, two main groups of
BCG have been suggested. The first group
includes BCG Russia, Moreau, Japan, Sweden
and Birkhaug, which were distributed from the
Pasteur Institute between 1921 and 1926 and



160 A.M. Abdallah and M.A. Behr

M. bovis

BCG
BCG Frappier

BCG Mexico

BCG Tice

BCG Pasteur

BCG Phipps

BCG Moreau

BCG Russia

BCG Japan

BCG Sweden

BCG China

BCG Prague

BCG Glaxo

BCG Danish

Current M. bovis
RDBovis

RD1
RD3

Mb2377c

RD2

nRD18RD8/ 
RD15  

BCG Connaught

RD Frappier

Δ1bp: phoR

Ins leuA

ΔMb3739

RD Mexico

Indels Mb0095c

RD14

Ins leuA

RD16

IS6110: phoP

ΔMb0096c-97c

RDMoreau

RDRussia

RDJapan

Ins leuA

ΔtrcR

ΔwhiB3

ΔMb3043c

ΔMb3043c

Ins phoP

RDDenmark/Glaxo

Δ11bp: phoR

Ins frdB

ΔMb0096c-97c

BCG Birkhaug

ΔMb0096c-97c

Δpks12

Δ10bp: phoR

Δpks12

Δpks12

ΔMb1758c-59c

ΔMb2165c-66cΔhspR

ΔguaB1/gnd1

ΔsenX3-regX3

sodC: H118Q

mmaA3: G98D

DU1

ΔMb3434

sigK: M1I

crp: L47P

DU_Tice

Fig. 8.2 Revised genealogy of BCG vaccines. Evolu-
tionary scheme of BCG vaccine strains (From reference
Abdallah et al. 2015), displaying the original virulent M.
bovis ancestor strain and the subsequent series of genomic

alteration including deletions of regions of difference
(RD), SNPs and some strain-specific insertions (‘Ins’) and
deletions (‘�’)

have only the RD1, RD3 and Del_Mb2377c
deletions. The second group, distributed after
1927, includes BCG Prague, Glaxo, Merieux,
Danish, Frappier, Connaught, Tice, Mexico,
China, Phipps and Pasteur, and has the first group
of deletions as well as the RD2 deletion. Based
on tandem duplication marker, each of the above
two groups have been further divided into two
DU types. BCG Russia, Moreau and Japan as
DU2 group I; BCG Sweden and Birkhaug as
DU2 group II; BCG Prague, Glaxo, Merieux
and Danish as DU2 group III and Frappier,
Connaught, Tice, Mexico, China, Phipps and
Pasteur as DU2 group IV (Brosch et al. 2007).
Therefore, a molecular phylogeny based on
this available data has been established and is

generally consistent with the historical records of
BCG dissemination (Fig. 8.2).

8.4 Molecular Evolution of BCG
Daughter Strains Between
1908 and 1921

During continuous in vitro passage between
1908 and 1921, BCG lost 38 open reading
frames, which were identified using subtractive
hybridization (Mahairas et al. 1996), BAC
libraries (Gordon et al. 1999), and spotted oligo-
nucleotide arrays (Behr et al. 1999). These
deleted genes include the RD1 region. The
suggestion that the loss of RD1 contributes
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to BCG attenuation has been confirmed by
subsequent studies. RD1 encodes the ESX-1
protein secretion system, which is one of the
five type-VII secretion systems found in the M.
tuberculosis genome (Abdallah et al. 2007; Behr
and Sherman 2007). RD1 is 9.5 kilobases (kb) in
length and comprises nine genes, including the
genes that encode the secreted proteins ESAT-6
(early secreted antigenic target of 6 kDa) and
CFP-10 (culture filtrate protein of 10 kDa). Both
of these proteins are important T-cell antigenic
targets and are essential for the virulence of M.
tuberculosis. The first experimental evidence for
such contribution was obtained when the BCG
Pasteur strain was complemented with the RD1
locus. The recombinant BCG strain was more
virulent in severely immunodeficient mice than
the BCG Pasteur strain (Pym et al. 2003). In
other studies, deletion of RD1 from virulent
M. bovis and M. tuberculosis strains resulted in
�RD1 mutants that were significantly attenuated
for virulence in both immunocompromised and
immunocompetent mice (Hsu et al. 2003; Lewis
et al. 2003). In a separate approach, individual
genes in the RD1 locus were identified as
virulence factors for M. tuberculosis (Guinn
et al. 2004; Hsu et al. 2003; Stanley et al.
2003). The disruption of these individual genes
also resulted in the attenuation of virulence
in mice. Collectively, these studies provide
convincing evidence that the RD1 deletion is
a key mechanism of BCG attenuation and plays
a major role in virulence; although these studies
did not exclude additional genetic lesions as
also contributing to the loss of virulence and
attenuation of BCG described by Calmette and
Guerin between 1908 and 1921. Since it is
common to all BCG strains, the loss of RD1
likely occurred in the initial stage of BCG
attenuation.

A recent comparative genome analysis of mul-
tiple BCG daughter strains using whole genome
sequencing has uncovered a 103 bp deletion
present across all BCG daughter strains, and
which eliminates the distal end of hspR (Abdallah
et al. 2015). This gene is involved in transcrip-
tional regulation (repression) of heat shock pro-
teins and is known to impact virulence. The hspR

locus activates a subset of the heat-shock gen-
eral stress response upon macrophage invasion
(Stewart et al. 2002), and is necessary in the per-
sistent phase since strains with an hspR deletion
(�hspR) exhibit attenuated growth in chronic
infection (Stewart et al. 2001). Furthermore, the
same study showed that a duplication of 2900 bp
segments spanning the region between 1,276,501
and 1,279,400 base pairs (M. bovis coordinates)
in all BCG daughter strains (Abdallah et al.
2015).

Although the most attributed reason for the
primary attenuation of BCG compared to M. bo-
vis is the loss of the RD1 locus, complementation
of BCG with this region does not fully restore
virulence to wild-type levels (Pym et al. 2003),
and the RD1 deletion mutant of M. tuberculosis is
still more virulent than BCG in long-term murine
infection experiments (Sherman et al. 2004). This
leads to speculation that additional genetic le-
sions that have occurred in BCG also contribute
to its attenuation. Whole genome sequence com-
parison revealed 736 single nucleotide polymor-
phisms (SNPs) between BCG-Pasteur 1173P2
and M. bovis AF2122/97 (Brosch et al. 2007).
Recent comprehensive studies of SNPs between
M. bovis and BCG daughter strains revealed two
types of SNPs that could also play a role in the
early evolution of BCG (Abdallah et al. 2015,
Pelayo et al. 2009). Most are common to the
entire BCG lineage, but some SNPs are specific
to individual BCG strains. This suggests that loss
of virulence during the initial 231 in vitro pas-
sages of BCG involved both the loss of RD1 and
other mutations (the aforementioned deletion and
duplication, plus SNPs), which together likely
contributed to the attenuation of virulence during
the derivation of BCG.

Of the SNPs that are common to all BCG
daughter strains, some have been explored in
greater depth, but further study is required.
For example, SNPs in genes predicted to be
involved in glycerol catabolism were identified
in two genes, glpK (codon 191) and pykA
(codon 220). glpK encodes glycerol kinase, the
enzyme which catalyzes the MgATP-dependent
phosphorylation of glycerol to yield sn-glycerol
3-phosphate, the rate limiting step in glycerol



162 A.M. Abdallah and M.A. Behr

utilization in E. coli (Zwaig et al. 1970).
Remarkably, this SNP is present in M. bovis
AF2122/97 and causes a frameshift in the glpK
gene at codon 191, leading to a truncated coding
sequence (Garnier et al. 2003). Noteworthy,
the glpK frameshift is not evident in the BCG
daughter strains or in the M. bovis AN5 strain,
strains that can grow on glycerol as the sole
carbon source (Keating et al. 2005). The second
SNP is a nucleotide substitution in pykA, the
gene that encodes pyruvate kinase, an enzyme
that catalyzes the final step in glycolysis, the
conversion of phosphoenolpyruvate to pyruvate.
The pykA SNP results in the substitution of
glutamic acid 220 by aspartic acid and renders
pyruvate kinase nonfunctional. This highly
conserved glutamic acid residue is predicted
to play an important role in the active site of
pyruvate kinase and has been associated with
cofactor (MgCC) and substrate (ADP/ATP, PEP)
binding (Munoz and Ponce 2003). As with the
glpK SNP, the pykA mutation does not occur
in the BCG daughter strains or M. bovis AN5
but is present in M. bovis AF2122/97 and was
suggested to account for inability of M. bovis to
grow on glycerol as a sole carbon source (Keating
et al. 2005). This suggests that progenitors of
BCG daughter strains (Nocard’s M. bovis) and
M. bovis AN5 strain had an in-frame glpK and
pykA coding sequence.

Another study implicated one of the first BCG
polymorphism described in Mb3700, a gene en-
coding a transcriptional regulator of the cyclic
AMP (cAMP) receptor protein (CRP)- fumarate
and nitrate reduction regulator (FNR) family that
could affect the DNA binding activity of this pu-
tative global transcriptional regulator and there-
fore, could contribute to the attenuation of BCG
strains. Further studies demonstrated that this
point mutation resulting in a base substitution
of glutamic acid to lysine (E178K) present in
all BCG daughter strains examined altered DNA
binding of CRP to target sites as well as global
gene expression, without playing any role in the
attenuation of BCG (Bai et al. 2007; Hunt et al.
2008). Although these lesions have not been di-
rectly associated with the original attenuation of
BCG, it remains possible that the accumulation

of multiple lesions, including SNPs, between
1908 and 1921 may have resulted in a complex
effect that is yet to be fully resolved.

8.5 Molecular Evolution of BCG
Daughter Strains After 1924

Dissemination of BCG from Pasteur Institute to
various parts of the world began in 1924. Subse-
quent to the original derivation of BCG, strains
were passaged in a variety of non-synthetic me-
dia, based on variable growth factors such as
the local potatoes. As these laboratory conditions
were not uniform, it was perhaps not surprising
that vaccine producers recognized the emergence
of BCG daughter strains with distinct morpho-
logical, biochemical and immunological pheno-
typic properties by the 1940s and 1950s. Thanks
to genomic studies, it is now known that different
BCG strains differ both from the original BCG of
1921 and from each other, due to deletions, SNP
and duplications. Thus there is no “ancestral”
BCG in existence. For instance, BCG Pasteur
may be considered the reference strain of BCG
vaccines, but the sequenced BCG Pasteur 1173
is separated from the BCG of 1921 by a num-
ber of genetics events (e.g., deletion of IS6110,
RD2, nRD18, and RD14; SNPs in mmA3, sigK,
and crp_L47P; duplication of DU1) (Fig. 8.2).
Evidence to suggest a closer relationship between
BCG Russia and the original BCG progenitor
strain emerged from the discovery that BCG Rus-
sia is a natural recA mutant (Keller et al. 2008).
Because a RecA mutation might result in fewer
mutation, it was speculated that this mutation
might have kept BCG Russia in a state ‘closer’
to the 1921 ancestor of all BCG strains. Indeed,
upon determining the complete genome sequence
of a panel of BCG strains, it was shown that
BCG Russia contains fewer SNPs and deletions
compared to other BCG strains (Abdallah et al.
2015).

A critical divergence in the evolution of BCG
was the loss of the 10.8 kb region of RD2 during
the ongoing propagation of BCG between 1927
and 1931, a time that coincides with reports
of the ongoing attenuation of the vaccine. This



8 Evolution and Strain Variation in BCG 163

led to “early” (RD2 present) and “late” (RD2
absent) BCG strains. The role of RD2-associated
virulence was evaluated by a targeted knockout
in the M. tuberculosis reference strain H37Rv,
which showed that the deletion mutant was atten-
uated in murine models of infection (Kozak et al.
2011). Moreover, some of the genes encoded by
RD2 stand out as candidates for the ongoing
attenuation of BCG daughter strains in the lab-
oratory. The deletion of RD2, which contains the
gene mpb64 and encodes the antigenic protein
MPB64, accounts for the lack of MPB64 in the
late strains. Complementation of the BCG daugh-
ter strain Pasteur with mpb64 gene improved the
immunogenicity of the vaccine strain but did
not improve protection against pulmonary TB
(Kozak and Behr 2011).

In addition to RD2, several other genomic
polymorphisms that are common to all strains
obtained from the Pasteur Institute after 1927
have been investigated, including point muta-
tions that may have contributed to the later evo-
lution of BCG. For instance, protein antigens
MPB70 and MPB83 are found to be at high
levels in early strains prior to 1927 (acquired
before 1927) but are present only in trace quan-
tities in late BCG strains (Milstien and Gib-
son 1990). Follow-up studies using immunoblot
and quantitative reverse transcription polymerase
chain reaction (RT-PCR) separated BCG into
high- and low-producing strains, and determined
that transcription of the antigen-encoding genes,
mpb70 and mpb83, follows the same strain pat-
tern with mRNA levels reduced over 50-fold in
low-producing strains (Charlet et al. 2005). Using
transcriptomic analysis, Charlet et al. identified
two regions of the genome that had dysregu-
lated gene expression between high-producers
and low-producers: the set of genes including
mpb70 and mpb83, and a distant set of genes
including the gene coding for Sigma Factor K.
DNA sequence analysis showed a point mutation
in the SigK gene, leading to gene complementa-
tion studies that formally implicated this muta-
tion in the decreased expression of MPB70 and
MPB83 in the later strains (Charlet et al. 2005).

Strains obtained from the Pasteur Institute
prior to 1927 produced methoxymycolates, a sub-

class of cell wall mycolic acids in vitro but those
obtained later could not synthesize methoxymy-
colates. This phenotype has been attributed to
a point mutation in the mmaA3 gene, which
encodes methoxy mycolic acid synthase 3 and
is responsible for O-methylation of hydroxymy-
colate precursors to form methoxymycolic acids.
This base substitution at position 293 in mmaA3
results in an amino acid change from glycine
to aspartic acid and inhibits methoxymycolates
production (Behr et al. 2000). Also, it has been
postulated that this SNP leads to low-level iso-
niazid (INH) resistance (Abdallah et al. 2015),
as INH is known to inhibit the synthesis of
’-mycolate, methoxymycolate and ß-mycolate
(Takayama et al. 1972). Intriguingly, the loss
of methoxymycolate appears to have no impact
on the virulence of late BCG strains (Belley
et al. 2004). Furthermore, two predicted regula-
tors have been disrupted during the serial passage
of BCG strains. The sigI gene (possible alternate
RNA polymerase sigma factor SigI) encoded in
nRD18 is missing from BCG strains obtained
after 1933. Additionally, RD14, which encodes
Mb1802 and has been annotated as a probable
transcriptional regulatory protein, is deleted from
BCG-Pasteur (Behr et al. 1999) and some strains
of BCG-Phipps (Abdallah et al. 2015); this pre-
dicted role as a transcriptional regulator was sub-
sequently confirmed with promoter fusion assays
(Alexander and Behr 2007). Finally, Mb3439c,
a gene encoded in RD16 and also annotated as
a possible transcriptional regulator has been dis-
rupted by independent deletions in BCG-Moreau
and BCG-Japan. The loss of regulatory genes
from a number of different BCG strains argues
that mutation of regulatory genes can be tolerated
during conditions of laboratory growth.

BCG-Japan, BCG-Moreau and BCG-Glaxo
do not produce the lipid virulence factors ph-
thiocerol dimycocerosates (PDIMs) and phenolic
glycolipids (PGLs), and were found to be nat-
urally deficient in PDIMs and PGLs, whereas
the other BCG strains do produce these lipids
(Chen et al. 2007). Because some strains of BCG
have been associated with higher rates of adverse
effects, such as disseminated BCGosis, investiga-
tors have queried whether the presence/absence
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of these virulence factors might in part explain
the variable rates of these events. Indeed, the
loss of these lipids has been shown to correlate
with the superior safety records of these strains
in clinical studies (Chen et al. 2007; Lotte et al.
1984). Moreover, deletion of PIDMs/PGLs from
BCG Pasteur reduces its virulence and protective
efficacy (Tran et al. 2016). Intriguingly, variation
in PDIM and PGL production does not coincide
with the genealogy of BCG strains (Abdallah et
al. 2015; Brosch et al. 2007), suggesting that
this particular phenotype has emerged multiple
times and by multiple mechanisms. Indeed, in
BCG-Moreau, the PDIM and PGL defect is likely
due to a 975-bp deletion that affects fadD26 and
ppsA (Leung et al. 2008), which are members of
the PDIMs and PGLs biosynthetic locus (Azad
et al. 1997, Leung et al. 2008). Similarly, a
point mutation in ppsA is responsible for the
lack of PDIMs/PGLs in BCG-Japan (Naka et al.
2011). However, this region is intact in BCG-
Glaxo (Leung et al. 2008), indicating that the
PDIM/PGL defect in BCG-Glaxo is caused by
other, currently unknown genetic lesions. To-
gether, this suggests that these three BCG strains
independently acquired mutations in PDIM/PGL
biosynthesis that contributed to their further at-
tenuation.

Considering its prominent role in virulence,
it may not be surprising that BCG strains ex-
hibit a number of genetic polymorphism in the
phoP-phoR locus (Leung et al. 2008), a two-
component system known to regulate the ex-
pression of multiple genes, including some well-
established T-cell antigens (Walters et al. 2006).
Of note, a frame-shift mutation within the phoP
gene of BCG-Prague eliminates the majority of
C-terminal DNA binding domain, and makes
this strain a natural phoP mutant (Gupta et al.
2006; Sinha et al. 2008; Wang et al. 2007),
and it is possible that this could account for
this strain’s reported low immunogenicity (Lade-
foged et al. 1976; Vallishayee et al. 1974). Fur-
thermore, three early strains as mentioned earlier,
BCG-Russia, BCG-Japan and BCG-Moreau have
an IS6110 insertion in the promoter region of
phoP (Leung et al. 2008), which may eliminate
the auto-repression regulatory mechanism of this

two component system (Gupta et al. 2006). BCG-
Sweden and BCG-Birkhaug contain a deletion
that truncates the C-terminal of PhoR (Leung
et al. 2008). In BCG-Danish, BCG-Glaxo and
BCG-Frappier, frame-shift mutations in the phoR
gene abolish the PhoR protein (Leung et al.
2008).

Unlike other BCG strains, two closely related
BCG strains, BCG-Sweden and BCG-Birkhaug,
contain deletions in whiB3, a transcriptional reg-
ulator implicated in virulence of M. bovis (Steyn
et al. 2002) and M. tuberculosis (Singh et al.
2009), in pks12, a polyketide synthase that nec-
essary for CD1c-mediated T-cell response, which
may affect the immunogenicity of the vaccine
(Matsunaga et al. 2004), and in trcR, the response
regulator of the TrcR-TrcS two-component sys-
tem that controls expression of the trcRS operon,
including mmpS5/mmpL5 transporter and bfrB
bacteroferrin (Wernisch et al. 2003). Intriguingly,
deletion of trcS from M. tuberculosis produced
a hypervirulent phenotype in SCID mice (Parish
et al. 2003), suggesting a role for this gene in
the attenuation of BCG. However, these dele-
tions are not present in other BCG strains and
therefor distinguish the BCG-Sweden and BCG-
Birkhaug lineage from other early strains (e.g.,
BCG-Russia, BCG-Japan and BCG-Moreau).

Comparative genomics has also uncovered
two large tandem duplications, DU1 and DU2 of
29-kb and 36-kb, respectively, in BCG-Pasteur
(Brosch et al. 2000, 2007). These seem to have
arisen independently, as their presence and/or
their size varies between the different BCG
daughter strains. While DU1 appears to be
restricted to BCG-Pasteur, DU2 has detected
in all BCG daughter strains tested so far but
at variable size (Abdallah et al. 2015; Brosch
et al. 2007). Interestingly, DU1 contains the
oriC locus, the site of chromosomal origin
of replication, indicating that BCG-Pasteur
is diploid for oriC, and several key genes
involved in replication initiation and cell division
machinery (Brosch et al. 2000). For DU2, the
tandem duplication resulted in diploidy for
30 genes, for which probable functions are
known. These include aroA, a key enzyme in
aromatic amino acid biosynthesis, and the coding
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sequences for variety of regulatory proteins
that could exert pleiotropic effects, including
a histidine kinase asnC and tetR homologues,
whiB1 and sigH, a sigma factor implicated
in the heat shock response (Fernandes et al.
1999). Chromosomal duplications are a common
evolutionary response in bacteria exposed to
different selection pressures in the laboratory and
presumably in nature, as they provide a means
for increasing gene dosage and for generating
novel functions from potential gene fusion events
at duplication endpoints. They also represent a
source of redundant DNA for divergence. As
such, the presence of DU1 and DU2 suggests
that the process of tandem duplications in BCG is
ongoing and remains a potent source of genome
dynamics. However, the potential role of these
duplication events on the immunogenicity of
BCG strains remains to be explored. Other
duplications specific to certain BCG strains
have also been uncovered, such as a 22-kb
duplication present only in BCG Tice (DU-
Tice) (Leung et al. 2008). DU-Tice contains the
entire ESX-5 secretion system, which is present
only in pathogenic mycobacteria (Abdallah et al.
2007), and has been shown to be responsible
for the transport of cell envelope proteins that
are required for nutrient uptake (Ates et al.
2015), and directly or indirectly modulate
the human macrophages response (Abdallah
et al. 2008). Interestingly, sequencing of BCG-
China repositioned this strain from the DU2-
III group into the DU2-IV group that includes
BCG-Pasteur, BCG-Phipps, BCG-Tice, BCG-
Mexico, BCG-Connaught and BCG-Frappier.
This analysis revealed that BCG-China was
not originally derived from BCG-Danish, as
previously thought, and that this inconsistency
was likely attributed to multiple circulating
strains of “BCG China” (Abdallah et al. 2015).

8.6 Implications for BCG
Immunization

BCG vaccines are given to over a hundred mil-
lions of newborns each year, with the goal of
safely preventing TB disease. The ideal profile of

such a vaccine should be: (1) prevents disease,
(2) rarely causes progressive vaccine-associated
infection, and (3) if vaccine infection occurs,
this should be readily treatable. At present, it is
unclear, despite all known from genomic studies,
whether a particular BCG is better, or less desir-
able, at addressing the aforementioned criteria.

For protective efficacy, a lingering question
is whether early strains, which produce antigens
such as MPB64, MPB70 and MPB83, are more
likely to protect against TB. However, there have
been no randomized trials that have competed an
early strain against a late strain of BCG; in fact,
there have been no randomized controlled trials
whatsoever of the early BCG strains. For safety,
there have been reports that the early strains have
been associated with a greater risk of vaccine-
associated infection (also known as BCG-osis).
However, these reports were generally confined
to before-and-after studies in countries with a
change of vaccine strain for political reasons.
Formal demonstration that early BCG strains
are more virulent, and therefore, a greater risk
in immunization schedules, is lacking. Finally,
for treatment of rare cases of BCG-osis, it is
worth noting that all BCG strains are resistant to
pyrazinamide, as this is a genetic feature of M.
bovis (Huard et al. 2006), and that some strains
are apparently resistant to isoniazid (Abdallah
et al. 2015; Kolibab et al. 2011). The degree of
isoniazid resistance is considered low-level, such
that some consider this not to be a clinical issue
(Arend and van Soolingen 2011). In addition,
they are also resistant to cycloserine, partly due
to the G122S mutation in cycA (Chen et al.
2012). Interestingly, expression of a functional
copy of cycA from M. tuberculosis or M. bovis
increased the susceptibility of BCG Pasteur to d-
cycloserine, albeit not to the levels of M. bovis
or M. tuberculosis (Chen et al. 2012), suggesting
that other genetic lesions may contribute to BCG
resistance to d-cycloserine. Nonetheless, it is not
intuitive that we should be giving a live attenu-
ated vaccine to millions of newborns, knowing
that some of these vaccines are inherently resis-
tant to two of the four antibiotics used to treat TB.
Further study should aim to formally identify the
mutation(s) responsible for isoniazid resistance,
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as there could be policy implications in knowing
which strains might not be ideal for vaccination
purposes.

Finally, BCG is used not only to prevent TB,
but also as an immunotherapeutic for bladder
cancer. The lessons of BCG evolution and strain
variability have yet to affect the choice of BCG
strains for this indication, yet, many parallels can
be imagined. How does BCG work in bladder
cancer? What are the adverse effects? How is
BCG-osis treated in an elderly, debilitated patient
suffering from a malignancy? Further study of
the BCG strain family, particularly with the goal
of linking genotype to clinically-meaningful phe-
notype, is required, to find the best use of these
bacteria given to us by the work of Calmette and
Guerin.

8.7 Conclusion

More than 100 years ago, Albert Calmette and
Camille Guérin began their research for an anti-
TB vaccine, which lasted 13 years and led to
one of the most widely used vaccines in human
history. Despite a century of investigation, the
BCG vaccine continues to be controversial and
remains the only vaccine for the prevention of
TB. Shaped by human history, BCG has also
evolved to the various daughter strains recog-
nized today. These evolved strains differ from
each other and from the original BCG first used in
1921, both genetically and phenotypically, such
that these changes may translate into variable
vaccine properties, including protective efficacy,
tuberculin reactivity and propensity for adverse
effects. Remarkably, the current collection of
BCG comprises various natural mutants of es-
tablished virulence factors. Continuing studies
on the molecular factors that impact properties
of BCG vaccine strains would shed light on
the specific differences among BCG strains and
further our understanding of the mechanisms of
attenuation specific to each lineage. This would
be useful in further delineating BCG strains into
phenotypic and genetic categories that could me-
diate their protective efficacy.
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Abstract

Microbes that infect other organisms encounter host immune responses,
and must overcome or evade innate and adaptive immune responses to
successfully establish infection. Highly successful microbial pathogens,
including M. tuberculosis, are able to evade adaptive immune responses
(mediated by antibodies and/or T lymphocytes) and thereby establish
long-term chronic infection. One mechanism that diverse pathogens use
to evade adaptive immunity is antigenic variation, in which structural
variants emerge that alter recognition by established immune responses
and allow those pathogens to persist and/or to infect previously-immune
hosts. Despite the wide use of antigenic variation by diverse pathogens,
this mechanism appears to be infrequent in M. tuberculosis, as indicated
by findings that known and predicted human T cell epitopes in this
organism are highly conserved, although there are exceptions. These
findings have implications for diagnostic tests that are based on measuring
host immune responses, and for vaccine design and development.
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9.1 Immune Evasion
by Pathogens

All host organisms possess mechanisms to de-
fend themselves from foreign microbial invaders,
especially those that have detrimental effects on
the hosts. Bacteria and archaea possess nucleic
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acid restriction-modification systems (Makarova
et al. 2013) and CRISPR systems (Abudayyeh
et al. 2016; Jinek et al. 2012) to defend against
invaders such as bacteriophages, while higher
organisms have evolved progressively more
complex systems of immunity to balance their
interactions with beneficial and pathogenic
microbes in their environments, to remain fit
and capable of reproduction.

In metazoans, immune responses are catego-
rized as innate or adaptive, although the bound-
aries between these sometimes blur (Cerwenka
and Lanier 2016; Cheng et al. 2014; Netea et al.
2016; Saeed et al. 2014). Innate immune re-
sponses do not require genetic rearrangements in
host somatic cells to respond to a pathogen, and
as such are rapidly available and provide broad
defense against diverse pathogens (Murphy and
Weaver 2016). Innate immune responses are ini-
tiated by host molecular recognition of foreign
molecular targets, including structural compo-
nents of bacteria and fungi, certain microbial
signalling molecules, and viral nucleic acids. In
contrast, adaptive immune responses, represented
by antibodies and by T lymphocytes, require
genetic rearrangements of immunoglobulin or T
cell antigen receptor genes in individual host
cells, followed by clonal expansion of antigen-
specific B and T lymphocytes and production
of antibodies or T cell effector molecules, in
response to the individual host’s encounter with a
microbe bearing a specific repertoire of antigens.
Because of the requirement for clonal expansion
and differentiation of lymphocytes after specific
antigen exposure, initial adaptive immune re-
sponses are less rapid than innate immune re-
sponses, but a specialized property of adaptive
immunity is that of immune memory, which al-
lows for more rapid and higher quality responses
when a host encounters a given antigen for a
second (or third, or more) time (Murphy and
Weaver 2016).

If innate and/or adaptive immune responses
operated successfully all of the time, pathological
infections would not happen, so the high fre-
quency and diverse nature of infections indicates
that host immune responses either fail, or can be
evaded by specific mechanisms.

The range of mechanisms of immune
evasion by pathogens is vast, and discovery
of those mechanisms has yielded considerable
understanding of the pathogenesis of specific
infections and the roles of specific arms of
immunity in control of certain pathogens.
Representative mechanisms of immune evasion
by pathogens include: (1) masking or modifica-
tion of pathogen molecules that are typically
recognized by innate pattern recognition
receptors (Cambier et al. 2014; Vladimer et al.
2012), (2) manipulation (enhancing or inhibiting,
depending on the pathogen) of host cell entry,
to occupy optimal compartments for replication
(Fu and Galan 1999; Hardt et al. 1998); (3)
manipulation of intracellular signalling (Xu
et al. 2014) or vesicle trafficking (Martinez
et al. 2016; Newton et al. 2014) (Mordue et al.
1999; Mordue and Sibley 1997); (4) resistance
to or evasion of host microbicidal mechanisms
(LaRock et al. 2015; Potter et al. 2012); (5)
molecular mimicry, where pathogen molecules
resemble host molecules and are not recognized
as foreign (Elde and Malik 2009; Hill et al.
2010); (6) antigenic variation, where structural
variants of pathogen molecules develop to escape
recognition by pre-existing antibodies or T
lymphocytes (Deitsch et al. 2009).

9.2 Antigenic Variation
in Human Pathogens

Antigenic variation is a common mechanism of
immune evasion in diverse pathogens. In a typ-
ical example, a pathogen with a given antigenic
composition infects a population of hosts that re-
spond by developing adaptive immune responses
(antibodies and/or T cells). In many cases, those
adaptive immune responses provide protective
immunity, which prevents members of that popu-
lation from subsequent infection. However, since
antibodies and T cells have restricted specifici-
ties, pathogen variants can develop that are not
recognized by the antibodies or T cells in im-
mune hosts, and those pathogen variants can
then cause infection in hosts that are immune
to the original pathogen (Fig. 9.1). Sequential
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Fig. 9.1 Antigenic
variation allows a pathogen
to infect hosts immune to
original pathogen variant.
In this example, a pathogen
(orange) is able to infect
immunologically naive
hosts, but not hosts
immune to the orange
pathogen variant. Blue
pathogen variant arises,
and can infect host
population largely immune
to the orange pathogen
variant. Infection with blue
variant causes additional
immunity to blue variant,
yet allows infection with
grey variant. In each
population of hosts, a
minor subset of hosts may
remain nonimmune, and
these can sustain minor
variants in the pathogen
population (indicated by
the mix of colored variants
after three rounds of
infection and antigenic
variation)

Majority of
host population
immune to
orange variant;
blue variant selected

Naive host
population
infected with
orange variant

Pathogen
population

Majority of
host population
immune to
orange variant
and blue variant;
grey variant selected

Antigenically diverse
pathogen population

rounds of immune escape can generate popu-
lations of antigenically diverse pathogens. The
consequences of this process of successive gen-
eration of pathogen antigenic variants are illus-
trated by the examples described below.

9.2.1 Influenza

Infection with influenza virus generates T cell
and antibody responses, both of which contribute
to protective immunity, although it is thought
that antibody responses make the more impor-
tant contribution to preventing reinfection after
immunization or infection with a given influenza
viral strain. The major target of protective an-
tibody responses to influenza virus is the viral
hemagglutinin (HA) protein (Ohmit et al. 2011;
Virelizier 1975), one of the two viral proteins
exposed on the viral surface. The HA protein
is responsible for virus binding to host cells, a

requirement for viral entry and replication, and
the domain of HA that directly mediates viral
binding to host cells is termed the globular head
(Tsibane et al. 2012).

The HA globular head is also the predomi-
nant target of antibodies generated in response
to influenza vaccination or infection (Wrammert
et al. 2008). Since the globular head can tol-
erate a large number and broad range of mu-
tations while retaining its cell-binding function,
the virus mutates to escape recognition by anti-
HA antibodies that act by blocking virus-host
cell binding (Smith et al. 2004; Thyagarajan and
Bloom 2014). In addition to mutations in HA that
allow escape from antibody recognition, recent
evidence indicates that influenza virus can also
mutate to escape CD8 T cell recognition of ma-
trix and nucleoproteins (Valkenburg et al. 2013,
2016). Antigenic variation in influenza virus is
the result of point mutations in the viral genome,
which happen with high frequencies, due to the
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lack of proofreading and error correction by the
viral RNA polymerase. Antigenic variation in
influenza virus can also result from development
of reassortant viruses, in which a novel HA anti-
genic type is acquired from a virus that has not
previously circulated in the human population.

The effect of escape mutations and antigenic
variation in influenza viruses is significant for
human and public health, as it contributes to
the need to generate and administer new in-
fluenza vaccines nearly every year (Grohskopf
et al. 2015), and it allows for global pandemics,
when new antigenic variants are generated that
are not recognized by antibodies generated by
prior vaccination or infection (Bautista et al.
2010).

9.2.2 Human Immunodeficiency
Virus (HIV)

Like other pathogens, HIV induces adaptive im-
mune responses that include CD4 and CD8 T
cells, as well as antibodies. However, unlike
influenza, HIV establishes a chronic infection,
because adaptive immune responses are unable to
clear the virus and cure the infection. Antigenic
variation, which happens at an exceptionally high
frequency in HIV, is a major reason that antibod-
ies and T cells are unable to clear the virus.

Although antibodies and CD8 T cell responses
are both directed against multiple HIV proteins,
these two mechanisms of immunity have dis-
tinct effects, depending on the antigenic target:
antibody responses drive antigenic variation of
the HIV surface envelope glycoprotein (Hraber
et al. 2015), while CD8 T cell responses drive
antigenic variation of the HIV internal gag pro-
tein (Crawford et al. 2007, 2009; Goepfert et al.
2008).

Neutralizing antibodies to HIV develop early
after infection, but most of these are specific
for the initial infecting virus, and do not cross-
react with other viral strains (Li et al. 2009).
Antibodies to the HIV envelope glycoprotein are
directed at surface-exposed loops of the protein
(Pantophlet and Burton 2006), and specific do-

mains within these loops represent hotspots of
variation during evolution of HIV (Korber and
Gnanakaran 2009). Together, these data indicate
that HIV develops escape mutants that allow it
to evade the predominant neutralizing antibodies
that develop after infection, thus generating con-
siderable sequence and antigenic diversity in the
viral envelope.

CD8 T cell responses in HIV-infected individ-
uals bearing HLA-B27, HLA-B57, or HLA-B58
alleles, are especially efficacious in limiting viral
replication and progression to AIDS (Kaslow
et al. 1996; Lazaryan et al. 2010). Intensive
studies have identified several dominant epitope
targets of CD8 T cells that are presented by these
HLA alleles, and revealed that recognition of
those epitopes in the HIV gag protein by CD8
T cells contributes to limiting the HIV viral load
in plasma. The same studies have revealed a high
frequency of escape mutations in those epitopes,
with concomitant decrease in viral fitness, which
also contributes to limiting the level of the HIV
viral load (Crawford et al. 2007, 2009; Goepfert
et al. 2008). That the observed mutations repre-
sent escape from CD8 T cell recognition is sup-
ported by a high rate of reversion to the ancestral
sequence in the involved epitopes when HIV is
transmitted to an individual lacking a protective
HLA allele.

Although antigenic diversity in HIV can de-
velop as the consequence of viral recombina-
tion (Vuilleumier and Bonhoeffer 2015), the ex-
tremely high mutation rate of HIV (3 � 10�5 per
base per round of replication from polymerase
errors (Roberts et al. 1988) and approximately
100-fold higher rates due to host cytidine deam-
inases (Cuevas et al. 2015) indicates that most
antigenic variation in HIV is attributable to point
mutations.

9.2.3 Streptococcus pneumoniae

Streptococcus pneumoniae is a gram-positive
bacterial pathogen that inhabits respiratory
mucosal surfaces and can cause potentially-
fatal invasive infections including pneumonia,
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bacteremia and sepsis, and meningitis. Immunity
to S. pneumoniae depends on specific antibodies,
antibody-mediated phagocytosis (Hosea et al.
1981) or netosis (Beiter et al. 2006), and
intracellular or extracellular killing of the
bacteria, respectively.

Antigenic variation in S. pneumoniae has been
known for more than 100 years (Dochez and
Gillespie 1913), and its significance in protective
immunity has been known for nearly as long
(Cooper et al. 1932). As a predominantly extra-
cellular pathogen, the most important mechanism
of adaptive immunity to S. pneumoniae is medi-
ated by antibodies: individuals deficient in anti-
pneumococcal IgG are especially susceptible to
invasive infection, and administration of anti-
pneumococcal IgG reduces the risk (Chapel et al.
1994). The dominant target of protective antibod-
ies against S. pneumoniae is the bacterial surface
polysaccharide capsule (Avery and Heidelberger
1925), which exists in �90 antigenically distinct
forms.

Studies performed to evaluate the efficacy
of vaccination with S. pneumoniae capsular
polysaccharide antigens have provided strong
evidence for antigenic variation, driven by popu-
lation immunity. Introduction of a pneumococcal
polysaccharide conjugate vaccine containing
seven antigenic types markedly reduced the
frequency of invasive infections due to the
antigenic variants included in the vaccine in
several distinct populations (Feikin et al. 2013;
Hsu et al. 2009; Pichon et al. 2013; Richter
et al. 2013). This indicates that the vaccine was
highly efficacious in producing protection against
infection, and thus exerted strong immunological
selection pressure on the bacterial population.
However, each of these studies also revealed
increases in the frequency of infections due
to S. pneumoniae expressing polysaccharide
antigens that were not included in the vaccine,
indicated that antigenic variation allows escape
from vaccine-induced immunity (Feikin et al.
2013; Hsu et al. 2009; Pichon et al. 2013; Richter
et al. 2013).

Unlike in influenza virus or HIV, antigenic
variation in S. pneumoniae is not predominantly

due to immune selection of point mutants, but is
the result of horizontal gene transfer, in which a
given virulent bacterial strain acquires a genomic
locus for biosynthesis of an antigenically dis-
tinct capsular polysaccharide from another strain
(Wyres et al. 2013). Although capsular antigen
switching by horizontal gene transfer is charac-
teristic of S. pneumoniae, selection pressure ex-
erted by vaccine-induced immunity amplifies the
effect and impact of this mechanism of antigenic
variation (Croucher et al. 2011).

9.2.4 Antigenic Variation in Other
Major Global Pathogens

Although the mechanisms and significance of
antigenic variation are best characterized for the
examples described above, antigenic variation is
a common strategy in multiple other pathogens
(Table 9.1). The importance of antigenic
variation to pathogen survival, replication, and
transmission is demonstrated by its employment
by a broad range of pathogens, including viruses,
intracellular and extracellular bacteria, and
intracellular and extracellular eukaryotic para-
sites. Moreover, multiple molecular mechanisms
underlie antigenic variation, including nucleotide
substitution (point mutation), gene conversion,
recombination to place different copies of
a multigene family into a transcriptionally-
active site, alternative transcription without
recombination, and transcriptional selection
by phase variation. Finally, antigenic variation
involves targets of antibody, CD4, and CD8 T
cell recognition. It is also likely that additional
examples and mechanisms for this biologically
important pathogen strategy remain to be
discovered.

9.3 M. tuberculosis Immune
Evasion

As a highly successful pathogen, M. tuberculosis
possesses numerous mechanisms for manipulat-
ing and modulating immune responses to opti-
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Table 9.1 Antigenic variation in other human pathogens

Pathogen
Mechanism of
protective immunity Antigenic target(s)

Mechanism of
antigenic variation References

Hepatitis C virus CD8 T cells Multiple structural and
nonstructural proteins

Point mutations Erickson et al. (2001),
Kasprowicz et al.
(2010), and Nivarthi
et al. (2014)

Neisseria gonorrhoeae Antibodies Lipooligosaccharide
(LOS)

Phase variation Yang and Gotschlich
(1996)

Opacity (Opa) proteins Multiple loci with
phase variation

Bhat et al. (1991)

Pilin Recombination Segal et al. (1986)

Streptococcus pyogenes Antibodies M protein Point mutations Lannergard et al. 2011;
Persson et al. (2006)

SMEZ protein Hoe et al. 1999; Proft
et al. (2000)

Borrelia relapsing fever
agents (e.g., B. hermsii)

Antibodies Vlp and Vsp
lipoproteins

Gene conversion;
alternative
transcription of
multicopy genes

Barbour et al. (2006),
Plasterk et al. (1985),
and Stoenner et al.
(1982)

Borrelia Lyme disease
agents (e.g., B.
burgdorferi)

Antibodies VlsE lipoprotein Gene conversion Lawrenz et al. (2004)
and Liang et al. (2004)

Anaplasma phagocy-
tophilum/marginale

Antibodies, CD4 T
cells

MSP2 Segmental gene
conversion

Brown et al. (2003)

Trypanosoma brucei Antibodies Surface glycoprotein Recombination;
transcription
switching

Morrison et al. (2009)

Plasmodium falciparum Antibodies Pfemp1 Multicopy genes
with transcriptional
switching

Claessens et al. (2014),
Peters et al. (2002),
and Ralph et al. (2005)

mize its survival, replication, and transmission.
Unlike viruses, bacteria such as M. tuberculosis
can respond to distinct environmental conditions
and signals to optimize their gene expression
and deploy mechanisms that optimally suit the
bacteria in a given context. For example, during
certain parts of the infection cycle, the bacteria
may benefit from going undetected by host mech-
anisms, while during other parts of the infection
cycle, M. tuberculosis may gain most by inducing
vigorous inflammatory and immune responses
(Ernst 2012). While a comprehensive review of
mechanisms of immune evasion is beyond the
scope of this chapter, selected examples are given
below, to provide context for the main points of
the chapter.

9.3.1 M. tuberculosis Manipulation
of Innate Immunity

Innate immune responses provide rapidly-
available responses to the presence of diverse
pathogens, including M. tuberculosis. In
particular, innate immune responses to bacteria,
including M. tuberculosis, include production
of proinflammatory and regulatory cytokines, as
well as chemotactic cytokines (also known as
chemokines). Chemokines and their receptors
govern the types and numbers of cells recruited
to a site of infection or inflammation, and
contribute to early responses to mycobacterial
infection. As one example, C-C Chemokine
Receptor-2 (CCR2), which is expressed by
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mononuclear cells and is important for their
trafficking to sites of inflammation, plays a
complex role in innate immune responses to
M. tuberculosis, as it is essential for control
of infection but also paradoxically contributes
to pathogenesis. In the former case, CCR2-
dependent mononuclear cell recruitment to
the lungs after M. tuberculosis infection is
crucial for accumulation of mononuclear cell-
derived dendritic cells in the lungs (Peters et al.
2001, 2004), which in turn become infected
and are required for activation of antigen-
specific CD4 T cells that ultimately control
infection (Wolf et al. 2007, 2008). In the latter
case, M. tuberculosis infection uses CCR2-
dependent monocyte recruitment to generate
a population of monocyte-derived cells that
actively supports intracellular bacterial growth
and spread (Antonelli et al. 2010). The factors
that determine whether the host-beneficial
or the pathogen-beneficial effects of CCR2-
dependent cell trafficking predominate remain
to be determined. Together, these data indicate
that innate immune responses induced by M.
tuberculosis that involve CCR2-dependent cell
recruitment are critical determinants of the
course of infection. It is not surprising, then, that
pathogenic mycobacteria possess mechanisms
to manipulate cell recruitment to their own
advantage.

Mycobacterial manipulation of mono-
cyte/macrophage recruitment is mediated by
masking of bacterial Toll-like receptor agonist
molecules by the lipoglycan, pthiocerol dimyco-
ceroserate (PDIM), thus reducing recruitment of
macrophages with mycobactericidal potential
(Cambier et al. 2014). While using PDIM
to reduce recruitment of mycobactericidal
macrophages, mycobacteria use surface phenolic
glycolipid (PGL) for CCR2-dependent recruit-
ment of monocyte/macrophages that support
intracellular growth of the bacteria and thereby
promote infection (Cambier et al. 2014).

In an additional mechanism to manipulate
innate immune responses for its own benefit,

M. tuberculosis uses a cytoplasmic signalling
pathway involving the DNA sensor, cyclic GMP-
AMP synthase (cGAS) and its downstream sig-
nalling molecule, stimulator of interferon genes
(STING) to induce expression of type I interferon
(Watson et al. 2015; Wiens and Ernst 2016). Type
I interferons act as regulatory cytokines, and
are implicated in promoting progressive infection
with M. tuberculosis at least in part by sup-
pressing expression of the proinflammatory cy-
tokine, interleukin-1 (Mayer-Barber et al. 2011,
2014). Type I interferons regulate a large number
of genes, and an interferon-responsive transcrip-
tional signature is found in the context of active
tuberculosis in humans (Berry et al. 2010; Bloom
et al. 2012; Maertzdorf et al. 2011; Ottenhoff
et al. 2012).

9.3.2 M. tuberculosis Manipulates
the Intersection of Innate
and Adaptive Immunity

In experimental infections with M. tuberculosis,
the bacterial population expands in the lungs until
the onset of adaptive (e.g., T cell) responses,
which are able to arrest progressive growth of
the bacteria (Wolf et al. 2008). A remarkable
characteristic of tuberculosis in humans and in
experimental animals is that the time required for
development of T cell responses is much longer
than for T cell responses to other infections. In
humans with close, but limited (�24 h), exposure
to a person with active tuberculosis, the average
time to develop a detectable cellular immune re-
sponse is 6 weeks (Poulsen 1950); this contrasts
with an average of 7 days for humans to generate
T cell responses after experimental exposure to
a live virus (the vaccine strain of yellow fever
virus) (Miller et al. 2008). The onset of CD4
and CD8 T cell responses after aerosol infec-
tion with M. tuberculosis is similarly delayed,
and averages approximately 17 days (Chackerian
et al. 2002; Wolf et al. 2008), compared with
3–5 days after experimental influenza infection
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(Lawrence and Braciale 2004; Lawrence et al.
2005). The rate-limiting step in priming naive
antigen-specific CD4 T cells after aerosol in-
fection of mice with M. tuberculosis is the ac-
quisition of bacteria by dendritic cells in the
lungs, which happens 8–10 days after aerosol
infection (Blomgran et al. 2012; Blomgran and
Ernst 2011; Wolf et al. 2007). This is followed
by dendritic cell transport of the bacteria from
the lungs to the local lymph node (Wolf et al.
2008) and transfer of bacterial antigens (but not
the bacteria) (Samstein et al. 2013; Srivastava
and Ernst 2014) to resident dendritic cells, which
process and present the mycobacterial antigens
to antigen-specific CD4 T cells. The latter step
(transfer of bacterial antigens from migratory
to resident dendritic cells) compensates for M.
tuberculosis inhibition of MHC class II antigen
presentation by the infected cells themselves, but
the compensation is incomplete (Srivastava et al.
2016). In mice, the long delay before appearance
of antigen-specific T cells in the lungs allows
�40,000-fold expansion of the bacterial popula-
tion, indicating that M. tuberculosis benefits from
delaying the onset of T cell responses.

The mechanisms of immune evasion and ma-
nipulation by M. tuberculosis given above are
only a partial sampling of the numerous mech-
anisms employed by this persistent pathogen.
Additional mechanisms, and a comprehensive
review of mechanisms of immunity to M. tuber-
culosis in humans and experimental animals are
found in (O’Garra et al. 2013).

9.4 Antigenic Variation in M.
tuberculosis

The well-documented ability of M. tuberculosis
to survive in immunocompetent hosts and
reactivate to cause active disease decades later
(Lillebaek et al. 2002), together with evidence
that infection with M. tuberculosis does not
reliably confer protection from reinfection
(Caminero et al. 2001; du Plessis et al. 2001;
Interrante et al. 2015), indicates that this
pathogen has a very effective armamentarium

for evading the human immune responses
that successfully eradicate other pathogens.
Considering the numerous precedents provided
by pathogens that evade immunity through
antigenic variation, it is important to understand
the role of antigenic variation in the success of
M. tuberculosis as a pathogen.

9.4.1 Initial Studies of Antigen
Sequence Variation in M.
tuberculosis

Early evidence that antigenic diversity may be
low in M. tuberculosis was derived from se-
quence analysis of 24 antigen-coding genes in 16
strains of M. tuberculosis (Musser et al. 2000).
That study found that 19 of the 24 genes studied
lacked any sequence variation; this included 5
of the 8 PE or PPE genes selected for analysis.
Although the study was limited in its scope and
it did not distinguish antigens recognized by anti-
bodies or by T cells, or focus on specific epitopes
in the proteins analyzed, it provided valuable
information regarding the sequence diversity of
the M. tuberculosis antigens that were known at
that time.

Among the unique insights gained from the
genome sequence of M. tuberculosis H37Rv was
the discovery of the genes encoding proteins
of the PE/PPE family, including the PE_PGRS
family (Cole et al. 1998). Based on precedents in
other pathogens, the presence of this large family
of proteins suggested that one of their functions
was in antigenic variation. This hypothesis
prompted several analyses of sequence variation
in individual members of the pe_pgrs family.
Analysis of pe_pgrs33 in 123 strains revealed
a higher frequency of variants than in other M.
tuberculosis genes studied. Using the H37Rv
reference sequence, variants of pe_pgrs33 were
found in 84 of the 123 strains, and represented
25 distinct variants (Talarico et al. 2005).
Of the 25 variants, 13 involved insertions or
deletions (collectively termed indels), and 12
were single nucleotide polymorphisms (SNPs).
All of the insertions or deletions were found
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in the PRGS domain, as were 9 of the 12
SNPs; synonymous and nonsynonymous SNPs
were equally frequent. Similar observations
were obtained from sequencing the pe_pgrs16
and pe_pgrs26 genes in 200 M. tuberculosis
isolates (Talarico et al. 2008). While these genes
were similar to each other and to pe_pgrs33 in
their frequency of sequence variants (indels and
SNPs), they differed in the effect of their indels:
in 40% of the strains, the indels in pe_pgrs16
caused frameshifts, while the indels in pe_pgrs26
caused frameshifts in only 2% of the strains.
Together, these studies provided evidence for a
high frequency of sequence variants in members
of the pe_pgrs gene family, although they did
not reveal whether the sequence variants altered
immune recognition of the proteins by either
antibodies or T cells. A subsequent analysis of
sequence variants of the ppe18 gene, combined
with independently-reported T cell epitope
mapping data, predicted that some, but not all, of
the nSNPs were contained in epitope domains of
PPE18 (Hebert et al. 2007).

9.4.2 Genomewide Evaluation
of Antigenic Variation in M.
tuberculosis

Two major advances have facilitated compre-
hensive, high-resolution analysis of antigenic
variation in M. tuberculosis, at least for human
T cell recognition. The first advance is the wide
availability of economical genome sequencing
and bioinformatic analyses, which is dealt with
in depth in other chapters in this volume. The
other advance is the development and readily-
accessed Immune Epitope Database (IEDB;
www.iedb.org), funded by the U.S. National
Institutes of Health. The IEDB identifies, stores,
and provides analytical tools for T cell and
B cell epitopes from a variety of sources of
antigens, including infectious agents such as M.
tuberculosis. As of August, 2016, the IEDB
contains information on 2148 human T cell
epitopes of M. tuberculosis, derived from 440
antigens. The sources of epitope data in the IEDB

include published papers, meeting abstracts,
and the results of several separately-funded
epitope discovery projects. The availability of
information on M. tuberculosis T cell epitopes
in the IEDB has markedly facilitated studies
revealing the frequency and nature of antigenic
variation in this organism. The paucity of
information on B cell antigens and epitopes of
M. tuberculosis limits the availability of this
knowledge in the IEDB, so the preponderance of
analyses have focused on T cell epitopes. T cell
epitopes are short (8–20 amino acids) peptide
fragments of proteins (in the present case, from
M. tuberculosis) generated by intracellular (host)
proteolysis, bound to specific MHC (HLA in
human) class I or class II alleles, for recognition
by CD8 or CD4 T cells, respectively.

The first genomewide analysis of human T
cell epitope sequence diversity examined 491
epitopes (from 78 antigens) available in the IEDB
in 21 strains representative of the six major global
lineages of the M. tuberculosis complex (MTBC)
known at the time (Comas et al. 2010). Genera-
tion and comparison of the genome sequences of
these strains (plus that of M. canettii) revealed an
expected result: that essential genes (as defined
in Sassetti et al. 2003; Sassetti and Rubin 2003)
are more conserved than are nonessential genes.
The unexpected result was that the great majority
(468 of 491; 95%) of the experimentally-verified
human T cell epitopes analyzed are completely
conserved, with no amino acid sequence variants
in these representative strains of the MTBC.
Additional analyses revealed that the ratio of
the rates of nonsynonymous SNPs (nSNPs) to
synonymous SNPs (sSNPs) (dN/dS) is lower for
the identified T cell epitopes than for nonessential
genes, and is lower for the epitope than for
the nonepitope domains in their source protein.
These findings indicate that the known human
T cell epitopes of M. tuberculosis are not under
diversifying selection, implying that little, if any,
selection pressure is exerted on these epitopes by
human T cell recognition. This unique finding,
that antigenic variation is rare in M. tuberculosis,
provides evidence that the nature of the inter-
action of this pathogen with its human hosts is

http://www.iedb.org
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distinct from that of other pathogens, and that
principles established with other pathogens may
not reliably apply to M. tuberculosis.

9.4.3 PE_PGRS Proteins as Variable
Antigens

A limitation of the aforementioned study is that
the sequencing technology used generates short
reads, and this prohibited analysis of epitopes
located in protein members of large families with
long stretches of sequence identity, such as the
PE/PPE genes. As a consequence, it remained
possible that the PE/PPE family is a source of
antigenic (and epitope) diversity that could not
be identified with the genome sequencing ap-
proach that was used. This possibility was espe-
cially plausible, in light of the evidence discussed
above that certain members of the PE_PGRS
family exhibit a high frequency of sequence vari-
ation.

To determine whether PE_PGRS proteins are
a source of antigenic variation in M. tuberculosis,
we used Sanger dideoxynucleotide chain termi-
nation sequencing to analyse 27 pe_pgrs genes in
94 phylogenetically diverse strains of M. tubercu-
losis (Copin et al. 2014). These analyses revealed
that the nucleotide diversity in the pg_pgrs gene
family is higher than the genome average in
the MTBC, consistent with the results of the
studies of pe_pgrs16, pe_pgrs26, and pe_pgrs33
(Talarico et al. 2005, 2008). However, the com-
parison of 27 pe_pgrs genes revealed previously-
unsuspected properties of this gene family. First,
the individual members of the pe_pgrs family
differ greatly in their nucleotide diversity, with
some members (e.g., pe_pgrs38) much more di-
verse (  > 0.0015) than the genomewide average
for the MTBC (  � 0.0003), while other mem-
bers are even more conserved than the genome as
a whole (e.g., pe_pgrs23;   < 0.00006). By this
analysis, which does not take indels into account,
the previously-characterized pe_pgrs26 gene is
among the group with the highest nucleotide
diversity (  �0.00089), while pe_pgrs33 is close
to the genome average. The vast range of nu-

cleotide diversity extended to a vast range of
ratios of substitution rates at nonsynonymous and
synonymous sites (dN/dS): as extreme examples,
pe_pgrs59 exhibited evidence of exceptionally
strong purifying selection (dN/dS �0.12), while
pe_pgrs23 is under potent diversifying selec-
tion (dN/dS 1; no sSNPs identified). In a sim-
ilar manner, individual members of the pe_pgrs
family exhibited a wide range of frequencies
of indels; there was little concordance between
nucleotide diversity and indel diversity in these
genes. Notably, nSNPs and indels were clustered
in the PGRS domains of the proteins, while the
N-terminal (�110 amino acid) PE domains were
significantly more conserved.

To directly determine whether the PE_PGRS
proteins are a source of antigenic variation in
M. tuberculosis, we used bioinformatic analyses
to predict human T cell epitopes, using HLA
alleles found at the highest frequencies in six
major human population groups. This revealed
that the great majority of the predicted epitopes
are found in the PE domain, with very few in the
PGRS domain of any of the proteins (Fig. 9.2).
The validity of the epitope predictions was con-
firmed using synthetic peptides designed from
the sequences of the predicted epitopes in the
PE domains, which activated T cells from blood
of patients with active pulmonary tuberculosis
(Copin et al. 2014). Together the sequencing and
epitope prediction efforts revealed that, while
structural variants of PE_PGRS proteins are com-
mon, they are clustered in the PGRS domains,
while the human T cell epitopes are clustered in
the PE domains.

These findings indicated that the PE_PGRS
proteins are not a major source of variation of
human T cell epitopes, in accord with the findings
that human T cell epitopes in M. tuberculosis
are highly conserved. However, the findings are
consistent with the possibility that the PE_PGRS
proteins are a source of antigenic variation for
antibody recognition, as other studies have deter-
mined that the PGRS domains are targets of an-
tibodies in humans infected with M. tuberculosis
(Cohen et al. 2014; Delogu and Brennan 2001;
Koh et al. 2009).
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Fig. 9.2 Human T cell epitopes are concentrated in the
PE domain of PE_PGRS proteins. The amino acid se-
quences of all 64 annotated PE_PGRS were used for in
silico epitope prediction. The graph represents the number
of high binding affinity (IC50 <50 nM; solid line) and
intermediate binding affinity (IC50 <500 nM; dashed

line) epitopes for the selected CD4 (MHC class II and
CD8 (MHC class I alleles, by amino acid position of
the proteins). The lower part of each panel shows an
expanded view of the PE domain containing a high density
of predicted epitopes (Adapted from MBio 5 (1):e00960–
00913)

9.4.4 Esx Proteins as Variable
Antigens

The short-read genome sequencing technology
used in the original study of epitope diversity
also necessitated exclusion of certain Esx genes,
which encode closely-related immunogenic low
molecular weight secreted proteins (Comas et al.
2010). An independent study of these proteins in
108 phylogenetically-diverse strains used Sanger
dideoxynucleotide chain termination sequencing
to identify sequence variants in 23 genes of the
Esx family (Uplekar et al. 2011). This revealed
an overall SNP frequency similar to the M. tu-
berculosis genomewide average, and identified
a total of 109 unique SNPs (50 sSNPs and 59
nSNPs) in the 23 genes. Esx genes in the ESX-
1 to ESX-4 secretion system loci contained few
SNPs, while genes that belong to the Mtb9.9 and
QILSS subfamilies, including those in the ESX-5
secretion system locus, contained the majority of
the variants. Coincidentally, these latter subfam-

ilies exhibit an especially high degree of amino
acid sequence similarity (93–98%) in paralogous
protein members. Comparison of the identified
nSNPs with previously-identified human T cell
epitopes in Esx proteins revealed one amino acid
substitution in an epitope in EsxB (CFP-10);
otherwise there were no sequence variants found
in the 80 identified epitopes in EsxA (ESAT-6) or
EsxB. In contrast, of the 13 epitopes identified in
the other members of the Esx protein family, 9
contained one or more amino acid substitutions,
including 1 in EsxH, which was also identified in
the initial genomewide epitope analysis (Comas
et al. 2010). This study provided valuable insight
into sequence variation in the Esx proteins that
was not revealed by the initial genomewide epi-
tope analysis. It confirmed that the high level of
epitope conservation extends to epitopes in the
immunodominant EsxA and EsxB proteins, and
revealed the presence of potentially-important
sequence variants in epitopes of other members
of the Esx protein family.
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9.4.5 Population genomics
and computational
and experimental
immunology to identify
and quantitate human T cell
epitope sequence variation
in the M. tuberculosis complex

An additional limitation to the first genomewide
analysis of human T cell epitope variation is that
it used a database of experimentally-verified pep-
tide epitopes, and was thus subject to factors that
might skew epitope discovery toward conserved
epitopes. For example, studies of M. tuberculosis
antigen or epitope discovery typically use the
H37Rv strain (from Lineage 4) as the source of
antigen or sequences for preparation of synthetic
peptides or recombinant antigens. If studies of
T cell recognition or epitope mapping are per-
formed with cells from individuals infected with
bacteria from a different lineage (e.g., Lineage
6), then antigens or epitopes that are conserved in
Lineages 4 and 6 are most likely to be discovered.

To circumvent the potential for epitope
discovery favoring conserved epitopes, we took
an alternative approach, using comparative
genomics to identify the most diverse regions
of the M. tuberculosis genome, reasoning that
antigens or epitopes undergoing diversifying
selection by T cell recognition would exhibit
nucleotide diversities and dN/dS ratios higher
than the genomewide average.

To identify and enumerate potential epitopes
undergoing diversifying selection by human T
cell recognition, we first analyzed 3774 coding
regions in newly-generated whole genome se-
quences of 216 human-adapted strains represen-
tative of the seven main lineages of the M. tuber-
culosis complex (Coscolla et al. 2015), and iden-
tified loci with the highest nucleotide diversity in
the 216 genomes. We then focused our analyses
on coding regions exhibiting high rates of nSNPs.
For this, we selected the most variable 5% of
the genes (N D 189) and determined that the
dN/dS in these genes ranged from 0 to 4.21; 88
of the 189 genes showed a dN/dS > 1, indicating
evidence of diversifying selection. From these 88
genes, we selected those with at least one nSNP

present in an entire MTBC lineage; this narrowed
the analysis to seven genes, which are associated
with various functional categories, though none
of the protein products are known or predicted to
be secreted.

To explore whether sequence diversity in the
seven genes of interest could be related to human
T cell recognition, we first computationally pre-
dicted human CD4 and CD8 T cell epitopes in
the protein products of these genes using HLA
class I and class II alleles that are prevalent
in diverse human populations. This predicted a
mean of 207 high-affinity epitopes per protein
for HLA class I and 150 epitopes per protein
for HLA class II; comparison of the locations
of the predicted epitopes and the nSNPs in the
seven genes of interest revealed that 51 of the
56 (91%) nSNPs identified coincided with pre-
dicted CD4 and/or CD8 T cell epitopes. We then
examined the impact of the identified nSNPs
(and corresponding amino acid substitutions) on
the capacity of the predicted epitope peptides
to bind to selected HLA alleles. On average, a
given naturally-occurring amino acid substitution
decreased the binding of 25% and 18% of the
predicted peptide:HLA class I and peptide:HLA
class II interactions, respectively. The naturally
occurring sequence variation could also lead to
an increase in the number of HLA alleles capable
of binding the corresponding epitope peptide,
indicating that the naturally-occurring sequence
variants in predicted epitopes in the protein prod-
ucts of the seven genes of interest could result
in either loss or gain of recognition by human T
cells.

Since computational prediction of epitopes
has greater sensitivity than specificity, it
was essential to determine whether the new
predicted T cell epitopes we identified with
naturally-occurring sequence variants are
genuinely recognized by T cells of humans
with tuberculosis. Of the putative epitopes we
identified, we selected those predicted to bind
to HLA class I and class II alleles prevalent
in the Gambia, and studied their ability to
stimulate interferon gamma production in a
modified diluted whole blood assay, performed
in the Gambia using cells from 82 individuals
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with active pulmonary tuberculosis. For this
experimental verification, we used 30 peptides
corresponding to 14 ancestral and 16 variant
sequences from the seven proteins of interest.
Fifty-two (63%) of the subjects responded to at
least one candidate epitope peptide; cells from
individual subjects responded to an average of 3
of the 30 candidate epitope peptides (ancestral
and/or variant form), although cells of some
subjects responded to as many as 22 of the
peptides. An especially important finding is that
an average of 72% of the responding subjects for
a given candidate epitope exhibited differential
responses to the ancestral compared with the
variant sequences of each of the 14 candidate
epitopes, indicating that the naturally-occurring
amino acid substitutions in these epitopes have
a functional impact on human T cell recognition
and activation.

The most important conclusions from this
study are the confirmation that the majority of
human T cell epitopes in M. tuberculosis are
conserved, and that a small number of antigens
and epitopes in this pathogen exhibit evidence
of diversifying selection and antigenic variation.
Therefore, unlike other pathogens that employ
antigenic variation as a mechanism to evade hu-
man adaptive immune responses, antigenic varia-
tion appears to be exceptional in M. tuberculosis.

9.5 Practical Implications

The findings that antigenic variation is unusual,
and has little if any effect on the widely-studied
immunodominant protein antigens of M. tuber-
culosis, has practical implications that differ in
specific contexts.

In the context of immunodiagnostic assays,
whether they are designed to detect the antigens
or responses to the antigens, antigen and epi-
tope conservation implies that specific diagnostic
reagents can be considered universal. That is,
antigenic variation has little, if any, effect on
the sensitivity of assays that employ a single
antigenic sequence. While this can be a confident
conclusion for assays involving T cell recog-
nition and/or antigens identified specifically as

T cell antigens, studies to date are insufficient
to conclude that the same rule would apply for
assays that detect antibody responses.

The identification of rare antigens and
epitopes that do exhibit naturally-occurring
sequence variation may provide opportunities
to enhance studies of TB epidemiology and
transmission, especially in regions where strains
from several bacterial lineages coexist. For
example, it is currently only possible to detect
reinfection with M. tuberculosis if a person
progresses to active disease and the disease-
causing isolate can be identified and found to
be distinct from the isolate that caused an initial
episode of disease. It is possible that use of
the newly-identified antigens and epitopes with
sequence variants can be used in T cell assays to
detect reinfection with a new strain based on T
cell responses to distinct epitope variants, even
in the absence of progression to active disease.
Development and validation of such assays will
require close collaborations between individuals
with expertise in optimizing conditions and
readouts in T cell assays and experts in TB
epidemiology.

The practical implications of antigen and epi-
tope conservation for TB vaccine development
are complex. On the surface, that there is lit-
tle sequence variation in the immunodominant
antigens of M. tuberculosis that are included in
current candidate TB vaccines could be regarded
as a favorable finding. That is, the results imply
that it may not be necessary to develop distinct
TB vaccines for different populations, and that a
polyvalent TB vaccine is unnecessary, to account
for bacterial strain-dependent antigenic variation.
However, the finding that most currently-favored
TB vaccine antigens are not under diversifying
selection pressure from human T cell recognition
may be interpreted as evidence that M. tuberculo-
sis has effective mechanisms to disarm T cell re-
sponses to these antigens, potentially limiting the
efficacy of vaccine-induced T cells. Whether this
should be taken into account and given significant
weight in TB vaccine development deserves in-
depth consideration and experimental study. One
consideration is that one or more of the seven
newly-discovered antigens that exhibit naturally-
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occurring sequence diversity might actually be
superior TB vaccine antigens, in light of the evi-
dence that their recognition is sufficient to select
escape mutants. In that vein, the finding that none
of the identified epitopes in those antigens has
more than three sequence variants implies that
the bacteria have limited options for immune es-
cape by further mutation and antigenic variation.

The suggestion that antigen and epitope con-
servation prevails in M. tuberculosis because hu-
man T cell recognition of these antigens provides
an evolutionary advantage to the bacteria also de-
serves consideration and in-depth study, to avoid
pursuing TB vaccine strategies that induce T cell
responses that benefit the bacteria (for example,
by promoting transmission).

9.6 Remaining Questions
and Future Directions

Although studies of antigenic variation and im-
mune escape in the genomic era of tuberculosis
research have revealed considerable valuable and
unexpected information, many important matters
are only partially understood.

First, it is of utmost importance to determine
whether the low frequency of antigenic variation
in the majority of M. tuberculosis antigens is
truly due to little diversifying selection pressure
exerted by human T cell recognition. If this is so,
then it will be especially important to identify the
most important mechanisms used by M. tuber-
culosis to evade effector T cell responses and to
develop ways to overcome or circumvent them.

Second, it is important to determine whether
human T cell responses to M. tuberculosis anti-
gens that do exhibit evidence of escape muta-
tion are more advantageous to the host than are
responses to conserved antigens. This may be
studied in at least two ways. One is through
prospective studies of individuals with latent TB,
to determine whether T cell responses to the
variable antigens are more advantageous than T
cell responses to conserved antigens, as manifest
by differential association with subsequent pro-
gression to active TB disease. Another is through

experimental vaccine studies in relevant model
systems, in which protection conferred by re-
sponses to vaccines containing different antigens
can be assessed.

Third, it is currently difficult to reconcile M.
tuberculosis T cell epitope conservation with the
vast diversity of HLA alleles and differential
HLA allele frequencies in distinct populations.
On the surface, it would seem that a given epi-
tope might be conserved in a population with a
given prevalent HLA allele, but that same epitope
would be subject to genetic drift in a population
where that HLA allele is rare or absent. One po-
tential explanation for this is that conservation of
epitope sequences is attributable to mechanisms
other than T cell recognition, that is, that M. tu-
berculosis epitopes have low inherent mutational
tolerance (Thyagarajan and Bloom 2014). While
there is currently no direct evidence that allows
exclusion of this as a predominant mechanism
for epitope sequence conservation, several ob-
servations weigh against it: M. tuberculosis T
cell epitopes are not concentrated in essential
genes, nor are they disproportionately located
in or near functional protein domains such as
enzyme active sites (Comas et al. 2010); and M.
tuberculosis T cell epitopes are found in diverse
structural domains of proteins, including beta
sheets, alpha helices, and loops, implying that
their ability to tolerate sequence variants is not
constrained by protein structural requirements (J.
Ernst, unpublished observation). One alternative
possibility is that M. tuberculosis epitopes are
more promiscuous for binding diverse HLA al-
leles than are epitopes in other pathogens (McK-
inney et al. 2013; Paul et al. 2015), and that HLA
allele diversity has little influence on responses
to M. tuberculosis T cell epitopes. This latter
possibility is consistent with the observation that
no single HLA class I or class II locus or allele
is reproducibly associated with susceptibility or
resistance to tuberculosis.

Fourth, rigorous studies of the importance of
antibody responses in the immune control of
tuberculosis are needed, to determine whether the
principles recently established for M. tuberculo-
sis T cell epitopes also apply to B cell/antibody
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epitopes, and whether TB vaccines that induce
antibody responses should be a high priority for
development. The finding that the PGRS domains
of certain PE_PGRS proteins are under potent
diversifying selection by a process other than T
cell recognition, coupled with the evidence that
PGRS domains are targets for antibody recogni-
tion, suggests that certain of these proteins are
worthy of greater investigation as potential TB
vaccine antigens.

In conclusion, M. tuberculosis differs from
other successful pathogens in the rarity of its
employment of antigenic variation. Further inves-
tigation is needed to understand the basis of anti-
gen and epitope conservation in M. tuberculosis,
and to exploit the resulting knowledge to impact
the global epidemic of human TB.

References

Abudayyeh OO, Gootenberg JS, Konermann S, Joung J,
Slaymaker IM, Cox DB, Shmakov S, Makarova KS,
Semenova E, Minakhin L, Severinov K, Regev A,
Lander ES, Koonin EV, Zhang F (2016) C2c2 is a
single-component programmable RNA-guided RNA-
targeting CRISPR effector. Science (New York, NY).
doi:10.1126/science.aaf5573

Antonelli LR, Gigliotti Rothfuchs A, Goncalves R,
Roffe E, Cheever AW, Bafica A, Salazar AM, Feng
CG, Sher A (2010) Intranasal poly-IC treatment
exacerbates tuberculosis in mice through the
pulmonary recruitment of a pathogen-permissive
monocyte/macrophage population. J Clin Invest
120(5):1674–1682. doi:10.1172/jci40817

Avery OT, Heidelberger M (1925) Immunological rela-
tionships of cell constituents of pneumococcus: second
paper. J Exp Med 42(3):367–376

Barbour AG, Dai Q, Restrepo BI, Stoenner HG,
Frank SA (2006) Pathogen escape from host immu-
nity by a genome program for antigenic variation.
Proc Natl Acad Sci U S A 103(48):18290–18295.
doi:10.1073/pnas.0605302103

Bautista E, Chotpitayasunondh T, Gao Z, Harper SA,
Shaw M, Uyeki TM, Zaki SR, Hayden FG, Hui DS,
Kettner JD, Kumar A, Lim M, Shindo N, Penn C,
Nicholson KG (2010) Clinical aspects of pandemic
2009 influenza A (H1N1) virus infection. N Engl J Med
362(18):1708–1719. doi:10.1056/NEJMra1000449

Beiter K, Wartha F, Albiger B, Normark S, Zychlinsky
A, Henriques-Normark B (2006) An endonuclease al-
lows Streptococcus pneumoniae to escape from neu-
trophil extracellular traps. Curr Biol: CB 16(4):401–
407. doi:10.1016/j.cub.2006.01.056

Berry MP, Graham CM, McNab FW, Xu Z, Bloch SA, Oni
T, Wilkinson KA, Banchereau R, Skinner J, Wilkinson
RJ, Quinn C, Blankenship D, Dhawan R, Cush JJ,
Mejias A, Ramilo O, Kon OM, Pascual V, Banchereau
J, Chaussabel D, O’Garra A (2010) An interferon-
inducible neutrophil-driven blood transcriptional sig-
nature in human tuberculosis. Nature 466(7309):973–
977. doi:10.1038/nature09247

Bhat KS, Gibbs CP, Barrera O, Morrison SG, Jahnig F,
Stern A, Kupsch EM, Meyer TF, Swanson J (1991) The
opacity proteins of Neisseria gonorrhoeae strain MS11
are encoded by a family of 11 complete genes. Mol
Microbiol 5(8):1889–1901

Blomgran R, Ernst JD (2011) Lung neutrophils facilitate
activation of naive antigen-specific CD4C T cells dur-
ing Mycobacterium tuberculosis infection. J Immunol
186(12):7110–7119. doi:10.4049/jimmunol.1100001

Blomgran R, Desvignes L, Briken V, Ernst JD (2012)
Mycobacterium tuberculosis inhibits neutrophil
apoptosis, leading to delayed activation of naive
CD4 T cells. Cell Host Microbe 11(1):81–90.
doi:10.1016/j.chom.2011.11.012

Bloom CI, Graham CM, Berry MP, Wilkinson KA, Oni
T, Rozakeas F, Xu Z, Rossello-Urgell J, Chaussabel
D, Banchereau J, Pascual V, Lipman M, Wilkinson RJ,
O’Garra A (2012) Detectable changes in the blood tran-
scriptome are present after two weeks of antituberculo-
sis therapy. PLoS One 7(10):e46191. doi:10.1371/jour-
nal.pone.0046191

Brown WC, Brayton KA, Styer CM, Palmer GH (2003)
The hypervariable region of Anaplasma marginale
major surface protein 2 (MSP2) contains multiple
immunodominant CD4C T lymphocyte epitopes that
elicit variant-specific proliferative and IFN-gamma re-
sponses in MSP2 vaccinates. J Immunol 170(7):3790–
3798

Cambier CJ, Takaki KK, Larson RP, Hernandez RE,
Tobin DM, Urdahl KB, Cosma CL, Ramakrishnan L
(2014) Mycobacteria manipulate macrophage recruit-
ment through coordinated use of membrane lipids.
Nature 505(7482):218–222. doi:10.1038/nature12799

Caminero JA, Pena MJ, Campos-Herrero MI, Rodriguez
JC, Afonso O, Martin C, Pavon JM, Torres MJ, Burgos
M, Cabrera P, Small PM, Enarson DA (2001) Exoge-
nous reinfection with tuberculosis on a European island
with a moderate incidence of disease. Am J Respir
Crit Care Med 163(3 Pt 1):717–720. doi:10.1164/ajr-
ccm.163.3.2003070

Cerwenka A, Lanier LL (2016) Natural killer cell memory
in infection, inflammation and cancer. Nat Rev Im-
munol 16(2):112–123. doi:10.1038/nri.2015.9

Chackerian AA, Alt JM, Perera TV, Dascher CC, Behar
SM (2002) Dissemination of Mycobacterium tubercu-
losis is influenced by host factors and precedes the ini-
tiation of T-cell immunity. Infect Immun 70(8):4501–
4509

Chapel HM, Lee M, Hargreaves R, Pamphilon DH,
Prentice AG (1994) Randomised trial of intravenous
immunoglobulin as prophylaxis against infection in

http://dx.doi.org/10.1038/nri.2015.9
http://dx.doi.org/10.1164/ajrccm.163.3.2003070
http://dx.doi.org/10.1038/nature12799
http://dx.doi.org/10.1371/journal.pone.0046191
http://dx.doi.org/10.1016/j.chom.2011.11.012
http://dx.doi.org/10.4049/jimmunol.1100001
http://dx.doi.org/10.1038/nature09247
http://dx.doi.org/10.1016/j.cub.2006.01.056
http://dx.doi.org/10.1056/NEJMra1000449
http://dx.doi.org/10.1073/pnas.0605302103
http://dx.doi.org/10.1172/jci40817
http://dx.doi.org/10.1126/science.aaf5573


186 J.D. Ernst

plateau-phase multiple myeloma. The UK Group for
Immunoglobulin Replacement Therapy in Multiple
Myeloma. Lancet 343(8905):1059–1063

Cheng SC, Quintin J, Cramer RA, Shepardson KM, Saeed
S, Kumar V, Giamarellos-Bourboulis EJ, Martens JH,
Rao NA, Aghajanirefah A, Manjeri GR, Li Y, Ifrim
DC, Arts RJ, van der Veer BM, Deen PM, Logie C,
O’Neill LA, Willems P, van de Veerdonk FL, van der
Meer JW, Ng A, Joosten LA, Wijmenga C, Stunnen-
berg HG, Xavier RJ, Netea MG (2014) mTOR- and
HIF-1alpha-mediated aerobic glycolysis as metabolic
basis for trained immunity. Science (New York, NY)
345(6204):1250684. doi:10.1126/science.1250684

Claessens A, Hamilton WL, Kekre M, Otto TD, Faizullab-
hoy A, Rayner JC, Kwiatkowski D (2014) Generation
of antigenic diversity in Plasmodium falciparum by
structured rearrangement of Var genes during mito-
sis. PLoS Genet 10(12):e1004812. doi:10.1371/jour-
nal.pgen.1004812

Cohen I, Parada C, Acosta-Gio E, Espitia C (2014)
The PGRS domain from PE_PGRS33 of Mycobac-
terium tuberculosis is target of humoral immune re-
sponse in mice and humans. Front Immunol 5:236.
doi:10.3389/fimmu.2014.00236

Cole ST, Brosch R, Parkhill J, Garnier T, Churcher C,
Harris D, Gordon SV, Eiglmeier K, Gas S, Barry
CE 3rd, Tekaia F, Badcock K, Basham D, Brown
D, Chillingworth T, Connor R, Davies R, Devlin K,
Feltwell T, Gentles S, Hamlin N, Holroyd S, Hornsby
T, Jagels K, Krogh A, McLean J, Moule S, Murphy
L, Oliver K, Osborne J, Quail MA, Rajandream MA,
Rogers J, Rutter S, Seeger K, Skelton J, Squares R,
Squares S, Sulston JE, Taylor K, Whitehead S, Barrell
BG (1998) Deciphering the biology of Mycobacterium
tuberculosis from the complete genome sequence. Na-
ture 393(6685):537–544. doi:10.1038/31159

Comas I, Chakravartti J, Small PM, Galagan J, Niemann
S, Kremer K, Ernst JD, Gagneux S (2010) Human
T cell epitopes of Mycobacterium tuberculosis are
evolutionarily hyperconserved. Nat Genet 42(6):498–
503. doi:10.1038/ng.590

Cooper G, Rosenstein C, Walter A, Peizer L (1932) The
further separation of types among the pneumococci
hitherto included in group iv and the development
of therapeutic antisera for these types. J Exp Med
55(4):531–554

Copin R, Coscolla M, Seiffert SN, Bothamley G,
Sutherland J, Mbayo G, Gagneux S, Ernst JD
(2014) Sequence diversity in the pe_pgrs genes of
Mycobacterium tuberculosis is independent of hu-
man T cell recognition. MBio 5(1):e00960–e00913.
doi:10.1128/mBio.00960-13

Coscolla M, Copin R, Sutherland J, Gehre F, de Jong B,
Owolabi O, Mbayo G, Giardina F, Ernst JD, Gagneux S
(2015) M. tuberculosis T cell epitope analysis reveals
paucity of antigenic variation and identifies rare vari-
able TB antigens. Cell Host Microbe 18(5):538–548.
doi:10.1016/j.chom.2015.10.008

Crawford H, Prado JG, Leslie A, Hue S, Honeyborne
I, Reddy S, van der Stok M, Mncube Z, Brander
C, Rousseau C, Mullins JI, Kaslow R, Goepfert P,
Allen S, Hunter E, Mulenga J, Kiepiela P, Walker
BD, Goulder PJ (2007) Compensatory mutation par-
tially restores fitness and delays reversion of escape
mutation within the immunodominant HLA-B*5703-
restricted Gag epitope in chronic human immunode-
ficiency virus type 1 infection. J Virol 81(15):8346–
8351. doi:10.1128/jvi.00465-07

Crawford H, Lumm W, Leslie A, Schaefer M, Boeras
D, Prado JG, Tang J, Farmer P, Ndung’u T, Lakhi
S, Gilmour J, Goepfert P, Walker BD, Kaslow
R, Mulenga J, Allen S, Goulder PJ, Hunter E
(2009) Evolution of HLA-B*5703 HIV-1 escape mu-
tations in HLA-B*5703-positive individuals and their
transmission recipients. J Exp Med 206(4):909–921.
doi:jem.20081984 [pii] 231084/jem.20081984

Croucher NJ, Harris SR, Fraser C, Quail MA, Burton J,
van der Linden M, McGee L, von Gottberg A, Song JH,
Ko KS, Pichon B, Baker S, Parry CM, Lambertsen LM,
Shahinas D, Pillai DR, Mitchell TJ, Dougan G, Tomasz
A, Klugman KP, Parkhill J, Hanage WP, Bentley
SD (2011) Rapid pneumococcal evolution in response
to clinical interventions. Science (New York, NY)
331(6016):430–434. doi:10.1126/science.1198545

Cuevas JM, Geller R, Garijo R, Lopez-Aldeguer J, San-
juan R (2015) Extremely high mutation rate of HIV-1
in vivo. PLoS Biol 13(9):e1002251. doi:10.1371/jour-
nal.pbio.1002251

Deitsch KW, Lukehart SA, Stringer JR (2009) Common
strategies for antigenic variation by bacterial, fungal
and protozoan pathogens. Nat Rev Microbiol 7(7):493–
503. doi:nrmicro2145 [pii] 281038/nrmicro2145

Delogu G, Brennan MJ (2001) Comparative immune
response to PE and PE_PGRS antigens of Mycobac-
terium tuberculosis. Infect Immun 69(9):5606–5611

Dochez AR, Gillespie LJ (1913) A biologic classifica-
tion of pneumococci by means of immunity reactions.
JAMA 61:727–730

Elde NC, Malik HS (2009) The evolutionary conundrum
of pathogen mimicry. Nat Rev Microbiol 7(11):787–
797. doi:10.1038/nrmicro2222

Erickson AL, Kimura Y, Igarashi S, Eichelberger J,
Houghton M, Sidney J, McKinney D, Sette A, Hughes
AL, Walker CM (2001) The outcome of hepatitis C
virus infection is predicted by escape mutations in epi-
topes targeted by cytotoxic T lymphocytes. Immunity
15(6):883–895

Ernst JD (2012) The immunological life cycle of
tuberculosis. Nat Rev Immunol 12(8):581–591.
doi:10.1038/nri3259

Feikin DR, Kagucia EW, Loo JD, Link-Gelles R, Puhan
MA, Cherian T, Levine OS, Whitney CG, O’Brien
KL, Moore MR (2013) Serotype-specific changes in
invasive pneumococcal disease after pneumococcal
conjugate vaccine introduction: a pooled analysis of

http://dx.doi.org/10.1038/nri3259
http://dx.doi.org/10.1038/nrmicro2222
https://doi.org/doi:nrmicro2145%20%5bpii%5d
http://dx.doi.org/10.1371/journal.pbio.1002251
http://dx.doi.org/10.1126/science.1198545
http://dx.doi.org/10.1128/jvi.00465-07
http://dx.doi.org/10.1016/j.chom.2015.10.008
http://dx.doi.org/10.1128/mBio.00960-13
http://dx.doi.org/10.1038/ng.590
http://dx.doi.org/10.1038/31159
http://dx.doi.org/10.3389/fimmu.2014.00236
http://dx.doi.org/10.1371/journal.pgen.1004812
http://dx.doi.org/10.1126/science.1250684


9 Antigenic Variation and Immune Escape in the MTBC 187

multiple surveillance sites. PLoS Med 10(9):e1001517.
doi:10.1371/journal.pmed.1001517

Fu Y, Galan JE (1999) A salmonella protein antago-
nizes Rac-1 and Cdc42 to mediate host-cell recovery
after bacterial invasion. Nature 401(6750):293–297.
doi:10.1038/45829

Goepfert PA, Lumm W, Farmer P, Matthews P, Prender-
gast A, Carlson JM, Derdeyn CA, Tang J, Kaslow
RA, Bansal A, Yusim K, Heckerman D, Mulenga J,
Allen S, Goulder PJ, Hunter E (2008) Transmission
of HIV-1 Gag immune escape mutations is associated
with reduced viral load in linked recipients. J Exp Med
205(5):1009–1017. doi:10.1084/jem.20072457

Grohskopf LA, Sokolow LZ, Olsen SJ, Bresee JS, Broder
KR, Karron RA (2015) Prevention and control of
influenza with vaccines: recommendations of the ad-
visory committee on immunization practices, United
States, 2015–16 influenza season. MMWR Morb Mor-
tal Wkly Rep 64(30):818–825

Hardt WD, Chen LM, Schuebel KE, Bustelo XR, Galan
JE (1998) S. typhimurium encodes an activator of Rho
GTPases that induces membrane ruffling and nuclear
responses in host cells. Cell 93(5):815–826

Hebert AM, Talarico S, Yang D, Durmaz R, Marrs CF,
Zhang L, Foxman B, Yang Z (2007) DNA polymor-
phisms in the pepA and PPE18 genes among clinical
strains of Mycobacterium tuberculosis: implications
for vaccine efficacy. Infect Immun 75(12):5798–5805.
doi:IAI.00335-07 [pii] 401128/IAI.00335-07

Hill DJ, Griffiths NJ, Borodina E, Virji M (2010) Cel-
lular and molecular biology of Neisseria meningitidis
colonization and invasive disease. Clin Sci (Lond)
118(9):547–564. doi:10.1042/cs20090513

Hoe NP, Nakashima K, Lukomski S, Grigsby D, Liu
M, Kordari P, Dou SJ, Pan X, Vuopio-Varkila J,
Salmelinna S, McGeer A, Low DE, Schwartz B,
Schuchat A, Naidich S, De Lorenzo D, Fu YX, Musser
JM (1999) Rapid selection of complement-inhibiting
protein variants in group A Streptococcus epidemic
waves. Nat Med 5(8):924–929. doi:10.1038/11369

Hosea SW, Brown EJ, Hamburger MI, Frank MM (1981)
Opsonic requirements for intravascular clearance af-
ter splenectomy. N Engl J Med 304(5):245–250.
doi:10.1056/nejm198101293040501

Hraber P, Korber B, Wagh K, Giorgi EE, Bhattacharya
T, Gnanakaran S, Lapedes AS, Learn GH, Kreider
EF, Li Y, Shaw GM, Hahn BH, Montefiori DC, Alam
SM, Bonsignori M, Moody MA, Liao HX, Gao F,
Haynes BF (2015) Longitudinal antigenic sequences
and sites from intra-host evolution (LASSIE) identi-
fies immune-selected HIV variants. Virus 7(10):5443–
5475. doi:10.3390/v7102881

Hsu HE, Shutt KA, Moore MR, Beall BW, Bennett NM,
Craig AS, Farley MM, Jorgensen JH, Lexau CA, Petit
S, Reingold A, Schaffner W, Thomas A, Whitney CG,
Harrison LH (2009) Effect of pneumococcal conjugate
vaccine on pneumococcal meningitis. N Engl J Med
360(3):244–256. doi:10.1056/NEJMoa0800836

Interrante JD, Haddad MB, Kim L, Gandhi NR (2015)
Exogenous reinfection as a cause of late recur-
rent tuberculosis in the United States. Ann Am
Thorac Soc 12(11):1619–1626. doi:10.1513/Annal-
sATS.201507-429OC

Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna
JA, Charpentier E (2012) A programmable dual-RNA-
guided DNA endonuclease in adaptive bacterial im-
munity. Science (New York, NY) 337(6096):816–821.
doi:10.1126/science.1225829

Kaslow RA, Carrington M, Apple R, Park L, Munoz A,
Saah AJ, Goedert JJ, Winkler C, O’Brien SJ, Rinaldo
C, Detels R, Blattner W, Phair J, Erlich H, Mann DL
(1996) Influence of combinations of human major his-
tocompatibility complex genes on the course of HIV-1
infection. Nat Med 2(4):405–411

Kasprowicz V, Kang YH, Lucas M, Schulze zur Wiesch
J, Kuntzen T, Fleming V, Nolan BE, Longworth S,
Berical A, Bengsch B, Thimme R, Lewis-Ximenez
L, Allen TM, Kim AY, Klenerman P, Lauer GM
(2010) Hepatitis C virus (HCV) sequence variation
induces an HCV-specific T-cell phenotype analogous
to spontaneous resolution. J Virol 84(3):1656–1663.
doi:10.1128/jvi.01499-09

Koh KW, Soh SE, Seah GT (2009) Strong anti-
body responses to Mycobacterium tuberculosis PE-
PGRS62 protein are associated with latent and ac-
tive tuberculosis. Infect Immun 77(8):3337–3343.
doi:10.1128/iai.01175-08

Korber B, Gnanakaran S (2009) The implications of pat-
terns in HIV diversity for neutralizing antibody induc-
tion and susceptibility. Curr Opin HIV AIDS 4(5):408–
417. doi:10.1097/COH.0b013e32832f129e

Lannergard J, Gustafsson MC, Waldemarsson J, Norrby-
Teglund A, Stalhammar-Carlemalm M, Lindahl G
(2011) The Hypervariable region of Streptococcus pyo-
genes M protein escapes antibody attack by antigenic
variation and weak immunogenicity. Cell Host Microbe
10(2):147–157. doi:10.1016/j.chom.2011.06.011

LaRock CN, Dohrmann S, Todd J, Corriden R, Ol-
son J, Johannssen T, Lepenies B, Gallo RL, Ghosh
P, Nizet V (2015) Group a streptococcal M1 pro-
tein sequesters cathelicidin to evade innate im-
mune killing. Cell Host Microbe 18(4):471–477.
doi:10.1016/j.chom.2015.09.004

Lawrence CW, Braciale TJ (2004) Activation, differen-
tiation, and migration of naive virus-specific CD8C
T cells during pulmonary influenza virus infection. J
Immunol 173(2):1209–1218

Lawrence CW, Ream RM, Braciale TJ (2005) Frequency,
specificity, and sites of expansion of CD8C T cells
during primary pulmonary influenza virus infection. J
Immunol 174(9):5332–5340

Lawrenz MB, Wooten RM, Norris SJ (2004) Effects
of vlsE complementation on the infectivity
of Borrelia burgdorferi lacking the linear
plasmid lp28-1. Infect Immun 72(11):6577–6585.
doi:10.1128/iai.72.11.6577-6585.2004

http://dx.doi.org/10.1128/iai.72.11.6577-6585.2004
http://dx.doi.org/10.1016/j.chom.2015.09.004
http://dx.doi.org/10.1016/j.chom.2011.06.011
http://dx.doi.org/10.1097/COH.0b013e32832f129e
http://dx.doi.org/10.1128/iai.01175-08
http://dx.doi.org/10.1128/jvi.01499-09
http://dx.doi.org/10.1126/science.1225829
http://dx.doi.org/10.1513/AnnalsATS.201507-429OC
http://dx.doi.org/10.1056/NEJMoa0800836
http://dx.doi.org/10.3390/v7102881
http://dx.doi.org/10.1056/nejm198101293040501
http://dx.doi.org/10.1038/11369
http://dx.doi.org/10.1042/cs20090513
http://dx.doi.org/10.1084/jem.20072457
http://dx.doi.org/10.1038/45829
http://dx.doi.org/10.1371/journal.pmed.1001517


188 J.D. Ernst

Lazaryan A, Song W, Lobashevsky E, Tang J, Shrestha
S, Zhang K, Gardner LI, McNicholl JM, Wilson CM,
Klein RS, Rompalo A, Mayer K, Sobel J, Kaslow
RA (2010) Human leukocyte antigen class I super-
types and HIV-1 control in African Americans. J Virol
84(5):2610–2617. doi:10.1128/jvi.01962-09

Li Y, Svehla K, Louder MK, Wycuff D, Phogat S,
Tang M, Migueles SA, Wu X, Phogat A, Shaw GM,
Connors M, Hoxie J, Mascola JR, Wyatt R (2009)
Analysis of neutralization specificities in polyclonal
sera derived from human immunodeficiency virus
type 1-infected individuals. J Virol 83(2):1045–1059.
doi:10.1128/jvi.01992-08

Liang FT, Yan J, Mbow ML, Sviat SL, Gilmore RD, Ma-
mula M, Fikrig E (2004) Borrelia burgdorferi changes
its surface antigenic expression in response to host
immune responses. Infect Immun 72(10):5759–5767.
doi:10.1128/iai.72.10.5759-5767.2004

Lillebaek T, Dirksen A, Baess I, Strunge B, Thomsen VO,
Andersen AB (2002) Molecular evidence of endoge-
nous reactivation of Mycobacterium tuberculosis after
33 years of latent infection. J Infect Dis 185(3):401–
404. doi:JID010932 [pii] 561086/338342

Maertzdorf J, Ota M, Repsilber D, Mollenkopf HJ,
Weiner J, Hill PC, Kaufmann SH (2011) Functional
correlations of pathogenesis-driven gene expression
signatures in tuberculosis. PLoS One 6(10):e26938.
doi:10.1371/journal.pone.0026938

Makarova KS, Wolf YI, Koonin EV (2013) Com-
parative genomics of defense systems in archaea
and bacteria. Nucleic Acids Res 41(8):4360–4377.
doi:10.1093/nar/gkt157

Martinez E, Allombert J, Cantet F, Lakhani A, Yandra-
palli N, Neyret A, Norville IH, Favard C, Muriaux
D, Bonazzi M (2016) Coxiella burnetii effector CvpB
modulates phosphoinositide metabolism for optimal
vacuole development. Proc Natl Acad Sci U S A
113(23):E3260–E3269. doi:10.1073/pnas.1522811113

Mayer-Barber KD, Andrade BB, Barber DL, Hieny
S, Feng CG, Caspar P, Oland S, Gordon S,
Sher A (2011) Innate and adaptive interferons sup-
press IL-1alpha and IL-1beta production by dis-
tinct pulmonary myeloid subsets during Mycobac-
terium tuberculosis infection. Immunity 35(6):1023–
1034. doi:10.1016/j.immuni.2011.12.002

Mayer-Barber KD, Andrade BB, Oland SD, Amaral EP,
Barber DL, Gonzales J, Derrick SC, Shi R, Kumar
NP, Wei W, Yuan X, Zhang G, Cai Y, Babu S, Catal-
famo M, Salazar AM, Via LE, Barry CE 3rd, Sher
A (2014) Host-directed therapy of tuberculosis based
on interleukin-1 and type I interferon crosstalk. Nature
511(7507):99–103. doi:10.1038/nature13489

McKinney DM, Southwood S, Hinz D, Oseroff C, Ar-
lehamn CS, Schulten V, Taplitz R, Broide D, Hanekom
WA, Scriba TJ, Wood R, Alam R, Peters B, Sid-
ney J, Sette A (2013) A strategy to determine HLA
class II restriction broadly covering the DR, DP, and
DQ allelic variants most commonly expressed in the
general population. Immunogenetics 65(5):357–370.
doi:10.1007/s00251-013-0684-y

Miller JD, van der Most RG, Akondy RS, Glidewell
JT, Albott S, Masopust D, Murali-Krishna K, Ma-
har PL, Edupuganti S, Lalor S, Germon S, Del
Rio C, Mulligan MJ, Staprans SI, Altman JD,
Feinberg MB, Ahmed R (2008) Human effector
and memory CD8C T cell responses to smallpox
and yellow fever vaccines. Immunity 28(5):710–722.
doi:10.1016/j.immuni.2008.02.020

Mordue DG, Sibley LD (1997) Intracellular fate of vac-
uoles containing Toxoplasma gondii is determined at
the time of formation and depends on the mechanism
of entry. J Immunol 159(9):4452–4459

Mordue DG, Hakansson S, Niesman I, Sibley LD (1999)
Toxoplasma gondii resides in a vacuole that avoids
fusion with host cell endocytic and exocytic vesicular
trafficking pathways. Exp Parasitol 92(2):87–99

Morrison LJ, Marcello L, McCulloch R (2009)
Antigenic variation in the African trypanosome:
molecular mechanisms and phenotypic
complexity. Cell Microbiol 11(12):1724–1734.
doi:10.1111/j.1462-5822.2009.01383.x

Murphy KP, Weaver C (2016) Janeway’s immunobiology.
Garland Science, New York

Musser JM, Amin A, Ramaswamy S (2000) Negligible
genetic diversity of mycobacterium tuberculosis host
immune system protein targets: evidence of limited
selective pressure. Genetics 155(1):7–16

Netea MG, Joosten LA, Latz E, Mills KH, Natoli
G, Stunnenberg HG, O’Neill LA, Xavier RJ (2016)
Trained immunity: a program of innate immune mem-
ory in health and disease. Science (New York, NY)
352(6284):aaf1098. doi:10.1126/science.aaf1098

Newton HJ, Kohler LJ, McDonough JA, Temoche-
Diaz M, Crabill E, Hartland EL, Roy CR (2014) A
screen of Coxiella burnetii mutants reveals impor-
tant roles for Dot/Icm effectors and host autophagy
in vacuole biogenesis. PLoS Pathog 10(7):e1004286.
doi:10.1371/journal.ppat.1004286

Nivarthi UK, Gras S, Kjer-Nielsen L, Berry R, Lucet
IS, Miles JJ, Tracy SL, Purcell AW, Bowden DS,
Hellard M, Rossjohn J, McCluskey J, Bharadwaj M
(2014) An extensive antigenic footprint underpins im-
munodominant TCR adaptability against a hypervari-
able viral determinant. J Immunol 193(11):5402–5413.
doi:10.4049/jimmunol.1401357

O’Garra A, Redford PS, McNab FW, Bloom CI, Wilkin-
son RJ, Berry MP (2013) The immune response
in tuberculosis. Annu Rev Immunol 31:475–527.
doi:10.1146/annurev-immunol-032712-095939

Ohmit SE, Petrie JG, Cross RT, Johnson E, Monto AS
(2011) Influenza hemagglutination-inhibition antibody
titer as a correlate of vaccine-induced protection. J In-
fect Dis 204(12):1879–1885. doi:10.1093/infdis/jir661

Ottenhoff TH, Dass RH, Yang N, Zhang MM, Wong
HE, Sahiratmadja E, Khor CC, Alisjahbana B, van
Crevel R, Marzuki S, Seielstad M, van de Vosse E,
Hibberd ML (2012) Genome-wide expression profiling
identifies type 1 interferon response pathways in active
tuberculosis. PLoS One 7(9):e45839. doi:10.1371/jour-
nal.pone.0045839

http://dx.doi.org/10.1371/journal.pone.0045839
http://dx.doi.org/10.1093/infdis/jir661
http://dx.doi.org/10.1146/annurev-immunol-032712-095939
http://dx.doi.org/10.4049/jimmunol.1401357
http://dx.doi.org/10.1371/journal.ppat.1004286
http://dx.doi.org/10.1126/science.aaf1098
http://dx.doi.org/10.1111/j.1462-5822.2009.01383.x
http://dx.doi.org/10.1016/j.immuni.2008.02.020
http://dx.doi.org/10.1007/s00251-013-0684-y
http://dx.doi.org/10.1038/nature13489
http://dx.doi.org/10.1016/j.immuni.2011.12.002
http://dx.doi.org/10.1073/pnas.1522811113
http://dx.doi.org/10.1093/nar/gkt157
http://dx.doi.org/10.1371/journal.pone.0026938
https://doi.org/doi:JID010932%20%5bpii%5d
http://dx.doi.org/10.1128/iai.72.10.5759-5767.2004
http://dx.doi.org/10.1128/jvi.01992-08
http://dx.doi.org/10.1128/jvi.01962-09


9 Antigenic Variation and Immune Escape in the MTBC 189

Pantophlet R, Burton DR (2006) GP120: target
for neutralizing HIV-1 antibodies. Annu
Rev Immunol 24:739–769. doi:10.1146/an-
nurev.immunol.24.021605.090557

Paul S, Dillon MB, Lindestam Arlehamn CS, Huang
H, Davis MM, McKinney DM, Scriba TJ, Sid-
ney J, Peters B, Sette A (2015) A population re-
sponse analysis approach to assign class II HLA-
epitope restrictions. J Immunol 194(12):6164–6176.
doi:10.4049/jimmunol.1403074

Persson J, Beall B, Linse S, Lindahl G (2006) Extreme se-
quence divergence but conserved ligand-binding speci-
ficity in Streptococcus pyogenes M protein. PLoS
Pathog 2(5):e47. doi:10.1371/journal.ppat.0020047

Peters W, Scott HM, Chambers HF, Flynn JL, Charo
IF, Ernst JD (2001) Chemokine receptor 2 serves an
early and essential role in resistance to Mycobacterium
tuberculosis. Proc Natl Acad Sci U S A 98(14):7958–
7963. doi:10.1073/pnas.131207398

Peters J, Fowler E, Gatton M, Chen N, Saul A, Cheng
Q (2002) High diversity and rapid changeover of
expressed var genes during the acute phase of Plas-
modium falciparum infections in human volunteers.
Proc Natl Acad Sci U S A 99(16):10689–10694.
doi:10.1073/pnas.162349899

Peters W, Cyster JG, Mack M, Schlondorff D, Wolf AJ,
Ernst JD, Charo IF (2004) CCR2-dependent trafficking
of F4/80dim macrophages and CD11cdim/intermediate
dendritic cells is crucial for T cell recruitment to lungs
infected with Mycobacterium tuberculosis. J Immunol
172(12):7647–7653

Pichon B, Ladhani SN, Slack MP, Segonds-Pichon A,
Andrews NJ, Waight PA, Miller E, George R (2013)
Changes in molecular epidemiology of streptococ-
cus pneumoniae causing meningitis following intro-
duction of pneumococcal conjugate vaccination in
England and Wales. J Clin Microbiol 51(3):820–827.
doi:10.1128/jcm.01917-12

Plasterk RH, Simon MI, Barbour AG (1985) Transposition
of structural genes to an expression sequence on a lin-
ear plasmid causes antigenic variation in the bacterium
Borrelia hermsii. Nature 318(6043):257–263

du Plessis DG, Warren R, Richardson M, Joubert
JJ, van Helden PD (2001) Demonstration of re-
infection and reactivation in HIV-negative autop-
sied cases of secondary tuberculosis: multilesional
genotyping of Mycobacterium tuberculosis utilizing
IS 6110 and other repetitive element-based DNA
fingerprinting. Tuberculosis (Edinb) 81(3):211–220.
doi:10.1054/tube.2000.0278

Potter AJ, Trappetti C, Paton JC (2012) Streptococ-
cus pneumoniae uses glutathione to defend against
oxidative stress and metal ion toxicity. J Bacteriol
194(22):6248–6254. doi:10.1128/jb.01393-12

Poulsen A (1950) Some clinical features of tuberculosis.
1. Incubation period. Acta Tuberc Scand 24(3–4):311–
346

Proft T, Moffatt SL, Weller KD, Paterson A, Martin
D, Fraser JD (2000) The streptococcal superantigen

SMEZ exhibits wide allelic variation, mosaic struc-
ture, and significant antigenic variation. J Exp Med
191(10):1765–1776

Ralph SA, Scheidig-Benatar C, Scherf A (2005) Anti-
genic variation in Plasmodium falciparum is associated
with movement of var loci between subnuclear loca-
tions. Proc Natl Acad Sci U S A 102(15):5414–5419.
doi:10.1073/pnas.0408883102

Richter SS, Heilmann KP, Dohrn CL, Riahi F, Diekema
DJ, Doern GV (2013) Pneumococcal serotypes before
and after introduction of conjugate vaccines, United
States, 1999–2011. Emerg Infect Dis 19(7):1074–1083.
doi:10.3201/eid1907.121830

Roberts JD, Bebenek K, Kunkel TA (1988) The accuracy
of reverse transcriptase from HIV-1. Science (New
York, NY) 242(4882):1171–1173

Saeed S, Quintin J, Kerstens HH, Rao NA, Aghajanirefah
A, Matarese F, Cheng SC, Ratter J, Berentsen K,
van der Ent MA, Sharifi N, Janssen-Megens EM, Ter
Huurne M, Mandoli A, van Schaik T, Ng A, Burden
F, Downes K, Frontini M, Kumar V, Giamarellos-
Bourboulis EJ, Ouwehand WH, van der Meer JW,
Joosten LA, Wijmenga C, Martens JH, Xavier RJ,
Logie C, Netea MG, Stunnenberg HG (2014) Epige-
netic programming of monocyte-to-macrophage dif-
ferentiation and trained innate immunity. Science
(New York, NY) 345(6204):1251086. doi:10.1126/sci-
ence.1251086

Samstein M, Schreiber HA, Leiner IM, Susac B, Glick-
man MS, Pamer EG (2013) Essential yet limited role
for CCR2(C) inflammatory monocytes during My-
cobacterium tuberculosis-specific T cell priming. elife
2:e01086. doi:10.7554/eLife.01086

Sassetti CM, Rubin EJ (2003) Genetic requirements
for mycobacterial survival during infection. Proc
Natl Acad Sci U S A 100(22):12989–12994.
doi:10.1073/pnas.2134250100

Sassetti CM, Boyd DH, Rubin EJ (2003) Genes required
for mycobacterial growth defined by high density mu-
tagenesis. Mol Microbiol 48(1):77–84

Segal E, Hagblom P, Seifert HS, So M (1986) Antigenic
variation of gonococcal pilus involves assembly of
separated silent gene segments. Proc Natl Acad Sci U
S A 83(7):2177–2181

Smith DJ, Lapedes AS, de Jong JC, Bestebroer TM,
Rimmelzwaan GF, Osterhaus AD, Fouchier RA
(2004) Mapping the antigenic and genetic evolu-
tion of influenza virus. Science (New York, NY)
305(5682):371–376. doi:10.1126/science.1097211

Srivastava S, Ernst JD (2014) Cell-to-cell transfer
of M. tuberculosis antigens optimizes CD4 T
cell priming. Cell Host Microbe 15(6):741–752.
doi:10.1016/j.chom.2014.05.007

Srivastava S, Grace PS, Ernst JD (2016) Antigen export
reduces antigen presentation and limits T cell control
of M. tuberculosis. Cell Host Microbe 19(1):44–54.
doi:10.1016/j.chom.2015.12.003

Stoenner HG, Dodd T, Larsen C (1982) Antigenic varia-
tion of Borrelia hermsii. J Exp Med 156(5):1297–1311

http://dx.doi.org/10.1016/j.chom.2015.12.003
http://dx.doi.org/10.1016/j.chom.2014.05.007
http://dx.doi.org/10.1126/science.1097211
http://dx.doi.org/10.1073/pnas.2134250100
http://dx.doi.org/10.7554/eLife.01086
http://dx.doi.org/10.1126/science.1251086
http://dx.doi.org/10.3201/eid1907.121830
http://dx.doi.org/10.1073/pnas.0408883102
http://dx.doi.org/10.1128/jb.01393-12
http://dx.doi.org/10.1054/tube.2000.0278
http://dx.doi.org/10.1128/jcm.01917-12
http://dx.doi.org/10.1073/pnas.162349899
http://dx.doi.org/10.1073/pnas.131207398
http://dx.doi.org/10.1371/journal.ppat.0020047
http://dx.doi.org/10.4049/jimmunol.1403074
http://dx.doi.org/10.1146/annurev.immunol.24.021605.090557


190 J.D. Ernst

Talarico S, Cave MD, Marrs CF, Foxman B, Zhang L,
Yang Z (2005) Variation of the Mycobacterium tu-
berculosis PE_PGRS 33 gene among clinical isolates.
J Clin Microbiol 43(10):4954–4960. doi:43/10/4954
[pii]10.1128/JCM.43.904954-4960.2005

Talarico S, Zhang L, Marrs CF, Foxman B, Cave MD,
Brennan MJ, Yang Z (2008) Mycobacterium tuber-
culosis PE_PGRS16 and PE_PGRS26 genetic poly-
morphism among clinical isolates. Tuberculosis (Ed-
inb) 88(4):283–294. doi:S1472-9792(08)00002-4 [pii]
921016/j.tube.2008.01.001

Thyagarajan B, Bloom JD (2014) The inherent muta-
tional tolerance and antigenic evolvability of influenza
hemagglutinin. elife 3. doi:10.7554/eLife.03300

Tsibane T, Ekiert DC, Krause JC, Martinez O, Crowe
JE Jr, Wilson IA, Basler CF (2012) Influenza hu-
man monoclonal antibody 1F1 interacts with three
major antigenic sites and residues mediating human
receptor specificity in H1N1 viruses. PLoS Pathog
8(12):e1003067. doi:10.1371/journal.ppat.1003067

Uplekar S, Heym B, Friocourt V, Rougemont J, Cole
ST (2011) Comparative genomics of Esx genes
from clinical isolates of Mycobacterium tubercu-
losis provides evidence for gene conversion and
epitope variation. Infect Immun 79(10):4042–4049.
doi:10.1128/iai.05344-11

Valkenburg SA, Quiñones-Parra S, Gras S, Komadina
N, McVernon J, Wang Z, Halim H, Iannello P, Cole
C, Laurie K, Kelso A, Rossjohn J, Doherty PC,
Turner SJ, Kedzierska K (2013) Acute emergence and
reversion of influenza A virus quasispecies within
CD8C T cell antigenic peptides. Nat Commun 4.
doi:10.1038/ncomms3663

Valkenburg SA, Josephs TM, Clemens EB, Grant EJ,
Nguyen TH, Wang GC, Price DA, Miller A, Tong
SY, Thomas PG, Doherty PC, Rossjohn J, Gras S,
Kedzierska K (2016) Molecular basis for univer-
sal HLA-A*0201-restricted CD8C T-cell immunity
against influenza viruses. Proc Natl Acad Sci U S A
113(16):4440–4445. doi:10.1073/pnas.1603106113

Virelizier JL (1975) Host defenses against influenza virus:
the role of anti-hemagglutinin antibody. J Immunol
115(2):434–439

Vladimer GI, Weng D, Paquette SW, Vanaja SK,
Rathinam VA, Aune MH, Conlon JE, Burbage
JJ, Proulx MK, Liu Q, Reed G, Mecsas JC,
Iwakura Y, Bertin J, Goguen JD, Fitzgerald KA,
Lien E (2012) The NLRP12 inflammasome rec-
ognizes Yersinia pestis. Immunity 37(1):96–107.
doi:10.1016/j.immuni.2012.07.006

Vuilleumier S, Bonhoeffer S (2015) Contribution
of recombination to the evolutionary history
of HIV. Curr Opin HIV AIDS 10(2):84–89.
doi:10.1097/coh.0000000000000137

Watson RO, Bell SL, MacDuff DA, Kimmey JM, Diner
EJ, Olivas J, Vance RE, Stallings CL, Virgin HW,
Cox JS (2015) The cytosolic sensor cGAS detects
Mycobacterium tuberculosis DNA to induce type I
interferons and activate autophagy. Cell Host Microbe
17(6):811–819. doi:10.1016/j.chom.2015.05.004

Wiens KE, Ernst JD (2016) The mechanism for type
I interferon induction by Mycobacterium tubercu-
losis is bacterial strain-dependent. PLoS Pathog
12(8):e1005809. doi:10.1371/journal.ppat.1005809

Wolf AJ, Linas B, Trevejo-Nunez GJ, Kincaid E, Tamura
T, Takatsu K, Ernst JD (2007) Mycobacterium tuber-
culosis infects dendritic cells with high frequency and
impairs their function in vivo. J Immunol 179(4):2509–
2519

Wolf AJ, Desvignes L, Linas B, Banaiee N, Tamura T,
Takatsu K, Ernst JD (2008) Initiation of the adap-
tive immune response to Mycobacterium tuberculosis
depends on antigen production in the local lymph
node, not the lungs. J Exp Med 205(1):105–115.
doi:10.1084/jem.20071367

Wrammert J, Smith K, Miller J, Langley WA, Kokko
K, Larsen C, Zheng N-Y, Mays I, Garman L, Helms
C, James J, Air GM, Capra JD, Ahmed R, Wilson
PC (2008) Rapid cloning of high-affinity human
monoclonal antibodies against influenza virus. Nature
453(7195):667–671. http://www.nature.com/nature/
journal/v453/n7195/suppinfo/nature06890_S1.html

Wyres KL, Lambertsen LM, Croucher NJ, McGee L,
von Gottberg A, Linares J, Jacobs MR, Kristinsson
KG, Beall BW, Klugman KP, Parkhill J, Hakenbeck R,
Bentley SD, Brueggemann AB (2013) Pneumococcal
capsular switching: a historical perspective. J Infect Dis
207(3):439–449. doi:10.1093/infdis/jis703

Xu W, Edwards MR, Borek DM, Feagins AR, Mit-
tal A, Alinger JB, Berry KN, Yen B, Hamilton J,
Brett TJ, Pappu RV, Leung DW, Basler CF, Amaras-
inghe GK (2014) Ebola virus VP24 targets a unique
NLS binding site on karyopherin alpha 5 to se-
lectively compete with nuclear import of phospho-
rylated STAT1. Cell Host Microbe 16(2):187–200.
doi:10.1016/j.chom.2014.07.008

Yang QL, Gotschlich EC (1996) Variation of gonococcal
lipooligosaccharide structure is due to alterations in
poly-G tracts in lgt genes encoding glycosyl trans-
ferases. J Exp Med 183(1):323–327

http://dx.doi.org/10.1016/j.chom.2014.07.008
http://dx.doi.org/10.1093/infdis/jis703
http://dx.doi.org/http://www.nature.com/nature/journal/v453/n7195/suppinfo/nature06890_S1.html
http://dx.doi.org/10.1084/jem.20071367
http://dx.doi.org/10.1371/journal.ppat.1005809
http://dx.doi.org/10.1016/j.chom.2015.05.004
http://dx.doi.org/10.1097/coh.0000000000000137
http://dx.doi.org/10.1016/j.immuni.2012.07.006
http://dx.doi.org/10.1073/pnas.1603106113
http://dx.doi.org/10.1038/ncomms3663
http://dx.doi.org/10.1128/iai.05344-11
http://dx.doi.org/10.1371/journal.ppat.1003067
http://dx.doi.org/10.7554/eLife.03300
http://dx.doi.org/https://doi.org/doi:43/10/4954


10PE and PPE Genes: A Tale
of Conservation and Diversity

Giovanni Delogu, Michael J. Brennan,
and Riccardo Manganelli

Abstract

PE and PPE are two large families of proteins typical of mycobacte-
ria whose structural genes in the Mycobacterium tuberculosis complex
(MTBC) occupy about 7% of the total genome. The most ancestral PE
and PPE proteins are expressed by genes that belong to the same operon
and in most cases are found inserted in the esx clusters, encoding a type
VII secretion system. Duplication and expansion of pe and ppe genes,
coupled with intragenomic and intergenomic recombination events, led
to the emergence of the polymorphic pe_pgrs and ppe_mptr genes in the
MTBC genome. The role and function of these proteins, and particularly
of the polymorphic subfamilies, remains elusive, although it is widely
accepted that PE and PPE proteins may represent a specialized collection
used by MTBC to interact with the complex host immune system of
mammals. In this chapter, we summarize what has been discovered since
the identification of these genes in 1998, focusing on M. tuberculosis
genetic variability, host-pathogen interaction and TB pathogenesis.
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10.1 General Features

Sequences encoding PE_PGRS proteins in
Mycobacterium tuberculosis (Mtb) are the
Polymorphic-GC-Rich Sequences (PGRS) that
were first used in the molecular typing of Mtb
(Poulet and Cole 1995). This use occurred
prior to the publication of the first Mtb genome
sequence of the laboratory strain H37Rv in 1998
(Cole et al. 1998). The sequencing was slowed
by the homology and redundancy of pe_pgrs, as
well as pe and ppe. Since then, we have learned
much about the evolution and cell localization
of certain PE and PPE proteins, but we have
much more to learn about their function and
immunogenicity.

In 1998, the first Mtb genome sequence high-
lighted for the first time the presence of genes
grouped into two large families that were shown
to comprise approximately 10% of the genome
size and to account for 7–8% of the Mtb coding
potential (Cole et al. 1998; Brennan and Delogu
2002). Based on the presence of conserved Pro-
Glu (PE) and Pro-Pro-Glu (PPE) motifs at their
N-terminus, the proteins encoded by the mem-
bers of these two gene families were named PE
and PPE, respectively. The Mtb H37Rv genome
comprises 100 pe and 69 ppe genes encoding the
corresponding proteins, which are further classi-
fied into subfamilies depending on the amino acid
sequence at the C-terminus. The 100 proteins
of the PE family share a highly conserved N-
terminal domain of about 90–100 amino acids
in length and are further subdivided into the
PE and PE_PGRS subfamilies (Gey van Pittius
et al. 2006). PE_PGRS proteins are characterized
by the presence of a polymorphic domain, rich
in Gly-Gly-Ala/Gly-Gly-Asn amino acid repeats,
which can vary in sequence and size. pe_pgrs
genes are found scattered in the genome and are
mostly not co-transcribed with other genes. Con-
versely, many of the pe genes are adjacent to ppe
genes and a number of studies have demonstrated
that these pe/ppe couplets are co-expressed, and
at least some of the corresponding proteins are
heterodimers that are secreted (Adindla and Gu-
ruprasad 2003; Ates et al. 2016). A number of PE
proteins, characterized by a unique C-terminal
domain, cannot be included in the PE_PGRS and

PE/PPE couplet subfamilies and can be classified
as PE unique (Delogu et al. 2008). The 69 PPE
proteins are characterized by the presence of a
highly conserved N-terminal domain which is
approximately 180 amino acids in length and
that, similar to the PE domain, seems to play
a key role in driving protein localization or se-
cretion (Daleke et al. 2011; Dona et al. 2013).
Many PPE proteins appear to be co-expressed
with the PE partner (as mentioned) and belong
to the PE/PPE pair subfamily; others are encoded
by genes found scattered in the chromosome.
Twenty of them contain, downstream of the con-
served N-terminal PPE domain, the Major Poly-
morphic Tandem Repeat (MPTR) region char-
acterized by multiple C-terminal repeats of the
amino acid sequence motif Asn-X-Gly-X-Gly-
Asn-X-Gly (Gey van Pittius et al. 2006).

The discovery of these two protein families
in 1998 (Cole et al. 1998) prompted many to
speculate on their relevance in Mtb biology and,
given their abundance in M. tuberculosis com-
plex (MTBC), also about their role in tubercu-
losis (TB) pathogenesis. Since then, a number
of studies have started to provide experimental
data that specifies a function that, however, re-
mains mostly vague. In this chapter, we provide
a general overview of these families and their
impact on TB pathogenesis, with a special focus
on the biological significance of the genetic con-
servation as well as diversity of these apparently
redundant proteins.

10.2 Origin and Expansion

Pe and ppe genes are found in the Mycobacterium
genus with the fast-growing, non-pathogenic,
saprophytic species such as Mycobacterium
smegmatis or Mycobacterium abscessus, which
are the closest to the last common ancestor of the
genus, having only a few pe and ppe genes. In
contrast, the slow-growing pathogenic mycobac-
terial species contain many pe and ppe genes
(Gey van Pittius et al. 2006; Sassi and Drancourt
2014). Formative studies by Gey van Pittius
and colleagues (2006) aimed at investigating
the evolutionary history of pe and ppe genes,
provided a beginning for defining their genetic
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relationship in the MTBC complex. Based
on in silico analysis of the available genome
sequences, DNA hybridization assays and
comparative genomics, these authors (Gey van
Pittius et al. 2006) reconstructed the phylogenetic
relationship of these genes and subdivided both
the pe and ppe genes into five subfamilies. The
progenitors of these families belong to subfamily
I and are associated with the esx-1 gene
cluster. Non-pathogenic fast-growing species
tend to have few pe/ppe genes, while slow-
growing pathogenic species, such as MTBC,
Mycobacterium marinum and Mycobacterium
ulcerans, possess a high number of pe/ppe genes,
and an accumulation of the most polymorphic
genes (subfamilies V), including pe_pgrs and
ppe_mptr (Gey van Pittius et al. 2006; Delogu
et al. 2008). Expansion of the pe and ppe
genes is thought to have been initiated with the
duplication of the esx-1 gene cluster, followed by
multiple duplication events (Gey van Pittius et al.
2006). The association of esx-1, esx-3 and esx-5
with virulence of Mtb (Pym et al. 2002; Simeone
et al. 2009; Serafini et al. 2013; Tufariello
et al. 2016; Bottai et al. 2012), the discovery
that duplication and expansion of pe_pgrs and
ppe_mptr genes followed the emergence of esx-5
(Gey van Pittius et al. 2006), and the elevated
polymorphisms observed in these genes, were
seen as an indication that PE and PPE proteins
are key for the pathogenesis of TB (Brennan and
Delogu 2002; Gey van Pittius et al. 2006).

Comparative genomic studies in smooth
tubercle bacilli (STB) strains (see Chap. 2),
have also provided useful insights into the
evolution of these genes and their contribution
in shaping Mtb as a human pathogen. Namouchi
and colleagues (2013) identified strong signals
of intragenic and intergenic recombination
events in pe_pgrs genes that, together with
mutation events, were important for generating
genetic diversity. This was highlighted by the
positive selection demonstrated in STB strains
for a few genes (Namouchi et al. 2013). An
interesting example of this is the evolution
of pe_pgrs17 and pe_pgrs18 that emerged
as a duplication event in an ancestral strain.
This was followed by an accumulation of
genetic changes that resulted in a polymorphic

region (named 12/40) in pe_pgrs17. This
polymorphic region, which was conserved during
the expansion of the Mycobacterium africanum –
Mycobacterium bovis lineage, was relocated to
the other paralog pe_pgrs18 only in modern
Mtb strains by a process of gene conversion
(Karboul et al. 2006). Hence, some modern
MTBC strains have the 12/40 polymorphism
and others do not. It has been proposed that
the acquisition of the 12/40 polymorphism
coincided with the emergence of the most
successful MTBC strains (Karboul et al. 2006).
This implies that these two PE_PGRS proteins
are important for human-Mtb interactions. In
a broader perspective, it has been suggested
that homologous recombination between genetic
sequences emerged by duplication events, and
may have shaped the evolution of pe and
ppe genes (and particularly of pe_pgrs and
ppe_mptr genes) in STB. Expansion of these
gene families may have provided the raw material
for functional innovation as well as adaptation
to the human host (Fig. 10.1) (McEvoy et al.
2009; Namouchi et al. 2013; Karboul et al. 2008;
Supply et al. 2013).

10.3 Regulation of Gene
Expression

The first study characterizing the level of ex-
pression of pe and ppe genes, in a systematic
manner, is that of Voskuil and colleagues (2004).
Using DNA microarrays, they found that, of 169
pe and ppe genes, 128 were differentially ex-
pressed, in 15 different environmental conditions.
No clear conserved pattern of expression was
found for pe, ppe or even any of their subgroups,
with some genes specifically induced in a single
condition (e.g. pe3 was only induced in acti-
vated macrophages), and others differentially ex-
pressed in several different conditions (e.g. pe11
was differentially regulated in 10 out of 15 differ-
ent conditions). Expression of different subsets
of PE and PPE proteins, in response to diverse
environmental conditions may result in a wide
antigen variation, allowing Mtb to evade the host
immune response. This also suggests that, despite
their structural similarity, small differences in
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Legend:

1
Insertion of

pe ppe genes
in esx-1
region 2

Duplication of
pe ppe genes

within esx
cluster

3
Duplication of
pe ppe genes

as pairs or
single gene

4
Expansion of pe and ppe genes,

pe_pgrs and ppe_mptr and
diversification.

High level of genetic variability
among orthologs in STB

5
Stabilization of pe_pgrs and

ppe_mptr genes in Mtb.
Most genes showing low level of
genetic variability and neutral or

purifying selection

Evolution of pe and ppe genes in Mycobacterium and MTBC

PE protein/domain PPE protein/domain Unique domain GRPLI–PGRS domain MPTR domain

Fig. 10.1 Schematic of the PE and PPE proteins showing the expansion of these two families occuring during the
evolution that led to MTBC

their sequence may result in diverse functions,
so that different sets of proteins are expressed
depending on the environmental conditions en-
countered by the bacteria (Delogu et al. 2006).

Differential expression of PE and PPE
proteins has also been studied in vivo. Rachman
and colleagues (2006) identified two PE, four
PE_PGRS and three PPE_MPTR induced in
lung granulomas from human patients, while
Ramakrishnan and colleagues (2000) identified
two PE_PGRS-coding genes of M. marinum
preferentially expressed in macrophages. In
addition, studying the expression of ppe_mptr
genes throughout the infection of mice, it was
demonstrated that while some of these genes are
expressed constitutively, others are repressed or
alternatively induced during infection (Soldini
et al. 2011).

In vivo expression of PE and PPE proteins
was also demonstrated by proteomics in a study
which analyzed the bacterial proteome during
infection of guinea pig lungs. Interestingly,
members of the PE and PPE protein family
(mostly PE_PGRS and PPE_MPTR) were found
to represent the third most abundant category of
proteins expressed during infection (Kruh et al.
2010).

Beyond showing a different pattern of
regulation in response to changing environmental
conditions, pe and ppe genes were also shown
to be expressed at different levels in different
members of the MTBC (Rehren et al. 2007;
Golby et al. 2007) and among different Mtb
clinical isolates (Gao et al. 2005). Specifically,
Mtb was found to have 18 pe and ppe genes
expressed at a superior level compared to its
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close relative M. bovis (Rehren et al. 2007).
Conversely, 20 pe and ppe genes were found
to be differentially expressed among 10 clinical
isolates of Mtb (Gao et al. 2005).

Several transcriptional factors have been re-
ported to be involved in the modulation of pe and
ppe genes expression (Ahmed et al. 2015; Moha-
reer et al. 2011). In particular, (i) the Iron DEpen-
dent Regulator IdeR regulates around 11 pe/ppe
genes (Gold et al. 2001; Rodriguez et al. 2002);
(ii) PhoPR, a two component system involved in
the regulation of genes in the synthesis of cell
wall components such as the diacyltrehaloses,
polyacyltrehaloses and sulfolipids (Solans et al.
2014), also regulates the expression of several pe
and ppe genes; (iii) Rv0485, which was identified
in a transposon mutagenesis approach as a regu-
lator able to modify the expression of the pe13-
ppe18 operon (Goldstone et al. 2009); (iv) finally,
some alternative sigma factors are involved in the
differential expression of PE and PPE proteins
(Mohareer et al. 2011). Overexpression of SigB
causes induction of 7 pe_pgrs (Lee et al. 2008),
and absence of SigD causes induction of 14
pe_pgrs (Raman et al. 2004).

10.4 PE/PPE Couplets and PE
and PPE Unique Proteins

The most ancient pe and ppe genes are orga-
nized in operons and found within the esx-1 gene
cluster. A number of other pe/ppe couplets are
found within the esx-2, -3 and -5 gene clus-
ters or scattered throughout the genome (Gey
van Pittius et al. 2006). The presence of these
pe/ppe gene pairs in operons was immediately
indicative of a functional link. Tundup and col-
leagues (2006) demonstrated that the pe25/ppe41
genes were co-transcribed and their gene prod-
ucts were shown to interact. To investigate the
structure of these PE and PPE proteins, Strong
and colleagues (2006) co-expressed PE25 and
PPE41 in Escherichia coli, demonstrating that
co-expression is required for protein stability.
These authors were able to obtain the crystal
structure of the PE25/PPE41 complex and estab-
lished that the PE protein interacts with the PPE
protein through conserved apolar residues that
warrant strong hydrophobic interactions (Strong

et al. 2006). The structure of PE25/PPE41 resem-
bles that of the ESXA/B heterodimer, providing
further support for the observation that PE/PPE
heterodimers are substrates for the Type 7 Se-
cretion System (T7SS) in mycobacteria (Ates
et al. 2016). Secretion of PE/PPE pairs has been
demonstrated in mycobacteria and recent studies
showed that the EspG5 protein serves as a chaper-
one for the PE25/PPE41 heterodimer, that is then
driven for secretion through the ESX-5 T7SS
(Ekiert and Cox 2014; Korotkova et al. 2014).
PE/PPE couplet proteins are therefore recognized
by the EspG chaperone of the respective T7SS
and then translocated through the mycobacterial
membranes to be secreted or to remain associated
with the capsular layer (Ates et al. 2016).

Inactivation of the ppe25/pe19 genes, inserted
in the esx-5 gene cluster in Mtb, caused impaired
secretion and attenuated virulence in mice, impli-
cating these PE/PPE proteins in TB pathogenesis
(Bottai et al. 2012). The role of these PE/PPE
proteins in the context of the T7SS has been thor-
oughly reviewed elsewhere (Ates et al. 2016),
but the functional role of these proteins in Mtb
biology and their interaction with the other T7SS
substrates remains to be established.

Co-regulated genes encoding PE/PPE cou-
plets are very homologous and are major targets
of the host T cell responses during infection.
However, only few of the PE/PPE couplets have
actually been analyzed (Akhter et al. 2012; Gey
van Pittius et al. 2006; Mukhopadhyay and Balaji
2011; Fishbein et al. 2015). PPE18, which is a
part of a putative PE/PPE couplet, has been im-
plicated in the pathogenesis of TB via its ability
to specifically bind to toll-like receptor (TLR)
2 and trigger secretion of the anti-inflammatory
cytokine IL-10. These are features of fully vir-
ulent Mtb (Nair et al. 2009; Bhat et al. 2012).
Interestingly, the immunomodulatory properties
of PPE18 are observed when the protein is either
expressed alone or as a recombinant protein in E.
coli or M. smegmatis. This raises the question of
whether heterodimerization with PE13 or PE31
is required for proper folding and function as
predicted by bioinformatics studies (Nair et al.
2009; Riley et al. 2008). PPE17 is available
on the mycobacterial surface and may deliver a
heterologous antigen to the surface, when it is
expressed in the absence of the predicted PE part-
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ner (PE11) (Dona et al. 2013). Together with the
observation that a M. smegmatis overexpressing
PE11 alone shows enhanced virulence compared
with the parental strain (Singh et al. 2016), these
findings suggest that heterodimerization with the
paired PE may not be a requirement for all PPEs
(and vice versa).

A significant level of genetic variability in
the ppe18 gene was observed among MTBC
strains, particularly in the region encoding the
N-terminal domain of the protein. This region
is involved in the interaction with TLR2 and
is usually highly conserved in the PPE proteins
(Hebert et al. 2007; Homolka et al. 2016). With
this background, it would be of interest to in-
vestigate the impact of this genetic variability on
PPE18-dependent Mtb inflammatory properties.
Since PPE18 is one of the most promising vac-
cine candidates and it is included in the GSK
Mtb72F subunit polyprotein (see below in Sect.
10.7.1), there has been concern that the genetic
variability observed in Mtb strains could affect
vaccine efficacy. Recent data also indicates that
the insertions/deletions and mutations observed
in pe and ppe do not impact the predicted putative
T cell epitopes that cover a wide range of HLAI
and II (Mortier et al. 2015).

Another ppe gene which has been analyzed
because of Mtb genetic variability is ppe38,
which has been shown to be hypervariable in
the MTBC due to IS6110-recombinations, gene
conversion and recombination with the ppe71
paralog (McEvoy et al. 2009). In M. marinum, in-
activation by transposon mutagenesis of the gene
encoding the surface exposed PPE38 protein,
results in an attenuated strain defective in phago-
cytosis uptake and in the ability to trigger inflam-
matory responses in adult zebrafish (Dong et al.
2012). The lack of a clear understanding of the
role of PPE38 in Mtb biology prevents formulat-
ing any hypothesis on the impact of the observed
polymorphisms. Moreover, it would be important
to assess whether the predicted loss of function in
ppe38 is somehow compensated by other highly
homologous paralogs (McEvoy et al. 2009).

Other PE and PPE proteins demonstrate
immunomodulatory properties. PPE37, a 473
amino acid unique protein, was shown to
interfere with the inflammatory responses

triggered by infected macrophages (Daim et al.
2011). In addition, PE3, a 468 amino acid
unique protein, was shown to be overexpressed
during the chronic steps of Mtb infection, and
immunization with recombinant PE3 elicited
significant levels of protective immune responses
(Singh et al. 2013). Also, in a recent report,
PE9 and PE10, two proteins encoded by
adjacent co-expressed genes, were shown to
physically interact and to promote macrophage
apoptosis through interaction with TLR4 (Tiwari
et al. 2015), demonstrating the possibility of
heterodimerization between two PE proteins.

PE and PPE domains were shown to serve a
similar functional role in different mycobacterial
species by mediating secretion of the enzymatic
domain with lipase activity (LipY). For example,
in Mtb the N-terminal domain of LipY is a PE
domain, in M. marinum LipY is a PPE domain
and in fast-growing mycobacteria it is a signal
sequence (Mishra et al. 2008; Daleke et al. 2011).

10.5 PPE_MPTR

PPE_MPTR proteins are characterized by a N-
terminal PPE domain followed by a variable-size
C-terminus. The C-terminal domain (300–4000
amino acids) is composed of multiple Asn-X-
Gly-X-Gly-Asn-X-Gly repeats and arose from a
recent evolutionary event (Gey van Pittius et al.
2006). In Mtb H37Rv, there are 20 ppe_mptr
genes, which are commonly scattered throughout
the chromosome, with few exceptions. For ex-
ample, see the locus containing the genes encod-
ing PPE_MPTR56-PPE_MPTR55-PE_PGRS50-
PE_PGRS49-PPE_MPTR54 (Cole et al. 1998).

10.5.1 Genetic Variability

The repeat structure encoding the MPTR
domain of these PPEs is clearly predicted to
go through several variations due to either
intramolecular recombination or polymerase
slippage. Indeed, McEvoy and colleagues (2012)
demonstrated that several ppe_mptr genes were
subjected to extremely high levels of variation.
However, macromolecular recombinatorial
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events were shown to play a minor part in the
variation of these genes. The authors focused,
in particular, on six of the most variable
ppe_mptr genes (ppe_mptr5/6 7/8, 24, 34, 54
and 55) and found that most of the mutations
were due to non-synonymous single nucleotide
polymorphisms (nSNPs), frameshifts or in-frame
indels. Although these genes show an extremely
high variability among strains belonging to
different phylogenetic lineages, their sequence
was found to be identical in closely related
isolates suggesting a slow evolution. Another
example of a ppe_mptr gene showing an elevated
level of variation is ppe_mptr42, whose PCR-
RFLP profile was shown to differ in 16% of
isolates (Chakhaiyar et al. 2004).

10.5.2 Potential Role in Pathogenesis

The role of PPE_MPTR proteins in Mtb physi-
ology or virulence is still unknown. Three mu-
tants missing the genes encoding PPE_MPTR10,
PPE_MPTR16 and PPE_MPTR21 were selected
in a high-throughput screening of an M. bovis
BCG transposon mutant library enriched in acid-
ified phagosomes (Stewart et al. 2005).

The highly repetitive structure of PPE_MPTR
suggests that they might act as dominant
antigens. Chakhaiyar and colleagues (2004)
for example, demonstrated that PPE_MPTR42
was able to elicit a significant humoral response
in patients with relapsed TB, compared to a
generally low T cell response in other TB
patients. Finally, PPE_MPTR34 was shown to
trigger functional maturation of human dendritic
cells associated with the secretion of IL-10. This
facilitates a shift toward a Th2-driven response,
which is often ineffective against intracellular
pathogens, and is suggestive of an immune
evasion mechanism (Bansal et al. 2010b).

10.6 PE_PGRS

The PE_PGRS proteins share a molecular archi-
tecture characterized by the presence at the C-
terminus of a polymorphic PGRS domain that
varies in sequence and size, the presence of
a conserved N-terminal PE domain of 90–100
amino acids in length and the existence of a

highly conserved domain that links the PE and
PGRS domains. The linker region consistently
includes a sequence with the GRPLI motif which
in four proteins is also found as an extra copy
in the PGRS domain. A number of PE proteins,
lacking the GRPLI and PGRS motifs were pre-
viously included in the PE_PGRS family, al-
though the lack of these specific amino acid
sequences (PGRS and GRPLI motif), suggest
that these should rather be included in the PE
unique group. Hence, in Mtb H37Rv, there are 51
pe_pgrs genes that are found scattered through-
out the genome and that appear to be mostly
expressed as a monocistronic operon (Delogu
et al. 2008).

10.6.1 Protein Structure
and Function

The paucity of experimental data on PE_PGRS
proteins prevents a satisfactory understanding
of their localization in the Mtb cell. However,
PE_PGRS33 was found associated with the
mycobacterial cell wall, with the PGRS domain
available on the surface of M. bovis BCG and
Mtb, and accessible for interactions with host
components (Brennan et al. 2001; Delogu et al.
2004; Cascioferro et al. 2011; Zumbo et al.
2013; Palucci et al. 2016). Functional dissection
of the PE_PGRS33 protein identified the first
140 amino acids of the protein as necessary
and sufficient to mediate translocation and
localization of the protein to the mycobacterial
cell wall (Cascioferro et al. 2007). Indeed,
these first 140 amino acids of PE_PGRS33,
that contain the PE domain and the GRPLI
motif, were used as a delivery system to express
a heterologous protein on the mycobacterial
surface (Sali et al. 2010). Proteomic analysis of
lipid phase fractions enriched following TritonX-
114 extraction, provided further evidence for
the presence of a number of PE_PGRS proteins
in the mycobacterial cell wall (De Souza and
Wiker 2011). Green-fluorescent protein (GFP)
fusions with PE_PGRS33 and PE_PGRS30 have
been used to monitor protein localization and
polarization in mycobacteria. The data indicates
that while the first 140 amino acids are sufficient
to drive GFP localization to the mycobacterial
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surface, polarization can be affected by other
sequences found in the PGRS domain or also
in the region found between the PE domain and
the GRPLI motif (Chatrath et al. 2011, 2014; De
Maio et al. 2014).

A number of PE_PGRS proteins were shown
to have immunomodulatory properties, at least
in some cases, probably due to their ability to
interact with TLR2 (Balaji et al. 2007; Bansal
et al. 2010a; Chen et al. 2013; Singh et al. 2008;
Zumbo et al. 2013; Palucci et al. 2016). Findings
obtained in M. marinum indicate that PE_PGRS
proteins are secreted into the media via an ESX-
5 dependent mechanism (Abdallah et al. 2009).
This suggests that these proteins, similar to other
PE and PPE proteins, can translocate through
the mycobacterial membranes. However, when
experiments were performed in Mtb, secretion
of PE_PGRS proteins by ESX-5 was not ob-
served (Bottai et al. 2012). This implies that
there might be significant differences between
Mtb and M. marinum species in the translocation
of PE_PGRSs.

The available experimental data and the sig-
nificant homology observed between the amino
acid sequences of PE_PGRSs, at least in the first
90 amino acids of the N-terminal domain and the
GRPLI motif, point toward a shared mechanism
of protein translocation among PE_PGRSs. Al-
though it remains to be determined whether the
GRPLI motif is also required for the anchoring of
the protein on the mycomembrane, or if it has an-
other yet undefined role in translocation. Another
issue concerns the structure of the PE domain
of PE_PGRS and whether, similarly to what has
been shown for the PE/PPE couplets (Strong
et al. 2006), interaction with another PPE pro-
tein to form heterodimers is required to warrant
protein stability as predicted by computational
studies (Riley et al. 2008). Characterization of the
structure of the PE domain of PE_PGRS proteins
may also provide a better understanding of how
PE_PGRSs are localized to the mycobacterial
cell wall and the role of the PE domain in this
process.

The polymorphic PGRS domain shows
the utmost level of diversity among the
paralogs, with significant differences in size and
sequence among the PE_PGRS proteins (see

Chap. 9). However, the lack of any significant
homology with other protein sequences in
existing databases is a major obstacle toward
understanding the functional role of this
domain. The partial homology with the domain
found in the EBNA protein of Epstein-Barr
Virus, prompted some speculation on their
role in the evasion of the cytotoxic T cell
responses (Cole et al. 1998; Brennan and Delogu
2002), though this hypothesis has not been
supported by experimental evidence. A number
of PE_PGRS proteins have been implicated
in the pathogenesis of TB, primarily with
evidence showing that, following expression
of PE_PGRS in saprophytic M. smegmatis,
enhanced cytotoxity and inflammation were
observed in in vitro and in vivo models. This
has been described for PE_PGRS33 (Brennan
et al. 2001; Dheenadhayalan et al. 2006; Balaji
et al. 2007; Basu et al. 2007; Zumbo et al. 2013),
for PE_PGRS16, for PE_PGRS26 (Singh et al.
2008), for PE_PGRS30 (Iantomasi et al. 2012;
Chatrath et al. 2014), for PE_PGRS11 (Bansal
et al. 2010a) and for PE_PGRS17 (Bansal et al.
2010a; Chen et al. 2013). In all these instances,
the PGRS domain has been identified as a ligand,
although it has not been possible to equate a
specific region or sequence within the PGRS
domain accountable for the observed activity.

Cadieux and colleagues (2011), established
that PE_PGRS33 co-localizes to the mitochon-
dria of transfected cells, a phenomenon depen-
dent on the linker GRPLI region and the PGRS
domain, but not the PE domain. Furthermore,
although all constructs localizing to the mito-
chondria did induce apoptosis, only the wild-type
PE_PGRS33 plus its own PE domain induced
primary necrosis as well as apoptosis, signifying
a potentially important role for the PE domain
in this phenomenon. Considering the importance
of primary necrosis in Mtb dissemination dur-
ing natural infection, PE_PGRS33 may play a
crucial role in TB pathogenesis. Interestingly,
other PE_PGRS proteins tested (PE-PGRS1, -18
and -24) did not co-localize to the mitochondria
of transfected cells, suggesting this is a phe-
nomenon that may be unique to PE_PGRS33.

Functional and immunological character-
ization of PE_PGRS11 provided interesting

http://dx.doi.org/10.1007/978-3-319-64371-7_9
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insights into the multifunctional role of these
proteins during Mtb infections. PE_PGRS11
is a 584 amino acid protein, which has a
highly conserved unique domain of 314 amino
acids that encode a functional phosphoglycerate
mutase (Chaturvedi et al. 2010) downstream of
a relatively small PGRS domain (�100 aa).
The enzyme was properly active when the
full length PE_PGRS11 was expressed in
M. smegmatis and provided protection from
oxidative stress. Interestingly, PE_PGRS11 was
also capable of binding TLR2 inducing anti-
apoptotic signals. It has been proposed that this
surface exposed protein is engaged in the rescue
of pathogenic Mtb-infected lung epithelial cells
from oxidative stresses (Chaturvedi et al. 2010).
The short PGRS domain could be responsible
for the interaction with TLR2, and recent data,
obtained with PE_PGRS33, indicates that even
a small PGRS region, containing few repeats,
can activate the TLR2-dependent entry into
macrophages (Palucci et al. 2016). Hence,
PE_PGRS11 is an example of the complexity
of the functional potential of PE_PGRSs that can
be seen as proteins with moonlighting properties.
It would be of interest to explore whether this
moonlighting property is a common trait for other
PE_PGRSs, and it is expected that investigation
of similar PE_PGRS proteins showing a large
unique C-terminal domain (>100 aa in length)
downstream of the PGRS (such as PE_PGRS11,
PE_PGRS16, -17, -18, -30, -35, and -39) may
help address this issue (Delogu et al. 2008).

The unique C-terminal domain found in
PE_PGRS30 is highly homologous to the protein
encoded by Rv3812 (which is still named
PE_PGRS62 although it is missing two key
features of PE_PGRSs, that is the GRPLI motif
and the GGA-GGN repeats). Interestingly, the
unique � 300 amino acid long C-terminal
domain in PE_PGRS30, but not the PGRS
domain, has been shown to be dispensable for
the full virulence of Mtb (Iantomasi et al. 2012).

The functional characterization of the PGRS
domain remains elusive. The identification of
the sequences within PGRS that interact with
TLR2 or mediate other functions are unknown,
although they likely include one or more of the
GGA-GGN repeats.

Expression of a number of PE_PGRS
proteins in M. smegmatis, or overexpression of
PE_PGRSs in Mtb, results in changes in colony
morphology and cell ultrastructure, suggesting
significant alteration of the mycobacterial
cell wall. However, it is not clear whether
parts of the PGRS domain are embedded in
the mycomembrane, or whether the observed
changes in ultrastructure are simply a result
of protein hindrance. The finding that under
physiological conditions, where the PE_PGRS is
expressed under the control of its own promoter
in Mtb, the PGRS domain mediates protein
polarization (De Maio et al. 2014; Chatrath
et al. 2014) suggesting that this domain is
directly interacting with other mycobacterial
components found in the mycomembrane or in
the periplasmic space.

It is expected that, despite the significant ho-
mology, a specific and unique function for all
or most of the PE_PGRSs will be established.
Differences in function between PE_PGRSs will
likely be due to specific amino acids sequences
found in the PGRS domain or regions found at
the C-terminus of the protein. Based on the infor-
mation available at this time, the protein specific
intercalating sequences, of different sizes and
patterns found between the GGA-GGN repeats,
are likely to provide a specific function to each
PE_PGRS.

10.6.2 Genetic Variability and Impact
on Virulence
and Pathogenesis

Demonstration that the polymorphic PGRS do-
main is available on the mycobacterial surface
(Brennan et al. 2001; Banu et al. 2002; Delogu
et al. 2004) and that it can be the target of the
host humoral response (Singh et al. 2001; Delogu
and Brennan 2001; Cohen et al. 2014) led further
support to the hypothesis that PE_PGRSs were
involved in antigenic variation. Sequencing of
the pe_pgrs33 gene in hundreds of different Mtb
clinical isolates demonstrated a number of poly-
morphisms, mostly occurring in the PGRS region
(Talarico et al. 2005, 2007) and characterized
by the presence of single nucleotide polymor-
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phisms (SNP)s, insertions or deletions. Interest-
ingly, deletion of large sequences in the PGRS
region of pe_pgrs33 resulted in an attenuation of
the ability of PE_PGRS33 to elicit TNF’ (Basu
et al. 2007). Also, alleles with large deletions in
the pgrs region were found in Mtb strains isolated
from patients with absence of cavitation in the
lung (Talarico et al. 2007). Moreover, Mtb strains
showing pe_pgrs33 alleles significantly different
from the dominant one, were associated with TB
meningitis and negative PPD skin tests in chil-
dren (Wang et al. 2011). These studies support
the notion that variation in PE_PGRS33 could
have consequences for the clinical features of
TB. A remarkable level of genetic variation was
also observed in PE_PGRS16 and PE_PGRS26,
though the lack of an understanding of the func-
tion of these proteins in TB pathogenesis pre-
vents a full assessment of the implications of
these polymorphisms (Talarico et al. 2008).

Whole-genome sequences for many Mtb
strains was not used to investigate sequence
variation in pe_pgrs (and ppe_mptr) genes,
since the GC-rich sequences are not reliably
resolved by Next-Generation- Sequencing and
often contain many sequence errors (McEvoy
et al. 2012). A more systematic approach was
taken by Copin and colleagues (2014), who
Sanger sequenced 27 different pe_pgrs genes
in a collection of 94 Mtb clinical isolates which
were representatives of five phylogeographic
lineages, and provided a broad overview on the
genetic variability in this gene family (see Chap.
9). While pe_pgrs genes as a group were found
to show more diversity than the rest of the MTBC
genome, great differences in sequence diversity
for different pe_pgrs genes were observed,
with some genes under diversifying selection
and others under purifying selection. This
prompted the authors to conclude that distinct
selection pressures act on individual genes.
Genetic diversity was mostly observed in the
pgrs sequences, with SNPs and indels, that when
resulting in frameshift mutations were apparently
mostly removed by purifying selection. The data
obtained support the hypothesis that members
of the pe_pgrs family have a distinct and non-
redundant function and that pe_pgrs genes are
mostly conserved in Mtb (Copin et al. 2014).

T cell immune responses play a key role in
protection against TB. It has been assumed that
genetic variation in Mtb serves to evade or ma-
nipulate host immune responses to avoid killing,
promote disease and assure transmission (Comas
et al. 2010). PE_PGRS proteins are enriched in
T cell epitopes that appear to be restricted to
the PE domain, which displays a low level of
polymorphisms. In contrast, although the PGRS
domain is polymorphic, it harbors only a few
predicted T cell epitopes, prompting the authors
to exclude that T cell recognition is the driving
force of sequence diversity in pe_pgrs genes (see
Chap. 9) (Copin et al. 2014). Hence, it remains to
be determined what biological forces are driving
the genetic diversity observed in the few pe_pgrs
genes showing positive selection. Moreover, of
the genetic variations observed in those genes
that appear under purifying selection, what are
the consequences of Mtb-host interaction and
TB pathogenesis? Since most of the PE_PGRS
proteins for which we have experimental data
have been shown to interact with TLRs, it can
be postulated that pe_pgrs genetic variation may
have an impact on the immunomodulatory prop-
erties of the Mtb strains.

10.7 Practical Implications

10.7.1 Vaccines

Although one-third of the human population
world-wide is infected with Mtb, we still do not
understand what antigens are needed or what
immune responses should be elicited to make
a TB vaccine effective. A number of studies
showed that PE and PPE proteins are the main
target of T cell responses in humans and animals
infected with Mtb, in different stages of infection
and in different disease states (Dillon et al.
1999; Delogu and Brennan 2001; Vordermeier
et al. 2012). Detailed analysis at the peptide
level indicates that T cell epitopes are mainly
found in the conserved N-terminal domains
of these proteins (Lindestam Arlehamn et al.
2013; Copin et al. 2014) and that also cross-
reactivity exists among the different PE and PPE
antigens (Vordermeier et al. 2012). Moreover, T
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cell responses directed against some of the PE
and PPE proteins were shown to elicit protection
in animal models (Skeiky et al. 2000) and PPE18
emerged as one of the most promising vaccine
candidates and is currently included in the GSK
vaccine Mtb72F (Skeiky et al. 2004). Mtb72f
is a polyprotein subunit fusion vaccine that
when adjuvanted with AS01B was able to elicit
protection in several animal models, when either
administered alone, or in a prime-boost strategy
in previously BCG immunized animals (Tsenova
et al. 2006; Reed et al. 2009). Results of phase
I/II clinical trials showed that Mtb72f is safe and
immunogenic in humans (Spertini et al. 2013).
Another polyprotein subunit vaccine which
exhibited good protection in animal models is
ID93, which is composed of four Mtb antigens,
one of which is PPE_MPTR42 (Bertholet et al.
2010).

The results obtained with these two vaccines
indicates that PPE18 and PPE_MPTR42
are immuno-dominant, likely because they
cross-react with many PPEs expressed by
Mtb (Vordermeier et al. 2012). Indeed, mice
immunized with a Mtb attenuated mutant lacking
ppe25 and pe19, were able to mount significant
T cell responses when stimulated with peptides
corresponding to shared epitopes of both PE
and PPE proteins, demonstrating cross-reactivity
of these antigens (Sayes et al. 2012). These
data, together with other experimental evidence,
which showed that protective activity in animal
models is elicited by a number of other PE and
PPE proteins (Romano et al. 2008; Parra et al.
2006; Vipond et al. 2006; Singh et al. 2013),
highlights the vaccine potential of PE and PPE
proteins.

As suggested by Comas and colleagues
(2010), the immune responses to major antigens
of Mtb are evolutionarily conserved to the
benefit of the pathogen. Although the PPE and
PE families were not included in that study,
subsequent findings that many T cell epitopes
in PE and PPE proteins are detected in the
conserved regions (Copin et al. 2014), raises
the same concerns that have been highlighted for
other Mtb immune-dominant antigens (Comas
et al. 2010).

Several PE and PPE proteins, and primarily
PE_PGRS, PPE_MPTR, PE-unique and PPE-
unique, are surface exposed antigens that directly
interact with host components to modulate innate
immune responses or exert other specific func-
tions. Since the genes encoding these proteins
showed a level of conservation greater than ex-
pected, and some of these proteins play a key role
in TB pathogenesis, proteins of these families
may represent a suitable target for a humoral
response. In principle, antibodies specifically di-
rected against the surface available domains may
neutralize the activity of these proteins and pro-
vide some level of protection. Antibodies di-
rected against the PGRS domain of PE_PGRS33
were observed in mice and humans with active
TB (Singh et al. 2001; Delogu and Brennan 2001;
Cohen et al. 2014), although immunization with
a DNA vaccine that elicits antibodies against
the PGRS domain did not provide a meaningful
level of protection in mice (Delogu and Brennan
2001). It remains to be seen whether the anti-
bodies developed following infection, or those
induced by the PE_PGRS33 vaccine, are capable
of properly binding the critical epitopes involved
in the interaction with host components. A better
functional characterization of these proteins is re-
quired before ruling out a potential activity of an-
tibodies against these surface molecules. PGRS-
containing vaccines could represent a promising
target of a protective humoral response against
Mtb (Delogu et al. 2014).

10.7.2 Drug Targets

The lack of functional information on the role
of PE and PPE proteins have so far impeded
studies aimed at targeting these proteins with
drugs. Meszaros and colleagues (2011) suggested
that PE and PPE should be considered ideal
candidates as drug targets because they are
specific for mycobacteria. Also, many of these
proteins are found only in Mtb, and they may
be less hostile to normal microbiota, which are
often affected by the long lasting traditional anti-
TB treatment (Wu et al. 2013). Some of the
PE and PPE proteins, and primarily PE_PGRS,
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were shown to be overrepresented in the lung
tissue of infected guinea pigs (Kruh et al. 2010),
implying that they may impact TB disease.
In addition, these proteins are available on
the surface and in the mycobacterial cell wall
and are more accessible to drugs compared to
mycobacterial cytoplasmic targets, that need to
pass the highly impermeable mycobacterial cell
wall.

Computational studies have proposed that a
drug, capable of inhibiting or displacing the hy-
drophobic interaction between PE and PPE do-
mains, may block important processes required
for Mtb virulence (Meszaros et al. 2011). They
also indicate that even the disordered domain
found at the C-terminus of many PE and PPE
proteins may be a valid drug target. As recently
proposed (Ahmed et al. 2015), biological and
molecular characterization of these PE and PPE
may be instrumental for identifying potential
drug targets. These drugs could then block the
interaction between surface available PE and PPE
and host receptors such as TLR2, and could be
used for treating TB.

10.7.3 Diagnostics

Several studies have commenced to characterize
the cellular and humoral immune responses to
PE and PPE proteins found in Mtb infected sub-
jects. A main goal in TB diagnosis is the iden-
tification of immunological biomarkers that can
help distinguish between Mtb infected subjects
(LTBI), and patients with active TB as well as
normal subjects. In a recent study, stimulation
of human whole-blood with PE35 and PPE68,
using procedures routinely used for Interferon-
” release assays, but where IL-2 was assessed,
often discriminated between active and LTBI pa-
tients (Pourakbari et al. 2015). Robust CD8 T cell
responses, directed against PE_PGRS33, the PE-
unique Rv3812 and PPE46, were also detected
in LTBI subjects. A better immunological char-
acterization of these proteins, particularly those
included in the RD regions which are missing
in the vaccine strain, BCG (see Chap. 8), may
lead to the development of improved Interferon-

” release assays with improved prognostic value.
Moreover, serological diagnosis of TB may po-
tentially be improved by the use of a number
of PE and PPE proteins for which a robust an-
tibody response has been observed, such as for
PE_PGRS33, PPE41 (Choudhary et al. 2003),
PPE55 (Singh et al. 2005), PPE57 (Zhang et al.
2007), and PPE17 (Khan et al. 2008).

10.8 Conclusion

Despite a growing interest in PE and PPE pro-
teins since their discovery, their role in Mtb
physiology and pathogenicity is still elusive. In
summary, in the last few years we have learned
that: (i) PE/PPE couplets are substrates of the
ESX T7SSs whereby they are secreted or surface
exposed; (ii) several PE and PPE proteins have
the ability to modulate the host immune system
by directly engaging with TLRs; (iii) PE and PPE
proteins are also the main targets of the adaptive
host T cell response; (iv) PE and PPE domains
can serve as shuttles to deliver PGRS and MPTR
domains to the cell surface, or other unique do-
mains, some of which possess enzymatic activity
as LipY or PE_PGRS11. While the role of the
PE and PPE domains has been associated with
protein localization, the biological significance of
the structural redundancy observed in PE_PGRSs
and PPE_PMTRs is still a matter of debate. Like-
wise, the consequences of the differential regu-
lation of these abundant genes in Mtb during the
infectious process are unclear. A major puzzle is
that, despite the abundance of these genes and the
presence of a degree of genetic polymorphisms
higher than the average Mtb genome, most pe and
ppe genes, including the polymorphic pe_pgrs
and ppe_mptr, are under neutral or purifying
selection. This suggests that the corresponding
proteins have, despite the presence of repeat
motifs, structural and/or functional constraints
and that they are critical for TB pathogenesis. A
better understanding of the role and function of
the PE and PPE proteins will require clarification
of the impact of the contradictory forces of both
conservation and diversity acting on pe and ppe
genes.

http://dx.doi.org/10.1007/978-3-319-64371-7_8
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Abstract

As we move into the era of the Sustainable Development Goals (SDGs),
the World Health Organization (WHO) has developed the End TB
strategy 2016–2035 with a goal to end the global epidemic of tuberculosis
(TB) by 2035. Achieving the targets laid out in the Strategy will require
strengthening of the whole TB diagnosis and treatment cascade, including
improved case detection, the establishment of universal drug susceptibility
testing and rapid treatment initiation. An estimated 3.9% of new TB
cases and 21% of previously treated cases had rifampicin-resistant (RR)
or multidrug-resistant (MDR) TB in 2015. These levels have remained
stable over time, although limited data are available from major high
burden settings. In addition to the emergence of drug resistance due to
inadequate treatment, there is growing evidence that direct transmission
is a large contributor to the RR/MDR-TB epidemic. Only 340,000 of
the estimated 580,000 incident cases of RR/MDR-TB were notified to
WHO in 2015. Among these, only 125,000 were initiated on second-line
treatment. RR/MDR-TB epidemics are likely to be driven by direct
transmission. The most important risk factor for MDR-TB is a history
of previous treatment. Other risk factors vary according to setting but
can include hospitalisation, incarceration and HIV infection. Children
have the same risk of MDR-TB as adults and represent a diagnostic and
treatment challenge. Rapid molecular technologies have revolutionized
the diagnosis of drug-resistant TB. Until capacity can be established to
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test every TB patient for rifampicin resistance, countries should focus on
gradually expanding their coverage of testing. DNA sequencing technolo-
gies are being increasingly incorporated into patient management and drug
resistance surveillance. They offer additional benefits over conventional
culture-based phenotypic testing, including a faster turn-around time
for results, assessment of resistance patterns to a range of drugs, and
investigation of strain clustering and transmission.

Keywords

Epidemiology • Surveillance • Antimicrobial Resistance • Transmis-
sion • Diagnostics

11.1 Emergence and Spread
of Drug Resistance in the
World

Drug-resistant Mycobacterium tuberculosis was
first documented in the late 1940s, shortly after
the introduction of the first anti-tuberculosis
(TB) treatment, streptomycin (Crofton and
Mitchison 1948). However, drug-resistant TB
did not receive global attention until the 1990s
when large outbreaks of multidrug-resistant
tuberculosis (MDR-TB) were identified in
the United States and Europe (Monno et al.
1991; Centers for Disease Control (CDC) 1991;
Frieden et al. 1993). The urgent need for global
monitoring of the emergence and spread of
resistance to anti-TB drugs became clear. In
1994, the Global Tuberculosis Programme of
the World Health Organization (WHO) and the
International Union Against Tuberculosis and
Lung Disease (The Union) established the Global
Project on Anti-Tuberculosis Drug Resistance
Surveillance (Pablos-Méndez et al. 1998). This
remains the oldest and largest initiative for
antimicrobial resistance surveillance in the world
(Zignol et al. 2016).

In 2014, the World Health Assembly called
upon WHO member states and the international
community to take stronger measures to
prevent and control the spread of antimicrobial
resistance. As we move into the era of the
Sustainable Development Goals (SDGs), WHO
has developed the End TB Strategy 2016–2035
with a goal to end the global TB epidemic

by 2035 (Uplekar et al. 2015; World Health
Organization). The Strategy calls for universal
drug susceptibility testing of all TB patients to
ensure more rapid diagnosis of drug-resistant TB
and initiation of appropriate treatment (World
Health Organization 2016).

11.2 Coverage of Surveillance
Data

High quality data on the burden and distribution
of drug resistance are essential to understanding
the global epidemic of drug-resistant TB.
In 2015, only 30% of the 3.4 million new
bacteriologically-confirmed and previously
treated TB cases notified to WHO were tested
for susceptibility to rifampicin. Major gains in
coverage will be needed in order to achieve
universal drug susceptibility testing. By 2015,
reliable data on anti-TB drug resistance were
available from 155 countries, representing more
than 95% of the world’s population and TB
burden. This is a more than fourfold increase
compared to the early years of the Global Project
when data were available for 35 countries only
(World Health Organization 2016).

Epidemiological data on the burden of
drug resistance are derived from two principal
sources: continuous surveillance systems based
on routine drug susceptibility testing of TB
patients and ad hoc surveys of a representative
group of TB patients. Testing results for at least
rifampicin and isoniazid are collected for both
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Fig. 11.1 Global coverage of surveillance data on drug resistance, 1994–2016 (Reproduced from World Health
Organization 2016)

new and previously treated patients. Among
patients with multidrug-resistant TB (MDR-
TB), testing results for fluoroquinolones and
second-line injectable agents are also collected.
In 2015, representative data were available
from 83 countries with continuous surveillance
systems, most of which were high-income
countries. Data were available for a remaining
72 countries from surveys. From this total of 155
countries, data were considered to be nationally
representative for 151 and only subnationally
representative for the remaining countries. Of
the 30 high MDR-TB burden countries defined
by the WHO for the period 2016–2020, only 5
countries have continuous national surveillance
systems (Belarus, Kazakhstan, Peru, Republic
of Moldova and Tajikistan) (World Health
Organization 2016). Central and Francophone
Africa remain the parts of the world where
drug resistance surveillance data are most
lacking, largely as a result of weak laboratory
infrastructure. Progress towards achieving global
coverage of drug resistance surveillance data is
shown in Fig. 11.1.

11.3 Burden of Drug-resistant TB

Globally, 580,000 (range: 520,000–640,000)
new cases of rifampicin-resistant TB (RR-
TB), including MDR-TB are estimated to have
occurred in 2015, with 250,000 (range: 160,000–
340,000) deaths.

11.3.1 Resistance to First-Line
Anti-TB Drugs

An estimated 3.9% (95%CI: 2.7–5.1%) of new
cases and 21% (95%CI: 15–28%) of previously
treated cases had MDR/RR-TB in 2015. Levels
of drug resistance among new cases remain low
in many parts of the world, including in almost
all countries in the Region of the Americas,
most African countries where drug resistance
surveys have been conducted, most of the South-
East Asia Region, most of western Europe, and
several countries in the Western Pacific Region.
However, a low proportion of TB cases with drug
resistance can still mean a substantial absolute
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Fig. 11.2 Percentage of new TB cases with MDR-TB in 2015 (Reproduced from World Health Organization 2016)

Fig. 11.3 Percentage of previously treated TB cases with MDR-TB in 2015 (Reproduced from World Health
Organization 2016)

number of drug-resistant cases in countries with
a high TB incidence. The WHO European Re-
gion has the highest proportions of MDR/RR-TB
among TB cases, with MDR/RR-TB occurring in
16% (95%CI: 11–20%) of new cases and 48%

(95%CI: 42–53%) of previously treated cases.
The proportions of new and previously treated
TB cases with MDR/RR-TB at the country level
are shown in Figs. 11.2 and 11.3 (World Health
Organization 2016).
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Among new cases, the proportions with
RR/MDR-TB were highest in Belarus (37% in
2015), Kazakhstan (26.3% in 2013), Kyrgyzstan
(32% in 2011), the Republic of Moldova (32.0%
in 2015), the Russian Federation (average:
22.0% in 2013), Ukraine (25.0% in 2014) and
Uzbekistan (24.0% in 2011). Among previously
treated TB cases, the proportions with RR/MDR-
TB were highest in Belarus (69.1% in 2015),
Estonia (54.0% in 2015), Kyrgyzstan (56% in
2013), the Republic of Moldova (69.0% in 2015),
Tajikistan (77.0% in 2014), Ukraine (58.0% in
2014) and Uzbekistan (63.0% in 2011). In the
Russian Federation, even though the average
proportion of previously treated cases with
MDR-TB does not exceed 50%, the proportion is
well above 50% in several oblasts (World Health
Organization 2016).

While the European Region has the high-
est proportion of RR/MDR-TB, high numbers
of RR/MDR-TB cases are estimated to occur
in countries in other regions. The burden of
RR/MDR-TB among notified cases is particu-
larly high in countries where populations are
large and significant overall TB burdens still
exist, such as India and China, as well as in
countries with very high TB incidence, such as
those in Southern Africa (Table 11.1). Assess-
ment of population level RR/MDR-TB burdens
are important for programmatic planning and as
they indicate transmission risk in the community.

11.3.2 Resistance to Second-Line
Anti-TB Drugs

Extensively drug-resistant TB (XDR-TB),
defined as MDR-TB plus resistance to at least
one fluoroquinolone and a second-line injectable
drug, had been reported by 117 countries by
the end of 2015. As representative data on the
proportions of MDR-TB cases with second-
line drug resistance were only available for 93
countries/territories, settings with high levels
of second-line drug resistance may be missed.
The proportion of MDR-TB cases with XDR-TB
was estimated as 9.5% (95%CI: 7.0–12.1%)
in 2015. However, this proportion is much

higher in Eastern Europe, at 29% in Belarus,
15% in Georgia, 19% in Latvia and 25% in
Lithuania. Globally, the proportion of MDR-TB
cases with resistance to any fluoroquinolone for
which testing was done, including ofloxacin,
levofloxacin and moxifloxacin, was 21.0% (95%
CI: 8.8–33.3%) (World Health Organization
2016).

11.3.3 Trends in Anti-TB Drug
Resistance

Of the 40 countries with a high TB and/or MDR-
TB burden, only 20 have repeated a survey to
evaluate trends in drug resistance over time. An
analysis of trends during the period 2008–2013
indicated that the proportion of new cases with
MDR-TB has remained relatively low and stable
over time, ranging from 2 to 4% (World Health
Organization 2014a). While serious epidemics
do exist in some countries, particularly in East-
ern Europe and central Asia, less than 10% of
the population living in high MDR-TB burden
countries reside in areas with sufficient data to
assess trends over time. Countries in the Baltic
states, with low overall numbers of cases, have
demonstrated a considerable reduction in the bur-
den of MDR-TB over time, while increases have
been detected in some oblasts of Russian Fed-
eration and in Botswana (the sole African set-
ting for which trends could be assessed) (Cohen
et al. 2014).

11.4 Transmission
of Drug-Resistant TB

MDR-TB can occur via two mechanisms:
through the selection of resistant M. tuberculosis
bacilli during poorly managed anti-TB treatment
or via direct transmission from an infectious
patient to another. Given that the risk of drug
resistance is higher among TB patients who
have previously received TB treatment, there
has been a widespread belief that MDR-TB is
due primarily to acquisition of resistance during
inadequate treatment (Caminero 2008). This
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Table 11.1 Diagnosis and treatment gaps across the 30 high MDR-TB burden countries in 2015

Country

RR/MDR-TB
cases estimated
to occur among
notified
pulmonary TB
patients

Notified
RR/MDR-
TB
cases

% Notified
among estimated
RR/MDR-TB
cases

Cases enrolled
on
RR/MDR-TB
treatment

% Enrolled on
treatment among
notified
RR/MDR-TB
cases

% Enrolled on
treatment
among
estimated
RR/MDR-TB
cases

Angola 2700 227 8.4 227 100.0 8.4

Azerbaijan 1400 1171 83.6 827 70.6 59.1

Bangladesh 5100 954 18.7 880 92.2 17.3

Belarus 1800 1340 74.4 1949 145.4 108.3

China 57000 9662 17.0 5691 58.9 10.0

Democratic
Republic of
the Congo

4000 499 12.5 413 82.8 10.3

Ethiopia 3300 597 18.1 597 100.0 18.1

Indonesia 10000 2135 21.4 1519 71.1 15.2

India 79000 28876 36.6 26966 93.4 34.1

Kazakhstan 4000 6497 162.4 6948 106.9 173.7

Kenya 1400 368 26.3 368 100.0 26.3

Kyrgyzstan 2400 1116 46.5 1158 103.8 48.3

Republic of
Moldova

1700 1042 61.3 1020 97.9 60.0

Myanmar 9000 2793 31.0 2207 79.0 24.5

Mozambique 2800 646 23.1 646 100.0 23.1

Nigeria 4700 1241 26.4 656 52.9 14.0

Pakistan 14000 3059 21.9 2553 83.5 18.2

Peru 2000 1534 76.7 1738 113.3 86.9

Philippines 15000 3788 25.3 4142 109.3 27.6

Papua New
Guinea

1100 254 23.1 225 88.6 20.5

Democratic
People’s
Republic of
Korea

4600 209 4.5 125 59.8 2.7

Russian
Federation

42000 17132 40.8 26756 156.2 63.7

Somalia 1200 75 6.3 74 98.7 6.2

Thailand 2500 466 18.6 506 108.6 20.2

Tajikistan 1300 675 51.9 636 94.2 48.9

Ukraine 12000 9397 78.3 9787 104.2 81.6

Uzbekistan 5800 2149 37.1 2149 100.0 37.1

Viet Nam 5200 2602 50.0 2131 81.9 41.0

South Africa 10000 19613 196.1 12527 63.9 125.3

Zimbabwe 1100 468 42.5 433 92.5 39.4

Adapted from World Health Organization (2016)
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view was supported by early observations of
lower fitness among M. tuberculosis strains with
resistance-conferring mutations (Billington et al.
1999; Gagneux et al. 2006). However, growing
evidence for the significant burden of MDR-TB
among new cases, along with genotyping data
from studies across different settings, suggests
that direct transmission is a large contributor to
the epidemic, particularly in high burden settings
(Almeida et al. 2005; Cox et al. 2010; Nodieva
et al. 2010; Zhao et al. 2012).

The relative contribution of transmission ver-
sus acquisition is important for guiding effective
control strategies in different settings. Early mod-
elling studies suggested that effective treatment
of drug-susceptible TB would prevent the emer-
gence of resistance (Dye and Williams 2000).
Subsequent studies suggested that failure to di-
agnose and treat MDR-TB would result in “hot
spots” of disease (Blower and Chou 2004), with
MDR-TB eventually even outcompeting drug-
susceptible TB in some settings (Cohen and Mur-
ray 2004). While estimates of the prevalence
of MDR-TB among notified TB cases are of-
ten used for programmatic planning and evalu-
ation within countries, they do not provide in-
formation on the relative importance of direct
transmission.

A more recent study aimed to estimate the
relative importance of transmission versus ac-
quisition using a dynamic transmission model
incorporating data from six countries differing by
geographical location, MDR-TB burden and ratio
of MDR-TB among new compared to previously
treated TB patients. It was estimated that 96% of
all incident MDR-TB was due to transmission.
Importantly, it was also estimated that 61% of in-
cident MDR-TB among previously treated cases
was due to direct transmission. The six settings
differed in overall TB incidence, proportions of
MDR-TB among TB cases, and the ratio of
MDR-TB among new and previously treated TB
cases. The lowest transmission estimate of 48%
was found for Bangladesh, which has a high
TB incidence and a much greater proportion of
MDR-TB among previously treated cases than
among new cases. The estimate of 99% transmis-
sion in Uzbekistan reflects a scenario of relatively

low TB incidence and similarly high MDR-TB
among both previously treated and new TB cases.
Clearly, factors such as the temporal emergence
of MDR-TB and the extent of diagnosis and ap-
propriate MDR-TB treatment are likely to impact
on the contribution of direct transmission to the
current burden (Kendall et al. 2015).

Direct transmission has also been identified as
a significant contributor to the burden of XDR-
TB in several settings (Perdigao et al. 2010;
Murase et al. 2010; Gandhi et al. 2013; Klopper
et al. 2013), although acquisition of second-line
resistance due to inadequate second-line treat-
ment likely remains significant (Mlambo et al.
2008). High rates of transmission of both MDR-
TB and XDR-TB, particularly in high MDR-
TB burden settings, emphasises the need for im-
proved case detection and treatment for MDR-TB
and XDR-TB (Nardell and Dharmadhikari 2010).

11.5 Factors Associated
with Drug-Resistant TB

The most consistent factor associated with a
diagnosis of MDR-TB in a patient is a previous
history of anti-TB treatment, over a period of
1 month or more. While this association reflects
the potential for acquisition of drug resistance
during prior inadequate treatment, it may also
represent confounding with other shared risk fac-
tors. For example, patients who have previously
received TB treatment are likely to have had
significantly greater contact with health services,
with a greater subsequent risk of nosocomial
transmission of MDR-TB. Indeed, previous hos-
pitalization has been found to be a significant risk
factor for MDR-TB and XDR-TB in several stud-
ies (Gandhi et al. 2006; Gelmanova et al. 2007;
Zhao et al. 2012; Rifat et al. 2015). An increased
risk of nosocomial transmission of MDR-TB
likely arises from delayed or non-existent MDR-
TB diagnosis and subsequent inadequate treat-
ment with first-line anti-TB therapy. This results
in failure of treatment among source cases who
then transmit the organism when seeking care in
a health care facility setting. Given inadequate
infection control, the risk of nosocomial trans-
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mission to other patients as well as health care
workers is high (Shenoi et al. 2010).

HIV infection may also contribute to the risk
of MDR-TB through a range of potential mecha-
nisms, including greater risk of nosocomial trans-
mission (Wells et al. 2007). Institutional MDR-
TB outbreaks in well-resourced settings have pri-
marily involved HIV-infected individuals (Edlin
et al. 1992; Coronado et al. 1993; Frieden et
al. 1996). Several studies have shown a positive
association between HIV infection and MDR-TB
in more generalised settings (Jenkins et al. 2013).
However, the association between MDR-TB and
HIV infection at the population level varies be-
tween countries. A systematic review of pub-
lished studies found a moderate association with
HIV, particularly for primary, transmitted MDR-
TB (Mesfin et al. 2014). In contrast, in countries
in sub-Saharan Africa where HIV prevalence is
high, lower proportions of MDR-TB were found
among countries with the highest reported HIV
prevalences (Lukoye et al. 2015). This could be
due to higher early mortality among HIV-infected
MDR-TB patients compared to HIV-infected TB
patients. Dual epidemics of HIV and MDR-TB
have been shown to converge in socially vulnera-
ble groups in some settings, such as Kazakhstan
(van den Hof et al. 2015). Globally, there is no
evidence of a clear association between the levels
of HIV infection and MDR-TB in a population,
although reliable national-level surveillance data
are predominantly from high- and middle-income
settings (Dean et al. 2014).

While national level notifications and esti-
mates are often used for reporting and program-
matic planning, there is consistent evidence of
heterogeneity in MDR-TB burden within coun-
tries (Paramasivan and Venkataraman 2004; Ul-
masova et al. 2013; Jenkins et al. 2014a; Aia et al.
2016; Heidebrecht et al. 2016; Zelner et al. 2016).
In Moldova, analysis has shown that geographi-
cal areas with higher proportions of previously
incarcerated individuals also have higher burdens
of MDR-TB (Jenkins et al. 2013). In Peru, vari-
ation in per capita MDR-TB rates was associ-
ated with certain health centre catchment areas
(Zelner et al. 2016). In other settings, variable
access to MDR-TB diagnosis and care, lower

socio-economic status and greater reliance on in-
adequate MDR-TB treatment in the private sector
are likely contributors to variations in MDR-TB
prevalence.

As suggested by the study from Moldova,
prisons have been shown to harbour particu-
larly high burdens of MDR-TB (Kimerling et al.
1999). Annual TB notifications have reached as
high as 7% of the prison population in some set-
tings (Coninx et al. 2000), with high proportions
of MDR-TB (Kimerling et al. 1999; Habeenzu et
al. 2007). Indeed, transmission of TB and MDR-
TB in the community has been shown to be
driven by high burdens of TB and MDR-TB in
prisons, along with a high level of incarceration
at the population level (Stuckler et al. 2008).
Overcrowding, malnutrition and poor access to
diagnosis and treatment all contribute to high TB
transmission rates within prisons.

Around 30,000 children are estimated to de-
velop MDR-TB every year. As children are more
likely than adults to have paucibacillary dis-
ease and often cannot expectorate sputum, drug
susceptibility testing is particularly challenging
(Jenkins et al. 2014b). However, a review of
available data from multiple countries suggested
that children with TB do not have a lower risk
of MDR-TB than adult patients, with similar
proportions of MDR-TB detected in both groups
(Zignol et al. 2013).

11.6 The Diagnosis
and Treatment Cascade for
Drug-Resistant TB

Given the significant contribution of direct
transmission to the MDR-TB epidemic in high
MDR-TB burden settings, prevention will require
better case detection, rapid treatment initiation
of appropriate treatment and improved treatment
outcomes. In 2014, only 123,000 of the estimated
480,000 incident MDR-TB cases were notified
to WHO, and among these only 111,000 were
reported to have been initiated on second-
line treatment. Globally, treatment success for
MDR-TB is reported to be 50%. Diagnosis and
treatment gaps vary substantially across the 30
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high MDR-TB burden countries defined for the
period 2016–2020. The numbers of MDR-TB
cases estimated to have occurred among notified
TB cases in 2014 are given in Table 11.1. Among
these estimated MDR-TB cases, the proportions
that were actually notified range from 5% in
DPR Korea to over 100% in Kazakhstan, South
Africa, Tajikistan. Notably, China, Myanmar and
Somalia report large treatment gaps with less
than 50% of notified cases enrolled on treatment
(World Health Organization 2016). While, there
are inherent uncertainties in these estimates
(Cohen et al. 2008, 2010), this diagnosis and
treatment cascade results in cure of only 12% of
the estimated burden of incident cases, or even
lower if one considers the MDR-TB burden in
terms of prevalence (Borgdorff 2004).

Globally, the largest gap in the cascade is diag-
nosis. Poor access to drug susceptibility testing,
even among TB cases with previous TB treat-
ment, is common. In 2014, only 12% of new, bac-
teriologically confirmed TB cases were tested for
drug susceptibility (World Health Organization
2016). However, given that a large proportion of
TB cases are not bacteriologically confirmed in
many settings, a much higher proportion of all
TB cases do not receive drug susceptibility test-
ing. Many high TB burden countries lack sputum
transport networks and equipped laboratories to
safely and reliably perform culture-based drug
susceptibility testing. Due to a lack of capacity,
drug susceptibility testing is usually only per-
formed for prioritised patient groups, such as
those who have failed treatment. From a clinical
perspective, the turn-around time for receiving
testing results from culture-based methods can
be weeks to months, delaying the initiation of
appropriate therapy.

Lack of drug susceptibility testing capacity
is particularly evident for second-line drug re-
sistance. Only 24% of notified MDR-TB cases
were tested in 2014. Given the relatively high
proportions of XDR-TB among MDR-TB cases
found in surveys, the 4044 XDR-TB cases en-
rolled on treatment in 2014 suggests a large un-
diagnosed burden. In many settings, these undi-
agnosed cases are likely to receive inappropriate
treatment, suffer high mortality and contribute to

transmission. Overall, among the 2685 XDR-TB
cases treated in 2012, only 26% were reported to
be successfully treated (World Health Organiza-
tion 2016).

The ongoing expansion of rapid molecular
technologies have revolutionised the diagnosis of
drug-resistant TB. For example, South Africa
now notifies substantially more rifampicin-
resistant (RR) TB cases than the number of
estimated incident cases following scale up of
the Xpert MTB/RIF® assay for all presumptive
TB cases (see Chap. 12), although this may be
partially due to duplication in notified cases.
Indeed in South Africa, while the diagnostic gap
is likely to be relatively small, the gap between
the number of notified cases and those reported
to have started a second-line treatment regimen
is large; in 2014, only 62% of the notified,
bacteriologically-confirmed RR-TB cases were
reported to have started treatment (Schnippel
et al. 2013; World Health Organization 2016).
High early mortality among HIV infected RR-
TB cases may contribute to this gap, although a
significant shortfall in health system capacity to
follow up and treat all diagnosed cases is also
a likely contributor. Globally, gaps between the
numbers of cases diagnosed with resistance and
those beginning second-line therapy represent
major public health and ethical problems (World
Health Organization 2016).

11.7 Future Direction

The establishment of universal drug suscepti-
bility testing via continuous surveillance sys-
tems for at least rifampicin resistance should
be a priority for the following reasons: (i) ri-
fampicin is the most powerful first-line anti-
TB drug, (ii) reliable and easily implemented
rapid technologies exist for accurate diagnosis. In
addition, rifampicin resistance can be a marker
of resistance to additional drugs. However, it is
important to note that levels of isoniazid resis-
tance without concurrent rifampicin resistance
are not insignificant, at 8.1% (95%CI: 6.5–9.7%)
of new cases and 14.0% (95%CI: 11.6–16.3%) of
previously treated cases. Rifampicin-susceptible

http://dx.doi.org/10.1007/978-3-319-64371-7_12
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patients with poor treatment outcomes should
therefore always be investigated for isoniazid re-
sistance (World Health Organization 2014b). Ad-
ditionally, all patients detected with rifampicin
resistance should be tested to exclude further
resistance to fluoroquinolones and/or second-line
injectable agents. Resistance to these classes of
drugs seriously compromises the treatment op-
tions that remain available.

Until capacity can be established to test every
TB patient for rifampicin resistance, countries
could focus on gradually expanding their cov-
erage of testing with rapid molecular technolo-
gies, such as Xpert MTB/RIF (World Health
Organization 2014c). Xpert MTB/RIF provides
a result within 90 min and is easy to use at
lower level health facilities. Ad hoc surveys of
TB patients will continue to be important for gen-
erating nationally representative estimates of the
proportion of new and previously treated patients
with drug-resistant TB, which are essential for re-
source planning and allocation. Surveys can also
allow the investigation of other drug resistance
patterns beyond rifampicin. This includes drugs
from existing first-line and second-line regimens
as well as new or repurposed drugs. For the
first time in over 40 years, two new anti-TB
drugs are available on the market, bedaquiline
and delamanid (World Health Organization 2013,
2014d). These drugs will be key to improving
treatment outcomes and quality of life among
MDR-TB patients, and close monitoring of their
continued effectiveness is essential.

DNA sequencing technologies have primarily
been used for research purposes, but are being
increasingly incorporated into patient man-
agement and drug resistance surveillance (see
Chap. 12). They offer additional benefits over
conventional culture-based phenotypic testing,
including a faster turn-around time for results,
assessment of resistance patterns to a range of
drugs, and investigation of strain clustering and
transmission (see Chap. 4) (Roetzer et al. 2013;
Guerra-Assunção et al. 2015). However, whole
genome sequencing still requires specialised
bioinformatics skills, limiting its broader
application in global TB control. Targeted
gene sequencing performed directly on sputum

delivers rapid results for a range of drugs and
bypasses the need for culture (Rigouts et al.
2007). This may be a more practical approach to
expanding the coverage of testing to other drugs.
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12Evolution of Phenotypic
and Molecular Drug Susceptibility
Testing
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Abstract

Drug Resistant Tuberculosis (DRTB) is an emerging problem world-wide.
In order to control the disease and decrease the number of cases overtime a
prompt diagnosis followed by an appropriate treatment should be provided
to patients. Phenotypic DST based on liquid automated culture has greatly
reduced the time needed to generate reliable data but has the drawback
to be expensive and prone to contamination in the absence of appropriate
infrastructures. In the past 10 years molecular biology tools have been
developed. Those tools target the main mutations responsible for DRTB
and are now globally accessible in term of cost and infrastructures needed
for the implementation. The dissemination of the Xpert MTB/rif has radi-
cally increased the capacity to perform the detection of rifampicin resistant
TB cases. One of the main challenges for the large scale implementation
of molecular based tests is the emergence of conflicting results between
phenotypic and genotypic tests. This mines the confidence of clinicians in
the molecular tests and delays the initiation of an appropriate treatment.
A new technique is revolutionizing the genotypic approach to DST: the
WGS by Next-Generation Sequencing technologies. This methodology
promises to become the solution for a rapid access to universal DST,
able indeed to overcome the limitations of the current phenotypic and
genotypic assays. Today the use of the generated information is still
challenging in decentralized facilities due to the lack of automation for
sample processing and standardization in the analysis.
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The growing knowledge of the molecular mechanisms at the basis of
drug resistance and the introduction of high-performing user-friendly tools
at peripheral level should allow the very much needed accurate diagnosis
of DRTB in the near future.

Keywords

Molecular drug susceptibility test • Phenotypic drug susceptibility test

12.1 Introduction

Proper managing of tuberculosis requires starting
an effective antitubercular therapy as soon as
possible to prevent spreading of the disease and
to increase the cure rate of the affected indi-
viduals (Uys et al. 2009; Dowdy et al. 2008).
Appropriate therapy can only be provided if the
drug susceptibility pattern of the infecting strain
is known. Drug susceptibility testing (DST) for
M. tuberculosis can be performed by conven-
tional phenotypic methods or by molecular de-
tection of genetic determinants associated with
drug resistance. The two approaches have ad-
vantages and disadvantages and in the most dif-
ficult cases a combination of the two may be
required. Conventional DST based on mycobac-
terial growth on both solid and liquid media
is time-consuming, and challenged by techni-
cal difficulties and biosafety issues (Kim 2005;
WHO 2012a, b; Jiang et al. 2013; Somoskovi
and Salfinger 2015). The development of molec-
ular technologies has led to the emergence of
rapid diagnostic assays suitable for the detection
of drug-resistant tuberculosis. Despite these ad-
vancements in technology and the large amount
of data that are going to be collected by Whole
Genome Sequencing (WGS) of drug resistant and
drug sensitive M. tuberculosis strains, we cannot
abandon completely phenotypic DST at this time.
Achieving a more comprehensive understanding
of the genotype-phenotype-clinical outcome as-
sociations could lead to a future when molecular
DST will become the routine and phenotypic will
be restricted as a referral test for few cases.

We can predict that deeper knowledge will be
available in the near future allowing designing

a full molecular DST for routine testing. Pheno-
typic tests and Minimal Inhibitory Concentration
(MIC) will be reserved for the most challenging
cases.

12.2 Phenotypic DST

Streptomycin, the first antituberculosis drug was
first experimented in 1944 (Jones et al. 1944; Em-
mart 1945; Smith and Waskman 1947). Shortly
after its introduction in clinical practice, the first
cases of resistance were reported (Youmans et al.
1946). Not substantially different was the his-
tory of all other antimycobacterial agents; resis-
tance was rapidly emerging in particular when
drugs were used inappropriately or in monother-
apy (Guernsey and Alexander 1978; Smith et al.
2013). It became clear that a combination of
several effective drugs was essential to achieve
cured in patients with tuberculosis. The need to
develop a laboratory test able to predict antibac-
terial sensitivity to a specific drug soon emerged
and in the 1960s the pioneering experiments of
Canetti, at the Pasteur Institute of Paris, lead
to the development of the “Proportion method”
(Canetti et al. 1963). It is based on the empiric
observation that when the proportion of resistant
mutants within the M. tuberculosis population
infecting the patient is approximately �1%, the
probability of treatment failure is very high. The
proportion method uses a set of media, each
containing the “critical” concentration of a single
drug, to test the growth of the strain in compar-
ison with that obtained on a drug-free medium
(the growth control). The susceptibility to single
antimicrobials is inferred by determining the per-
centage between the counts of colonies grown on
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the medium with the drug and on the control;
whenever this proportion is �1% the strain is
classified as resistant. Several years earlier the
same researcher had developed the “Absolute
Concentration” method (Canetti et al. 1969), a
kind of MIC determination with multiple drug
concentrations; in this case each laboratory was
requested to define its critical concentration. The
Resistance Ratio method relies, for each deter-
mination, on a parallel testing of the susceptible
reference strain M. tuberculosis H37Rv (Kent
and Kubica 1985). The results are interpreted on
the basis of the ratio between the MICs of ref-
erence and test strains. The proportion method,
thanks to its easy implementation and interpre-
tation, rapidly prevailed and its principle is still
at the basis of modern phenotypic susceptibility
testing for M. tuberculosis. A feature shared by
all methods on solid media is the long incubation
time which, added to the time for culture, make
results available for clinical use in not less than
2–3 months.

In the last 40 years the liquid media, suitable
to shorten the incubation time, have progressively
replaced the classical solid media for the culture
of M. tuberculosis.

At present the commercial Mycobacteria
Growth Indicator Tube (MGIT) 960 system
(Becton Dickinson) has monopolized the
market worldwide. It is an automated system
that infers the bacterial growth rate from
the oxygen consumption. When used for the
determination of antimicrobial susceptibility
a set of tubes of liquid medium, added with
critical concentrations of drugs, is inoculated
with a standardized suspension of the strain to
be tested; while the control tube is inoculated
with the standardized suspension above, diluted
1/100. The tubes, with and without drug, are
monitored in parallel and the software, upon
quality validation, reports susceptibility or
resistance on the basis of the comparison of
respective growth curves (Rüsch-Gerdes et al.
1999; Tortoli et al. 2002).

Although the MGIT is widespread, it is not the
only method available. The classical proportion
methods on egg-based solid media, along with
its variant on agar media (Middlebrook 7H10

or Middlebrook 7H11), are still considered the
reference for several antibiotics.

Micro-dilution methods in liquid medium
have also been developed which, combining
inexpensiveness and ease reading, are especially
suited for low-income countries. In the
Microscopic Observation Drugs Susceptibility
(MODS) assay the drug resistance is detected
by the low magnification observation of the
growth in liquid medium dispensed in micro-
wells and added with drugs. The reading is made
easy by the characteristic corded morphology
of M. tuberculosis colonies (Moore et al. 2004).
In another microtiter assay, the addition of a
redox indicator is used to detect the bacterial
growth (TeMA, MABA, ReMA, according
the indicator used: tetrazolium, alamar blue,
resazurin). The color change due to indicator
reduction is consistent with bacterial growth and
indicates resistance to the antimicrobial present
in the micro-well (Collins and Franzblau 1997).

Differently from MODS and other microtitre
assays, which are home-made, a microdilution
method based on microtitre plates containing
twofold concentrations of freeze-dried drugs has
been recently commercialized. This method, still
under validation, combines a number of potential
benefits: the inclusion in a single test of both first-
and second-line drugs, the possibility of MIC
determination, it is user-friendly and relatively
inexpensive (Hall et al. 2012).

First-line drugs (isoniazid, rifampicin, pyrazi-
namide and rifampicin) are normally tested with
the phenotypic approach; in case of simultaneous
isoniazid- and rifampicin-resistance the test must
be widened to second line molecules, at least
to fluoroquinolones and injectables (amikacin,
kanamycin and capreomycin).

In general, the phenotypic susceptibility test-
ing produces reliable results, in particular for the
two major antitubercular drugs, rifampicin and
isoniazid. For ethambutol, a bacteriostatic drug,
the results are less reliable (Madison et al. 2002)
and DST for this drug is not considered a pri-
ority by the World Health Organization (WHO).
Pyrazinamide testing has been reported as highly
challenging by several laboratories, and results
may not be fully reliable (Piersimoni et al. 2013).
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Pyrazinamide is a prodrug and needs a low pH for
activation, a condition that is difficult to control
in an “in vitro” test (Table 12.1).

Critical Concentrations (CC) for the major
antitubercular drugs were proposed by WHO
in 2008, revised in 2012 and under revision in
2017. Table 12.2 shows the critical concentra-
tions endorsed by WHO in 2012. Drugs used for
treatment of rifampicin resistant tuberculosis and
MDR tuberculosis are listed according to the new
classification published in 2016 in the last WHO
manual for drug resistant tuberculosis (http://
www.who.int/tb/areas-of-work/drug-resistant tb/
MDRTBguidelines2016.pdf). It must be noted
that some of the CCs will be revised very soon
as reported in the table legend.

CCs should be established at the epidemio-
logical cut-off value (ECOFF) or one dilution
higher. For the majority of the drugs, the ECOFF
separates wild-type strains expected to be sen-
sitive from those expected to be resistant to a
selected drug. If drugs can be used at higher
doses without high risk of toxicity, concentration
higher than the CC can be tested to predict
sensitivity to treatment when high doses of the
drug can be used to achieve higher plasmatic con-
centration. In this case a “clinical breakpoint” can
be established; for example, a clinical breakpoint
has been recently established for moxifloxacin.
For some drugs, CCs cannot be established due
to the lack of data. For drugs such cycloserin,
imipenem, amoxi/clavulanate in vitro testing is
still not recommended due to the absence of
reliable protocols.

As a general rule, it is advisable to test the
drug in use for treatment and to perform suscep-
tibility tests under quality assurance conditions
and strictly adhering to the recommended proto-
cols.

Recently, two new drugs, delamanid and be-
daquiline, received conditional approval for treat-
ment of MDR-TB cases. Interim CCs were re-
cently discussed and will be reported officially
by WHO at the end of 2017. Protocols for sus-
ceptibility testing on liquid and solid media have
been published (Schena et al. 2016; Torrea et al.
2015).

Interpretation of discrepant results obtained in
different high level laboratories, from phenotypic
tests performed on different media or between
genotype and phenotype has underlined the need
of MIC determination for a correct management
of difficult cases.

Plates for MIC determination are commer-
cially available but have been only evaluated on
a small scale so far (Hall et al. 2012). These
microtitre plates allow the MIC determination for
several first and second line antimycobacterial
agents. Yu et al. (2016) have recently reported
an agreement between plates and LJ of 99.2%
for rifampicin, ofloxacin, amikacin, kanamycin
and cycloserin, 98.4% for isoniazid and PAS
and lower than 90% for ethambutol. The use
of microtitre plates highly reduces the cost of
DST compared to other liquid media but poses
several questions on the feasibility in terms of
implementation in laboratories located in high
burden countries for the level of biosafety re-
quested to handle the plates and the risk of cross-
contamination. Automation in plate-reading and
a “sealed” layout could improve the use of MIC
plates in the future.

Although all the methods in liquid medium
have drastically reduced the turnaround time,
the cost of maintaining an adequate level of bio
containment and the high rates of contaminated
culture remain a major limit to implement phe-
notypic DST in TB high burden settings.

12.3 Molecular DST

12.3.1 Molecular Basis of Drug
Resistance in M. tuberculosis

In M. tuberculosis, drug resistance is mainly
caused by chromosomal mutations and evidences
exclude horizontal transfer of genetic material as
a source of resistance (Gillespie 2002; Marttila
and Soini 2003). In a limited number of cases,
mobile genetic elements (such as insertion se-
quences, e.g. IS6110 see Chap. 3) can contribute
to the insurgence of phenotypic drug resistance
(Lemaitre et al. 1999).

http://dx.doi.org/10.1007/978-3-319-64371-7_3
http://www.who.int/tb/areas-of-work/drug-resistant%20tb/MDRTBguidelines2016.pdf
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Table 12.2 Main genomic regions associated with drug resistance in M. tuberculosis

Drug Gene(s) containing drug resistance-conferring mutations

Amikacin rrs

Bedaquiline mmpL5, mmpS5, Rv0678, atpE, pepQ

Capreomycin rrs, tlyA

Clofazimine Rv0678, pepQ

Delamanid ddn, fgd1, fbiA, fbiB and fbiC

Ethambutol embA, embB, embC, ubiA

Ethionamide inhA, ndh, ethA, ethR

Fluoroquinolones gyrA, gyrB

Isoniazid katG, inhA, ndh, furA, kasA

Kanamycin rrs, gidB, eis, tap, whiB7

Linezolid rplC, rrl

Pyrazinamide pncA, rpsA, panD

Rifampicin rpoB

Streptomycin rpsL, rrs, gidB, tap, whiB7

Drug resistance can be defined according to
different criteria. Clinical resistance is based on
breakpoints determining the likelihood of thera-
peutic failure during treatment. Even though this
definition is useful for clinical practice, it does
not consider low-level resistance mechanisms
that increase the MIC without reaching the break-
point, thus representing an hallmark of a possible
evolutionary trend towards high-level (clinically
relevant) resistance (Baquero 2001; Martínez et
al. 2015). Alternatively, resistance could be re-
ferred according to an epidemiological definition:
the European Committee on Antimicrobial Sus-
ceptibility Testing (EUCAST) established com-
mon ECOFFs defined as the MIC value cor-
responding to the upper limit of the wild-type
population of a specific bacterial species (Kro-
nvall 2010). In this case, low-level resistance
can be also determined. Table 12.2 summarizes
main genomic regions involved in the emergence
of drug resistance to preeminent anti-tubercular
drugs (see Chap. 14).

Rifampicin is an excellent example for molec-
ular evaluation of phenotypic resistance: more
than 95% of the mutations causing drug resis-
tance are mapping in a short (81 nucleotides
in length) “hot-spot” region in the rpoB gene
(Ramaswamy and Musser 1998). Despite the
variability of mutations found, four mutations

(D516V, H526Y, H526D, and S531L – refer to
Andre 2016 for corresponding M. tuberculosis
codon numbering system (Andre et al. 2016)) ac-
count for more than 70% of resistant clinical iso-
lates. Different mutations can also be associated
to different fitness (Comas et al. 2011; Brandis et
al. 2012; de Vos et al. 2013). Due to the lower
rate of spontaneous mutations, rifampicin resis-
tance alone is rarely observed, and the major-
ity of rifampicin-resistant isolates have already
accumulated mutations conferring resistance to
isoniazid (Coker 2004). This observation ini-
tially leads policy-makers to consider rifampicin-
resistance as a marker for MDR tuberculosis.
However, further data showed that rifampicin
resistance is not a good surrogate marker at the
global level for MDR-TB and its reliability is
strictly dependent on the rate of primary re-
sistance to rifampicin in the setting considered
(WHO 2004).

Isoniazid resistance is caused by mutations af-
fecting different genomic regions: approximately
60% and 20% of resistant cases are caused re-
spectively by mutations affecting the codon 315
in the katG gene and the position �15 in the
inhA gene promoter region (Seifert et al. 2015).
Different mutations in these regions slightly in-
crease the percentage of isolates with at least one
reported mutation. The mutation frequency was

http://dx.doi.org/10.1007/978-3-319-64371-7_14
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also found to be different according to the geo-
graphical distribution (Seifert et al. 2015). Other
genomic regions involved in isoniazid resistance
are in the ndh, furA and kasA genes, however
their contribution is usually below 1% (Banerjee
et al. 1994; Kelley et al. 1997; Sreevatsan et al.
1997; Banerjee et al. 1998; Slayden and Barry
2000; Lee et al. 2001; van Doorn et al. 2003;
Vilchèze et al. 2005). Recently, another potential
target of the drug has been proposed: the MymA
protein, a flavin-containing monooxygenase was
found to be inhibited by isoniazid in modeling
and biochemical analyses (Saraav et al. 2017).
Further studies will help in understanding any
role of this putative target in the development
of isoniazid resistance. Other studies focusing on
bacterial persistence underlined the complexity
of the interaction between antibiotics and bacte-
ria. In particular, studies on isoniazid showed that
single-cell dynamics of the isoniazid-activating
enzyme catalase-peroxidase (KatG) are driving
the success of the drug; thus, persistence to iso-
niazid was likely due to reversible phenotypic
tolerance rather than stable genetic mutations
(Wakamoto et al. 2013). Several mechanisms of
bacterial persistence have been described, and
many were also found in M. tuberculosis (Nathan
2012; Dartois et al. 2016; Harms et al. 2016).

Ethambutol resistance is caused by mutations
affecting the embCAB operon, and the embR
gene encoding for its regulator (Telenti et al.
1997). Most frequent mutations are observed at
codon 306 of the embB gene (approximately
70% of resistant cases) (Zhang and Yew 2015).
Recently, mutations affecting the ubiA gene have
also been associated with ethambutol resistance
(Safi et al. 2013; He et al. 2015). Researchers
started to characterize the frequency of mutations
at this locus in clinical isolates. However, they
seems associated to particular geographical re-
gions (Xu et al. 2015; Lingaraju et al. 2016).

Pyrazinamide resistance is caused by muta-
tions affecting the pncA gene encoding the pyraz-
inamidase enzyme required to convert pyrazi-
namide to its active form pyrazinoic acid (Zhang
and Mitchison 2003). Resistance-conferring mu-
tations are spread along the entire gene, includ-
ing the promoter region, and a clear hot-spot

region cannot be identified. In addition, more
than 600 different mutations (including indels)
have been described in the literature, making the
detection of individual mutations or a restricted
subset of them useless for diagnostic purposes
(Miotto et al. 2014; Ramirez-Busby and Valafar
2015; Whitfield et al. 2015). In some cases,
insertion of the IS6110 mobile genetic element
in the gene has been also reported (Gillespie
2002). According to the most recent systematic
review available, mutations in the pncA locus
are responsible of 83% of pyrazinamide resistant
cases (Ramirez-Busby and Valafar 2015). Muta-
tions affecting two novel genetic loci have been
associated with the emergence of pyrazinamide
resistance: evidences suggest that rpsA and panD
genes are involved in the mechanism of action
of the drug (Yang et al. 2015; Pandey et al.
2016), however only a relatively small number of
clinical isolates have been characterized for these
genomic regions, and the clinical relevance of
these targets remains questionable. Pyrazinamide
monoresistance is an extremely rare phenotype
(with the exception of M. bovis and M. canettii)
and any phenotypic resistance in the absence
of pncA mutations should be interpreted with
extreme caution.

Streptomycin resistance is caused by muta-
tions in the rpsL gene, with codons 43 and
88 as the most affected ones. Mutations in this
genetic locus account for approximately 50% of
streptomycin-resistant clinical isolates. An addi-
tional 10% of resistant strains harbor mutations
in regions 530 and 912 of the rrs gene (Sree-
vatsan et al. 1996). Other genes described as
involved in streptomycin resistance are gidB, tap
and whiB7 genes (Okamoto et al. 2007; Wong
et al. 2011; Reeves et al. 2013). Mutations in
the rrs gene but at different region (region 1400)
are also associated with resistance to amikacin,
kanamycin and capreomycin (Alangaden et al.
1998; Maus et al. 2005). In addition, mutations
in the promoter region of eis gene and in the tlyA
gene are responsible of kanamycin and capre-
omycin resistance, respectively (Johansen et al.
2006; Zaunbrecher et al. 2009). According to
Georghiou et al., the rrs 1401 mutation alone is
found in 70–80% of amikacin and capreomycin
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resistant isolates, and in 60% of strains resistant
to kanamycin (Georghiou et al. 2012). The con-
tribution of mutations in the promoter region of
the eis gene to kanamycin resistance is variable
across different geographical regions, however in
some settings it can rise up to more than 60% of
resistant cases (Hoshide et al. 2014). The contri-
bution of mutations in tlyA gene in determining
capreomycin resistance remains low to moderate
(5–10%) (Campbell et al. 2011; Georghiou et al.
2012).

Similarly to the other anti-tubercular drugs,
resistance to fluoroquinolones is promoted by
sub-optimal bacterial-drug exposure (Miotto
et al. 2015). Main drug resistance-associated
mutations are found in the quinolone resistance
determining regions (QRDRs) of the gyrA and
gyrB genes. In particular, 80% of resistant cases
harbor mutations in the QRDR of the gyrA gene,
whereas mutations in the gyrB gene contribute
for less than 1% of resistant cases (Avalos et
al. 2015). Several studies showed that the levels
of resistance to the different fluoroquinolones
(namely levofloxacin, ciprofloxacin, ofloxacin,
moxifloxacin, gatifloxacin) are associated with
the type of mutation present in the gyrA and gyrB
genes, however MIC values for isolates with the
same mutation vary widely (Kam et al. 2006;
Nosova et al. 2013; Kambli et al. 2015; Chien
et al. 2016; Farhat et al. 2016a, b). Concordance
in resistance testing among fluoroquinolones
was found to be low (Farhat et al. 2015;
Coeck et al. 2016). These observations lead to
consider the possibility to use later-generation
fluoroquinolones (moxifloxacin, gatifloxacin)
to treat cases resistant to earlier generation
(levofloxacin, ciprofloxacin, ofloxacin) fluoro-
quinolones (resistance detected by phenotypic
tests using CC published in 2012). According to
Farhat et al. (2015), nearly 30% of strains had
moxifloxacin MICs in the intermediate range,
likely below the peak serum concentrations
of the drug, and thus clinically treatable
with standard doses of moxifloxacin (despite
distribution of drugs in the granulomas could
not reflect the serum level of the antibiotic, as
suggested by Dartois and Barry 2013). Similarly,
a previous study described ofloxacin-resistant

cases showing improved treatment outcomes
when treated with moxifloxacin (Jo et al. 2014).
Van Deun et al. suggested that specific gyrA gene
mutations can be used to predict poor treatment
outcome in MDR tuberculosis, and in particular
mutations other than Ala substitution at codon
94 are associated with high-level resistance to
gatifloxacin and moxifloxacin (Rigouts et al.
2016).

Data for drugs recently introduced in the treat-
ment of MDR and XDR tuberculosis such as line-
zolid, delamanid, bedaquiline and clofazimine
are scarce, both in terms of genetic loci involved
and prevalence (Bloemberg 2015; Xu 2017). Fur-
ther work is needed to fill present knowledge
gaps. Resistance to linezolid is mainly caused by
mutations in rplC and rrl genes (Hillemann et al.
2008; Beckert et al. 2012; Makafe et al. 2016),
whereas resistance to delamanid is mediated by
mutations affecting ddn, fgd1, fbiA, fbiB and
fbiC genes (Stover et al. 2000; Choi et al. 2001;
Matsumoto et al. 2006; Manjunatha et al. 2006;
Feuerriegel et al. 2011). Resistance to delamanid
has been observed in strains never exposed to the
drug and presenting mutations in ddn (Schena et
al. 2016). Mutations affecting mmpL5, mmpS5,
pepQ, Rv0678, atpE genes cause resistant to
bedaquiline (Andries et al. 2005; Huitric et al.
2010; Andries et al. 2014; Hartkoorn et al. 2014;
Almeida et al. 2016; Segala 2012). Mutations in
Rv0678 and pepQ were found to confer cross-
resistance between bedaquiline and clofazimine,
an antileprosy drug recently gaining attention
for treating MDR tuberculosis (Hartkoorn et al.
2014; Almeida et al. 2016). In particular, muta-
tions in Tv0678 were linked to the upregulation
of mmpS5 and mmpL5 genes. Resistance medi-
ated by pepQ mutation seems to be associated
with increased drug efflux, but this is not due to
upregulation of mmpL5 and mmpS5 expression
as in the case of resistance mediated by mutations
in the Rv0678 gene.

The frequency of mutations in these genomic
regions remain to be determined in clinical iso-
lates and only limited data on small number of
samples are available.

The mycobacterial cell wall permeability bar-
rier and active multidrug efflux pumps represent
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a relevant role in the development of phenotypic
drug resistance in M. tuberculosis (De Rossi et
al. 2006; Escribano et al. 2007; Louw et al. 2009;
da Silva et al. 2011). Studying these specific
aspects of the biology of M. tuberculosis requires
more sophisticated experiments and the identifi-
cation of mutations related to these mechanisms
is more complex; therefore, there are very limited
data available on clinical isolates covering these
mechanisms of resistance (see Chap. 14).

For drugs sharing the same molecular
target cross-resistance is commonly observed.
This phenomenon has been reported for
fluoroquinolones, second-line injectable drugs,
but also for isoniazid and ethionamide. However,
it should be noted that certain mutations confer
different level and pattern of resistance among
the different drugs. Table 12.3 summarizes some
of the main information available on cross-
resistance and its molecular bases, together with
main references.

12.3.2 Molecular Identification
of the Drug Susceptibility
Profile of M. tuberculosis

The bottleneck in the molecular detection of
drug resistance in M. tuberculosis is the limited
knowledge of the relevant mutations responsi-

ble of the resistant phenotype (Zhang and Yew
2015). There are several genotypic approaches to
detect known mutations causing drug resistance;
the use of the polymerase chain reaction (PCR)
in the diagnosis of tuberculosis was introduced
in 1990 (Patel et al. 1990) and few years later,
starting on 1993 (Telenti et al. 1993), PCR-based
assays have been developed for the detection of
drug resistance in M. tuberculosis (for reviews
on early developed methods please refer to Caws
2001; García de Viedma 2003). Together with
undeniable advantages in terms of both ease of
use and reduced time-to-results, the introduction
of molecular assays for direct drug susceptibility
profiling of M. tuberculosis in specimens also re-
duced biosafety risks associated with the manip-
ulation of live pathogens, especially in resource-
limited settings (WHO 2008; Parsons et al. 2011;
WHO 2013; Somoskovi and Salfinger 2015).

Although molecular techniques can detect a
single bacillus in a specimen (at least in theory),
sensitivity can be hampered by the presence of in-
hibitors in clinical specimens and loss of nucleic
acids during specimen processing. In addition,
the need to detect mutations affecting multiple
genes (e.g. those required to identify delamanid
or bedaquiline resistances) and/or the multiplicity
of mutations on a single target (e.g. mutations in
pncA gene associated with pyrazinamide resis-

Table 12.3 Genes involved in cross resistance to anti-TB drugs

Cross-resistances Genomic region Example mutations References

Amikacin, kanamycin,
capreomycin

rrs a1401g, a1484t Blumberg et al. (2003), Maus et al.
(2005), and Georghiou et al. (2012)

Bedaquiline, clofazimine Rv0678 S63R, R134Stop Hartkoorn et al. 2014

pepQ A14ins c, R271del c, L44P Almeida et al. (2016)

Ciprofloxacin,
levofloxacin, ofloxacin,
moxifloxacin

gyrA G88C, A90V, S91P, D94N,
D94G, D94Y N538D,
E540V,

Malik et al. (2012), Nosova et al.
(2013), Imperiale et al. (2014), and
Willby et al. (2015)

gyrB R485C C T539N

Levofloxacin, ofloxacin gyrB D500H, D500N Malik et al. (2012)

Isoniazid, ethionamide inhA c-15t Imperiale et al. (2014) and Rueda et al.
(2015)

Rifampicin, rifabutin rpoB Q513E, Q513K, Q513L,
Q513P, S531L, S531F,
S531W, H526D, H526Y,
H526R, D516A C R529Q

Bodmer et al. (1995), Sintchenko et al.
(1999), Goldstein (2014), Jamieson et
al. (2014), Imperiale et al. (2014), and
Berrada et al. (2016)

http://dx.doi.org/10.1007/978-3-319-64371-7_14
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tance) considerably limit the choice to the tech-
niques with a sufficient capacity for multiplexing.

Starting in 2008, molecular tools detecting
rifampicin resistance-associated mutations have
been formally endorsed by the World Health Or-
ganization, as they represent cost-effective rapid
diagnostics for fast detection of resistant cases. In
particular, based on evidence and expert opinion,
the WHO endorsed the use of molecular line
probe assays (LiPAs), and the Xpert MTB/RIF
assay (Cepheid) for the rapid detection of MDR
tuberculosis cases (WHO 2008, 2013; Gilpin
et al. 2016).

The commercially available LiPAs are based
on targeted amplification of specific regions of
the M. tuberculosis genome followed by hy-
bridization of the amplicons to oligo probes im-
mobilized on nitrocellulose strips. The INNO-
LiPA Rif.TB (Innogenetics) has been designed to
detect rifampicin resistance alone by targeting the
hot-spot region of the rpoB gene with five wild-
type probes and four probes specific for most fre-
quent rifampicin resistance-associated mutations
(D516V, H526Y, H526D, and S531L). Reported
pooled sensitivity and specificity are 97% (95%
CI 95.0–98.0) and 99% (95% CI 98.0–100.0),
respectively (Morgan et al. 2005). The Geno-
type MTBDRplus assay by Hain Lifescience de-
tects both rifampicin and isoniazid resistance.
The test targets the hot-spot region of the rpoB
gene with eight wild-type probes and four probes
specific for most common rifampicin resistance-
associated mutations (D516V, H526Y, H526D,
and S531L). The detection of isoniazid resis-
tance is enabled by one wild-type probe plus two
mutated probes for the katG gene (S315T, nu-
cleotidic substitutions agc/acc and agc/aca) and
two wild-type probes plus four mutated probes
for the promoter region of the inhA gene (c-
15t, a-16g, t-8c, and t-8a). The pooled sensi-
tivity for the detection of rifampicin resistance
was reported 98.1% (95% CI 95.9–99.1), with a
specificity of 98.7% (95% CI 97.3–99.4). Results
for isoniazid showed lower sensitivity (84.3%,
95% CI 76.6–89.8) but high specificity (99.5%,
95% CI 97.5–99.9) (Ling et al. 2008). More re-
cently a non-inferiority study of the new version
of the GenoType MTBDRplus assay (version

2) and a newly developed LiPA assay named
Nipro NTM C MTBDRTB assay (Nipro Cor-
poration) was published. Both tests have been
designed to detect rifampicin and isoniazid re-
sistance. The GenoType MTBDRplus assay ver.
2 targets the regions already described for the
MTBDRplus ver.1 assay. Similarly, the Nipro
assay targets the hot-spot region of the rpoB gene
for rifampicin resistance (5 wild-type probes plus
four mutated probes targeting D516V, H526Y,
H526D, and S531L substitutions), whereas for
isoniazid resistance the assay targets four wild-
type probes plus two mutated probes for the katG
gene (S315T, and S315N) and one wild-type
probe plus four mutated probes for the promoter
region of the inhA gene (c-15t, a-16g, t-8c, and
t-8a). Non-inferiority of MTBDRplus ver.2 and
Nipro assays to MTBDRplus ver.1 was demon-
strated for rifampicin and isoniazid resistance
detection (Nathavitharana et al. 2016).

The Genotype MTBDRsl (Hain Lifescience)
is the only molecular test designed for the detec-
tion of resistance to second-line drugs. The assay
targets the QRDR of the gyrA gene (three wild-
type probes plus six mutated probes targeting
mutations A90V, S91P, D94A, D94N/Y, D94G,
and D94H) and the region 1400 of the rrs gene
(two wild-type probes plus two mutated probes
targeting a1401g, and g1484t). In addition, the
assay targets the codon 306 of the embB gene
for ethambutol resistance. The pooled sensitivity
for detecting fluoroquinolone resistance on iso-
lates was 83.1% (95% C.I. 78.7–86.7) and the
pooled specificity was 97.7% (95% C.I. 94.3–
99.1), respectively. Similar performances were
found for direct testing in clinical specimens. Per-
formance on second-line injectable drugs resis-
tance (amikacin, kanamycin, and capreomycin)
showed a pooled sensitivity of 76.9% (95% C.I.
61.1–87.6) and a pooled specificity of 99.5%
(95% C.I. 97.1–99.9), respectively (Theron et al.
2014). The new version of the MTBDRsl assay
(version 2) in addition to gyrA and rrs genes
targets also the QRDR of the gyrB gene for
fluoroquinolone resistance (one wild-type probe
plus two mutated probes targeting N538D, and
E540V), and the promoter region of the eis gene
for kanamycin resistance (three wild-type probes
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plus one mutated probe targeting c-14t); the tar-
get region for ethambutol has been removed.
The new version of the assay showed improved
performances (Tagliani et al. 2015; Brossier et al.
2016), and very recently, the WHO also provided
recommendations for the use of the MTBDRsl
for the detection of resistance to second-line anti-
tuberculosis drugs (WHO 2016).

Despite the good performances of the LiPAs
on clinical isolates and smear-positive clinical
specimens, it should be noted that the WHO does
not recommend the use of these assays for smear-
negative samples. MTBDRsl assay (version 2)
is recommended to triage patients for the short
MDR regimen. Although not perfect, this assay
can identify patients that are resistant to all sec-
ond line injectable drugs (presenting the a1401g
mutation in rrs) from those that may still respond
to amikacin (position 1402, rrs gene). Patients
presenting mutations in the promoter region of
eis could also still be treatable with capreomycin.

At present guidelines for interpreting the
genotype to predict drug responses are under
preparation and more data are collected to
support the interpretation of mutation pattern
for clinical management of DR tuberculosis.

The Cepheid Gene Xpert MTB/RIF system
is a fully automated real time PCR-based assay
for the detection of M. tuberculosis DNA and
mutations associated with rifampicin resistance,
directly in clinical specimens (Boehme et al.
2010). The assay uses semi-nested PCR to
amplify the hot-spot region of the rpoB gene
(RRDR) resistance is detected by five molecular
beacons targeting both wild-type sequences
and the most common mutated codons. For
the detection of rifampicin resistance, the
pooled sensitivity and specificity were 95%
and 98%, respectively (Steingart et al. 2014).
Due to the high sensitivity of the assay, the
Xpert MTB/RIF is also recommended for
smear-negative specimens, and extra-pulmonary
samples (WHO 2013; Denkinger et al. 2014).
Despite these recommendations the sensitivity on
paucibacillary samples remains suboptimal com-
pared to liquid culture. Additional limitations for
this test are the suboptimal negative predictive
value (Theron et al. 2014), the capacity to detect

heteroresistance to rifampicin (Zetola 2014), low
capacity to detect the C533G mutation (Rufai
et al. 2014) and occasional rifampicin resistant
false positive cases due to delays in the signal
generated by the probes D and E (Williamson
2012) or detection of silent mutations such
as F514F. A new generation of Xpert assay,
named Ultra, was recently developed and
evaluated in a non inferiority study including the
previous version (https://www.finddx.org/wp-
content/uploads/2017/03/Ultra-WHO-report_
24MAR2017_FINAL.pdf). The Ultra is an
improved version of the previous test (G4)
working on the same platform after upgrade
of software. The main differences between G4
and Ultra are: the increased volume of the PCR
chamber, the target genes for detection of MTB
(two multicopy genes IS6110 and IS 1081) and
faster reaction kinetics. Rifampicin resistance is
detected using the melting temperature curves
of RRDR-specific probes. Samples are defined
positive according to five semiquantitative
categories. The first four (high, medium, low
and very low) correspond to the G4 categories
while the last one, “trace”, is new.

The Ultra cartridges have been endorsed by
WHO in April 2017. In the first prospective mul-
ticenter study comparing G4 and Ultra, the Ultra
showed an increased sensitivity (C17%) in smear
negative respiratory samples and HIV coinfected
subjects (C 14%). Specificities of Ultra and G4
for case detection were 95.6% and 98.3%, over-
all, and 93.5% and 98.4% among patients with a
history of tuberculosis. The decreased specificity
in patients with history of tuberculosis is mainly
in the category of results labeled as “trace”.
Samples resulting positive as “trace” will not be
further analyzed for rifampicin resistance. Large
amount of data will be needed to define the
diagnostic value of the “trace” category. “Trace”
positive subjects could be managed differently
based on local TB epidemiology, patient’s history
and immunological status (Chakravorty et al.
2017).

As already mentioned, the clinical value of
molecular assays relies upon our knowledge
of the mutations involved in the emergence of
drug resistance in M. tuberculosis, evidences

https://www.finddx.org/wp-content/uploads/2017/03/Ultra-WHO-report_24MAR2017_FINAL.pdf
https://www.finddx.org/wp-content/uploads/2017/03/Ultra-WHO-report_24MAR2017_FINAL.pdf
https://www.finddx.org/wp-content/uploads/2017/03/Ultra-WHO-report_24MAR2017_FINAL.pdf
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suggest that future drug resistance diagnostics
will need to be able to detect high numbers
of mutations to impact on the management of
patients with drug-resistance tuberculosis (Farhat
et al. 2016b). However, additional considerations
should be taken into account in the evaluation of
such tools. First, whereas in settings with a high
prevalence of rifampicin resistance and MDR-
TB, these tests may be a valuable component of
an MDR-TB management strategy, molecular
tests for rifampicin resistance alone cannot
accurately predict resistance in areas with a
low prevalence of rifampicin resistance (Arentz
et al. 2013; WHO 2013; Drobniewski et al.
2015). Thus, careful evaluation of the setting
should performed prior introduction of molecular
assays. Second, although some molecular tools
are often easier to be performed compared to
phenotypic DST, interpretation challenges may
arise. Whereas rare or novel mutations usually
do not account for the majority of resistance
determination based on the absence of wild-
type probe hybridization, continuous evaluation
of geographical mutation frequencies might be
needed for maximizing the impact of molecular
diagnostics (Seifert et al. 2016; Sanchez-
Padilla et al. 2015). Similarly, false-positive
rifampicin resistance detection or detection of
M. tuberculosis DNA by Xpert MTB/RIF assay
in culture-negative patients can be confusing
and detrimental for patient management (Huh et
al. 2014; Lippincott et al. 2015). Third, clear
data on the relationship between genotype,
phenotype and response to treatment are
limited. Phylogenetic polymorphisms, mutations
associated with hyper-susceptibility and/or
different level of resistance, and differences
related to the phenotypic testing method used
as reference have been described. Distinctive
geographical distributions of drug resistance-
associated mutations further complicate the
clinical interpretation of genetic polymorphisms
(Aubry et al. 2006; Rigouts et al. 2013;
Feuerriegel et al. 2014; Hoshide et al. 2014;
Van Deun et al. 2015; Kambli et al. 2015; Singh
et al. 2015; Coeck et al. 2016; Berrada et al.
2016; Kambli et al. 2016).

Target product profiles in terms of minimal
requirements, performances and controls for
developing new molecular diagnostic assays for
drug-resistant tuberculosis and guidelines for
their successful evaluation have been developed
to guide the development of new assays (Wells
et al. 2013; Kik et al. 2014; WHO 2015;
Denkinger et al. 2015). Currently, large efforts
are devoted to fill the gaps in our understanding
of the genotype-phenotype relationships. We
can now take advantage from the onset of
next generation sequencing (NGS). NGS is
making whole genome sequencing (WGS)
affordable in the broader field of microbiology
(Punina et al. 2015; Gilchrist et al. 2015).
Several automated or semi-automated tools for
interpreting M. tuberculosis drug resistance in
WGS data are already available (Steiner et al.
2014; Flandrois et al. 2014; Bradley et al. 2015;
Feuerriegel et al. 2015; Coll et al. 2015). Recent
studies highlight the need for standardized
databases for interpreting genotype-phenotype
correlation in clinical contexts (Witney et al.
2015). At this end, a large collaborative project
involving academic institutions, public health
agencies, and nongovernmental organizations
has been established to develop a tuberculosis
relational sequencing data platform (ReSeqTB)
for improving understanding of the relationships
between genotype, phenotype and clinical
outcomes (Starks et al. 2015; Schito and Dolinger
2015; https://platform.resqtb.org/). Another
consortium named “CRyPTIC” (Comprehen-
sive Resistance Prediction for Tuberculosis,
www.crypticproject.org/) aims at developing
a sufficient number of sequences to unveil all
possible variants leading to drug resistance.

12.4 Discrepancies Between
Phenotypic and Genotypic
Tests

Since the introduction of molecular tests for
the diagnosis of drug resistant tuberculosis,
several reports showing conflicting results were
published. Discrepancies between molecular
methods to detect drug resistance (including

http://www.crypticproject.org/
https://platform.resqtb.org/
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Table 12.4 Main reasons for genotype/phenotype discrepancies

Mutation is out side the region targeted by the molecular assay

Mutation confers low level resistance and CC is set to high

Presence of unknown mechanisms conferring DR

Trivial errors in the performance of DST

Presence of heteroresistance not detected by molecular methods

Molecular assay detect silent mutations

Errors due to probe interaction/binding in LPA or other molecular assays

rifampicin resistance) and traditional phenotypic
methods have caused confusion and in many
settings have decreased the confidence in
molecular tests. This has resulted in delay in
starting treatment or inappropriate treatment
when priority was given to phenotypic data.
These discrepancies could be due to real
“false positive” or “false negative” results
of the tests used for the determination (both
genotypic or phenotypic) or can be linked to
more complex reasons. Table 12.4 lists the
most frequent reasons for the discrepancies. As
already mentioned, phenotypic tests performed
on different media may yield conflicting results
when the MIC of the strain for the drug tested
is close to the critical concentration (Coeck
et al. 2016). Technical issues related to the
methodology used for DST, quality of media and
drugs, experience of the staff can strongly affect
the reliability of the test. Testing M. tuberculosis
sensitivity by phenotypic methods should only
be performed in laboratories maintaining a high
standard in performance and with a consistent
workload.

Additional causes for discrepancies are linked
to the use of CCs established at value that are
too high and don’t represent the true distribution
of the wild type and mutant bacterial population.
When drugs can be used at higher doses without
causing serious side effects, a clinical breakpoint
can be established, and in some case it is recom-
mended to test the drug at two concentrations.
Phenotypic sensitivity at the higher concentration
should not be interpreted as a “true discrepancy”
but as useful information for the clinical manage-
ment of the patient. Moxifloxacin is a candidate
drug for testing at two concentrations.

Our knowledge on the mechanisms confer-
ring drug resistance is still limited, and in some
case determinants that are causing resistance are
not properly investigated. The implementation of
whole genome sequencing has highly improved
our knowledge of genomic variants causing drug
resistance. For some minority variants the associ-
ation to drug resistance will need to be confirmed
by reverse genetic experiments. Some molecu-
lar assays are not able to discriminate “silent”
from “non-silent” mutations: F514F is the most
common silent mutation in rpoB, if detected by
molecular assay the sample may be misinterpre-
tated as rifampicin-resistant.

Table 12.5 summarizes some of the most com-
mon mutations causing DR and expected pheno-
type.

12.5 Whole Genome Sequencing
as Novel Approach
to Susceptibility Testing

The whole genome sequencing (WGS) approach
offers a powerful alternative for diagnosis
of drug-resistant tuberculosis, promising a
rapid and accurate determination of all the
clinically-relevant mutations (Drobniewski et
al. 2015; Witney et al. 2015; Walker et al. 2015).
Indeed, using this methodology, clinicians could
promptly obtain relevant information on the
best therapy to adopt, receiving information on
sensitivity to the first-line drugs, as well as to
second-line and new agents. In addition, it is now
accepted that the emergence of drug resistance is
not always caused by point mutations affecting
only single genes, but the presence of other
mechanisms, such as compensatory mutations,
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Table 12.5 Most common mutations causing DR and the expected phenotype

Antimicrobial
agent Gene

Common
mutations

Less common
mutations Expected phenotype

Isoniazid katG S315T S315T, S315N,
S315I, S315L,
additional
mutations in
katG coding
region

S315T is the most common mutation
conferring resistance to INH, is associated to
medium to high level of resistance, is the most
represented mutation in MDR strains

inhA promoter �15C/T �8T/C, �8T/A,
�8T/G, �9G/T,
�16A/G,
�17G/T

Often associated with low-level INH
resistance, confers ethionamide resistance.

Some strains may tests sensitive by
phenotypic DST

inhA coding
region fabG1

Different
codons may be
affected

Mutations in the coding regions are non
detected by LPA commercial assays and/or
assays targeting the promoter. Presence of
mutations in the coding region in association
with mutations in the promoter increases the
level of resistance.

ahpC promoter �48C/T �52G/A,
�54G/A,
�51C/T,
�52G/T,
�49A/G,
�57G/A

Associated with INH resistance. Few data
available

Rifampin rpoB S531L L511P, L533P,
D516Y, H526N,

S531 L is the most frequent mutation
identified in MDR TB, associated with
resistance to all rifamicins

H526Y S522L, H526L,
H526A, H526C,
D516F, D516V

F514F is the most common silent mutation. It
can cause misinterpretation of resistance to
rifampicin if not recognised.

H526D Q513A, Q513E,
H526Y, H526D,
H526R, S531W,
S531F, S531L,
V176F.

L511P, L533P, D516Y, H526N “disputed”
mutations. Are associated to rifampicin
resistance if tested on solid media, may test
sensitive when tested in MGIT. Associated to
poor clinical outcome should be interpreted as
conferring resistance and rifampicin should
not be counted as a fully active drug in the
therapeutic regimen.

S522 L, H526L, H526A, H526C, D516F,
D516V: those mutations have been associated
to rifampicin resistance and rifabutin
sensitivity. This is still a disputed issue and
more data on mic distribution for rifabutin are
needed

Ethambutol embB M306V M306L, M306I
D354A, G406D,
etc

M306V is the most frequent mutation
associated with R to EMB.

Not all mutations in embB are associated with
EMB-R. Discrepant phenotypic/genotypic
results are expected due to the CC used for in
vitro testing

(continued)
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Table 12.5 (continued)

Antimicrobial
agent Gene

Common
mutations

Less common
mutations Expected phenotype

Pyrazinamide pncA No predominant
mutations

Pyrazinamide monoresistance is associated to
M.bovis and M.bovis/BCG due to the presence
of a characteristic mutation in position 57. For
all other cases phenotypic resistance to
pyrazinamide in the absence of mutations
should be interpreted as false resistance. pncA
mutations are widely distributed throughout
the gene and its promoter.

Some mutations such as E37V, D110G,
V163A, A170V and V180I, are not associated
with PZA-R

panD I49V, I115T Few data to support the role of panD as main
determinant for PZA resistance. It is causing
resistance in M. canetti

Quinolones gyrA D94G D94Y, D94H,
D94A, D94N,
S91P; G88A,
mutations
outside hot spot

D94G causes resistance to all
fluoroquinolones (including moxifloxacin and
gatifloxacin) in the presence of this mutation
fluoroquinolone treatment is not
recommended or if performed should be
condered potentially not effective despite
results of “in vitro” phenotypic testing

A90V A90V is associated resistance to levofloxacin
and to lower level resistance to moxifloxacin
and gatifloxacin

Amikacin rrs 1401A/G 1484G/T 1401A/G is the most frequent mutation;
confers resistance to AMK and all second line
injectables

1484G/T may be associated with R to AMK.

eis �14C/T may confer very low level resistance

Capreomycin rrs 1401A/G 1402C/T,
1484G/T

1401A/G is the most common mutation;
Usually associated with R to CAP.

1402C/T and 1484G/T mutations may also be
associated with R to CAP.

tlyA No predominant
mutations

Mutations are widely distributed throughout
the gene.

Not all mutations are associated with R to
CAP.

role of the different mutations is still disputed

Kanamycin rrs 1401A/G, 1402C/T,
1484G/T

1401A/G is the most common mutation and
associated with high level R to KAN.

1402C/T may be associated with low-level R
to KAN.

eis promoter �10G/A Confer KAN-resistance, short MDR regimen
with kanamycin cannot be used for treatment.
May induces increased mic to Amikacin.
Capreomycin could still be effective

�12C/T

�14C/T

�37G/T

�12C/T may confer low level R to KAN.

(continued)
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Table 12.5 (continued)

Antimicrobial
agent Gene

Common
mutations

Less common
mutations Expected phenotype

Bedaquiline atpE D28N, A63V Mutations in C ring of the ATP synthase may
be associated with BDQ resistance.

mmpR No predominant
mutations

A new publication indicated mutations in
mmpR may be associated with BDQ-R.

Delamanid fbiA (Rv3261),
fbiB (Rv3262),
fbiC (Rv1173),
fgd1 (Rv0407)

Mutations in genes involved in coenzyme
F420 biosynthesis and metabolism has been
proposed as possible mechanisms of resistance
to DLM (Choi KP et al., J. Bacteriol. 2002)
several mutations have been observed but
data correlating to DR are not yet available

ddn Stop codons in the ddn have been associated
to high level resistance

could explain the discrepancies observed
between phenotypic and genotypic results. With
the increasing number of genomic loci identified
by WGS as linked to resistance, the value of
this approach will increase in particular for
use in laboratory routine (Drobniewski et al.
2015; Pankhurst et al. 2016). Recent studies
underlined that over 100 genetic regions are
involved in the drug resistance pathways and
that mutations found within these regions could
play relevant roles. WGS therefore appears the
most suitable approach for a comprehensive
analysis, given an appropriate validation of all
the mutations by MIC and allelic exchange
experiments, and considering the correlation with
clinical outcomes (Zhang and Yew 2015). At the
moment, WGS can be used to rapidly identify
the known conferring-resistance mutations and,
consequently, to guide individualized treatment
decisions, even supporting for some drugs the
phenotypic DST results, due to the reliability
issues of the latter (Koser 2013). Among the
advantages of WGS over the molecular tools
currently recommended by the WHO, there is
the possibility to provide information on the
specific nucleotide substitutions that confer
different levels of phenotypic resistance (e.g.
mutations affecting codons 90 and 94 in gyrA)
and the analysis of large genomic regions not
limited to hotspot fragments (e.g. pncA complete
coding and promoter sequencing; mutations
outside the rpoB RRDR and gyrA-gyrB QRDR).
WGS can also provide information to support

conventional contact tracing for epidemiological
studies, given its high discriminatory power in
determining phylogenetic lineages (see Chap. 4),
and in tracking the circulating strains and
their relatedness (Drobniewski et al. 2015;
WHO/UNITAID 2015; Witney et al. 2015).
Thus, it may be possible to diagnose drug
resistance and monitor transmission events at
the same moment, with considerable impact
on public health strategies (Arinaminpathy
2015). WGS platforms have been already
adopted in many TB supranational and national
reference laboratories, as well as in research
laboratories: several groups are working to
reduce the complexity of such technologies,
from the hardware to the analysis part, with
the final aim to make this technology accessible
to all (Chap. 3). Already, several Countries are
moving towards a centralized genomic approach
for detection of sensitivity at least to first line
antitubercular drugs. In addition WGS provides
detailed information on the prevalence of strains
and drug resistance patterns in the different
settings, thus helping the strategies adopted
by TB control programs at local and national
levels (WHO/UNITAID 2015; Zignol et al.
2016). The cost of WGS varies depending on the
technologies and numbers of sample analysed,
and it has now probably reached the price range
of the other tests performed in the hospital
laboratories. The cost benefit depends also on the
time needed to provide results, with a reduction
of around 4 weeks compared to phenotypic

http://dx.doi.org/10.1007/978-3-319-64371-7_3
http://dx.doi.org/10.1007/978-3-319-64371-7_4
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DST, avoiding also the use of ineffective and
expensive drugs and hospital isolation sectors
for long period of time (Drobniewski et al. 2015;
Witney et al. 2015). Despite the great opportunity
to provide a comprehensive analysis of MTB
primary cultures including species identification,
simultaneous determination of resistance to all
the anti-TB drugs through the interrogation of
the known molecular targets, and genotyping
and phylogenetic investigation to track the
transmission events, the use of the generated
information is challenging in decentralized
facilities due to the computational capacity and
bioinformatics skills required, and to the lack of
standardized reference, analysis pipelines, and
interpretation tools (Schito and Dolinger 2015).

Moving from culture-based WGS to direct
analysis from clinical samples with fully auto-
mated platforms could be the next step to make
this approach suitable for high burden settings.
Commercial tests based on NGS of specific tar-
gets are under development and will be available
in a near future.

12.6 Clinical Considerations

Moving into the era of “personalized medicine”
requires an appropriate and accurate classifica-
tion of the bacterial strains causing TB for both
the sensitivity patterns and the genotype. Treat-
ment of TB and of drug-resistant TB in particular
is still very long and associated with toxicity and
irreversible side effects. Treatment initiation in
the absence of data on the susceptibility of the
strain to the drugs selected should be avoided
whenever possible. Each patient deserves a re-
liable drug sensitivity test done under the best
conditions in a quality assured laboratory.

The introduction of additional therapeutic op-
tions, ranging from the adoption of the short
MDR regimen to the introduction of new or
repurposed drugs, requires a “triaging” of the
patient with MDR-TB in the shortest possible
time, it is clear that only molecular tools can
respond to this need.

In the past few years DST for M. tuberculosis
has evolved from a mostly “home made” test per-

formed in few laboratories with doubtful results
with turnaround time of months to a much needed
high-tech test. The promise of WGS is now the
“all in one” approach, with a prediction of the
resistance pattern associated to epidemiological
and genotypic information from clinical samples.

Although we recognize that rapid molecular
tests are still unable to predict sensitivity or resis-
tance in 100% of cases, they are still able to guide
therapy in the high majority of cases allowing
not starting or early discontinuation of potentially
toxic therapy in cases in which resistance can be
predicted.

It is becoming clear that the concept of “one
gold standard method” for testing M.tuberculosis
susceptibility to antibiotics is challenged by the
fact that the different tests are providing results
that at first may appear conflicting. This is caus-
ing confusion among clinicians and reluctance
in modifying therapy. We need to accept that
each drug may have a different testing standard
and that for some drug the genotypic results will
overrule the phenotype.

In some cases the use of MIC will provide
substantial information to decide on the discon-
tinuation of a therapy.

In the future, the same investment should be
made in training clinician in the interpretation
of molecular tests and MIC-based test, that we
have devoted to train microbiologists in the use of
molecular tests in order to translate into clinical
action the information that the technology will
allow to collect.
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Abstract

Mycobacterium tuberculosis is genetically isolated, with no evidence for
horizontal gene transfer or the acquisition of episomal genetic information
in the modern evolution of strains of the Mycobacterium tuberculosis
complex. When considered in the context of the specific features of the
disease M. tuberculosis causes (e.g., transmission via cough aerosol,
replication within professional phagocytes, subclinical persistence, and
stimulation of a destructive immune pathology), this implies that to
understand the mechanisms ensuring preservation of genomic integrity in
infecting mycobacterial populations is to understand the source of genetic
variation, including the emergence of microdiverse sub-populations that
may be linked to the acquisition of drug resistance. In this chapter, we
focus on mechanisms involved in maintaining DNA replication fidelity in
M. tuberculosis, and consider the potential to target components of the
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DNA replication machinery as part of novel therapeutic regimens designed
to curb the emerging threat of drug-resistance.

Keywords

Mutation rate • DNA polymerase • PHP domain • Drug resistance

13.1 Introduction

Horizontal gene transfer (HGT) was essential to
the emergence of M. tuberculosis as a human-
adapted pathogen (Boritsch et al. 2014). In con-
trast, and as noted elsewhere in this book (see
Chaps. 3 and 5), all available evidence suggests
a very limited role (if any) for HGT in the mod-
ern evolution of members of the Mycobacterium
tuberculosis complex (Galagan 2014). Instead,
comparative genomics indicate that the M. tu-
berculosis genome is shaped almost exclusively
by chromosomal rearrangements and mutations,
a conclusion consistent with the ecological isola-
tion of the tubercle bacillus, as well as the regular
bottlenecks encountered during the transmission
events which are essential to the ability of the
organism to persist within the human popula-
tion (Hershberg et al. 2008). As an intracellular
pathogen that preferentially resides within cells
of the host immune system, M. tuberculosis is
exposed to genotoxic environments (Darwin and
Nathan 2005; Dutta et al. 2010; Sassetti and
Rubin 2003), requiring the activity of specialist
DNA repair systems throughout infection (Gorna
et al. 2010). Moreover, and as noted previously
(Warner et al. 2014), the ability of M. tuber-
culosis bacilli to persist within the human host
while retaining the ability to reactivate decades
later (Lillebaek et al. 2002), suggests a critical
role for DNA metabolic pathways in the mainte-
nance of bacterial viability throughout extended
infection. In combination, these factors – ge-
netic isolation, exposure to genotoxic stress, and
long-term persistence – identify the processes of
DNA replication, repair, and recombination (the
so-called “3Rs”) as integral components of the

metabolic repertoire which defines mycobacterial
pathogenesis and evolution. The comparatively
high levels of polymorphisms in 3R genes (Dos
Vultos et al. 2008) has implicated these genes
in the evolution of M. tuberculosis by balancing
the need to maintain genome stability with the
need to adapt to the fluctuating and hostile en-
vironments encountered during host infection. It
may seem surprising, therefore, that very little is
known about the specific contributions of each of
the 3R systems, and the constituent components
thereof, to the maintenance of genomic integrity
on the one hand, and the fixation of mutations
which are essential to microdiversity (Warner et
al. 2015) and adaptive evolution, including the
emergence of drug resistance (McGrath et al.
2014), on the other.

In this chapter, we will concentrate specif-
ically on replicative fidelity, highlighting
the central role of the intrinsic proofreading
activity associated with the Polymerase and
Histidinol Phosphatase (PHP) domain of the
major replicative polymerase DnaE1, and the
roles of other DNA polymerases in genome
replication and maintenance in M. tuberculosis;
the roles of DNA repair and recombination in
mycobacterial genome dynamics, pathogenesis,
and evolution have been extensively reviewed
elsewhere (McGrath et al. 2014; Warner et al.
2014), and will not be discussed here. Rather,
we will provide a brief overview of recent
results pertaining to potential contributions of
the expanded complement of DNA polymerases
in the evolution of M. tuberculosis (Fig. 13.1).
In addition, we review the potential strategies
to target specific 3R pathways as part of novel
therapeutic interventions against tuberculosis.

http://dx.doi.org/10.1007/978-3-319-64371-7_5
http://dx.doi.org/10.1007/978-3-319-64371-7_3
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Fig. 13.1 Factors
impacting upon replication
fidelity in M. tuberculosis,
including the DNA
polymerases reviewed in
this chapter
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13.2 The DNA Polymerase
Complement
in Mycobacteria

The M. tuberculosis genome encodes eight DNA
polymerases: the C-family DNA polymerases,
DnaE1 (Rv1547) (Rock et al. 2015; Gu et al.
2016) and DnaE2 (Rv3370c) (Boshoff et al.
2003; Warner et al. 2010); the A-family
polymerase, PolI (PolA; Rv1629) (Gordhan
et al. 1996; Mizrahi and Huberts 1996); three
AEP family polymerases, LigD-POL (Rv0938)
(Zhu et al. 2006), PolD1 (Rv3730c) and PolD2
(Rv0269c) (Brissett et al. 2007; Zhu et al.
2012); and two Y-family polymerases, DinB1
(Rv1537) and DinB2 (Rv3056) (Kana et al. 2010;
Ghosh et al. 2015; Sharma and Nair 2012). In
addition to these bona fide DNA polymerases, M.
tuberculosis also possesses a cryptic Y-family
DNA polymerase, ImuB (Rv3394c), which
lacks the active site acidic residues necessary
for catalysis of polymerase activity. ImuB is
one of the components of the mycobacterial
“mutasome”, which also comprises DnaE2
(Boshoff et al. 2003) and ImuA’ (Rv3395c)
and is involved in DNA damage tolerance and
damage-induced mutagenesis in M. tuberculosis
and M. smegmatis (Warner et al. 2010).

The DNA polymerases of M. tuberculosis
and/or their counterparts from M. smegmatis
have been the subject of intense investigation
in several laboratories. Recombinant forms of
some of these proteins have been produced
and enzymatically characterised in terms of
DNA polymerase activity, replication fidelity,
and also, in certain cases, 30–50 exonuclease
and/or RNA polymerase activity. For some
of the polymerases, biochemical studies
have been coupled with genetic approaches
which have sought to elucidate the role of
individual polymerases or polymerase families
in mycobacterial DNA metabolism through
phenotypic characterization of mutant strains
of M. tuberculosis and/or M. smegmatis under
various experimental conditions.

13.3 The Mycobacterial
Replication Machinery

In bacteria, replication of chromosomal DNA
is mediated by a large, multi-protein complex,
which interacts with a number of additional
accessory factors (Miggiano et al. 2013). As
with many aspects of bacterial DNA replication
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and repair, the composition and operation of the
replication machinery has been most thoroughly
characterized in E. coli (Farhat et al. 2013) and B.
subtilis (Colangeli et al. 2014). These bacterial
systems have informed the model “replisome”
comprising two major sub-complexes: firstly,
a primosome that consists of a replicative
helicase, DnaB, that unwinds the double-stranded
DNA, and a primase which generates short
RNA primers during discontinuous synthesis
of the lagging-strand (Miggiano et al. 2013);
and, secondly, a DNA polymerase III (Pol III)
holoenzyme, which includes a Pol III core
(itself made up of the ’ catalytic subunit, "

proofreading subunit and its stabilizer, ™), the
“2-sliding clamp, and the clamp-loader complex
(Miggiano et al. 2013). Like many other bacteria,
M. tuberculosis lacks some components of the
E. coli system (Dos Vultos et al. 2008), and
is predicted to function instead with a reduced
replication module consisting of a dnaA-encoded
replication initiator protein (Rv0001), DnaB
helicase (Rv0058), DnaG primase (Rv2343c),
Pol III’ subunit (DnaE1), “2 sliding clamp
(DnaN, Rv0002), " proofreading subunit (DnaQ,
Rv3711c), £ (DnaZX, Rv3721c), • (HolA,
Rv2413c) and •’ (HolB, Rv3644c), single-strand
DNA (ssDNA)-binding protein (Ssb, Rv0054),
DNA ligase (LigA, Rv3014c), and Pol I (PolA,
Rv1629). To date, no one has fully reconstituted
the mycobacterial replication machinery in
vitro; however, as described below, two recent
studies (Gu et al. 2016; Rock et al. 2015) of the
composition and function of specific replisome
components provide compelling evidence of the
potential to add M. tuberculosis to the list of
model organisms, for which detailed structural
and biochemical information about the replisome
are known.

13.4 Fidelity of the Major
Replicative DNA Polymerase

According to the well-established E. coli
model, DNA replication fidelity in bacteria
is ensured by three principal components:
(correct) base selection by the replicative

polymerase subunit, proofreading by a separate
30–50 exonuclease subunit, and post-replicative
mismatch repair (MMR). Combined, these
processes ensure an overall mutation rate of
�10�10 mutations per base pair per generation,
which is significantly increased in mutator strains
deficient in proofreading or MMR (Fijalkowska
et al. 2012). Fluctuation analyses utilizing
rpoB as the target for rifampicin resistance
estimated the mutation rates of M. tuberculosis
clinical and laboratory isolates at comparable
values with the basal mutation rates falling
within tenfold of �2 � 10�10 per base pair per
round of replication (Ford et al. 2011, 2013).
Importantly, however, lineage-specific effects
were discerned, with lineage 2 strains being
associated with an elevated mutation rate. While
the underlying mechanisms are unknown, it
has been postulated that polymorphisms in 3R
genes found in lineage 2 isolates may lead to
relaxed fidelity in DNA repair (Dos Vultos et
al. 2008). The observed increase in mutation
rate in lineage 2 strains predict a substantially
higher probability that patients infected with
drug susceptible M. tuberculosis will harbor
multi-drug resistant organisms at the time of
diagnosis (Ford et al. 2013). Moreover, such an
increase in mutation rate may also lead to the
emergence of immunologically advantageous
variants potentially including antigenic variants,
which might improve the bacterium’s selective
advantage in vivo.

Like all actinomycetes, M. tuberculosis does
not possess a canonical MMR system (Mizrahi
and Andersen 1998); therefore, the absence of a
severe mutator phenotype in turn implies a dis-
proportionate role for base selection and proof-
reading in maintaining the mycobacterial mu-
tation rate at a level comparable with E. coli.
This inference may be challenged by the recent
identification of an archaeal mismatch-specific
endonuclease (Ishino et al. 2016); however, the
role, if any, of the mycobacterial homolog in
MMR has yet to be established. The sugges-
tion that the low basal mutation rate in M. tu-
berculosis is a function primarily of intrinsic
polymerase fidelity was reinforced recently in a
key study which demonstrated the presence of
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intrinsic PHP domain exonuclease function in the
essential dnaE1-encoded replicative polymerase
subunit in M. tuberculosis (Rock et al. 2015). The
M. tuberculosis genome contains two putative
homologs of the dnaQ-encoded " subunit which,
in E. coli, provides sole 30–50 exonuclease proof-
reading function (Barros et al. 2013). Deletion of
the closest homolog, Rv3711c, had no effect on
the M. tuberculosis mutation rate in vitro; more-
over, the mutation rate was similarly unaffected
in corresponding M. smegmatis mutants lacking
one or both DnaQ homologs. This was an un-
expected observation, and it suggested that, un-
like the established E. coli model, proofreading
function in mycobacteria was not dependent on
extrinsic 30–50 exonuclease activity. Consistent
with this result, it was further shown that, while
purified DnaQ possesses de facto exonuclease ac-
tivity in vitro (an observation that was confirmed
in a separate study (Gu et al. 2016), discussed
below), the putative proofreading subunit did
not associate with DnaE1 in pull-down assays.
This suggests that the inability of the respective
replicative polymerase and exonuclease subunits
to interact physically renders the mycobacterial
DnaQ non-essential for proofreading.

A panel of mutant dnaE1 alleles containing
targeted mutations of PHP domain residues was
then utilized to demonstrate that mycobacteria
rely exclusively on PHP-domain-intrinsic 30–50
exonuclease activity for proofreading. Whereas
purified recombinant DnaE1 was shown to
possess both DNA polymerase and exonuclease
functions, mutant proteins containing site-
directed substitutions of residues predicted to
be essential for metal co-factor coordination
retained polymerase function, but lost 30–50
exonuclease capacity. Critically, in microbio-
logical assays, M. smegmatis mutants lacking
PHP exonuclease function were associated
with severe growth defects and mutation rates
2,300–3,500-fold greater than wildtype. Notably,
whole-genome sequence (WGS) analyses of the
mutants revealed an accumulation of insertion
and deletion events, confirming the requirement
for functional PHP exonuclease activity in
maintaining genomic integrity.

Subsequent work by Lijun Bi and colleagues
(Gu et al. 2016) has extended these observations,
providing detailed biochemical insight into the
potential composition and activity of the core
replicase complex in M. tuberculosis. At the same
time, their latest results highlight the potential
disconnect between the phenotypes observed in
whole-cell (microbiological) assays, versus the
enzymatic properties characterized in biochem-
ical systems in vitro. In a tour de force of protein
expression and purification, the authors were able
to reconstitute functional M. tuberculosis DNA
polymerase III holoenzyme – comprising the ’

(DnaE1), " (DnaQ), “ (DnaN), £ (DnaZX), •

(HolA), •0 (HolB), and SSB (Ssb) subunits –
in a leading-strand replication assay. Notably, in
yet another departure from the E. coli model,
biochemical analyses suggested that the core my-
cobacterial replicase consists of ’“2", with the
“2 processivity factor serving as bridging pro-
tein between ’ and ", which do not interact
directly. Moreover, by utilizing a catalytically
dead " subunit and by titrating the concentrations
of each of the three replicase subunits (’, “,
and ") or preventing ’-mediated extension by
dNTP starvation, the authors derived a model in
which the M. tuberculosis DNA polymerase III
replicase transitions between polymerization and
proofreading modes according to the presence of
the “2 clamp (which maintains the ’“2" replicase
in polymerization mode) and dNTP availability.
While these results are largely consistent with
those reported previously (Gu et al. 2016; Rock et
al. 2015), the absence of a mutator phenotype in
any of the mycobacterial dnaQ deletion mutants
(Rock et al. 2015) highlights the need for further
research into the factors which determine rela-
tive contribution of PHP versus DnaQ exonucle-
ase function in M. tuberculosis under conditions
relevant to host infection. This need is further
underscored by the fact that the dnaQ gene is
highly polymorphic (Dos Vultos et al. 2008) and
was also identified as a “target of independent
mutation” associated with drug resistance in M.
tuberculosis (Farhat et al. 2013).
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13.5 The Function and Fidelity
of Specialist DNA
Polymerases in M.
tuberculosis

Some genetic studies of mycobacterial DNA
polymerases have been highly informative by
virtue of the fact that functionally inactivating
mutations in their encoding genes conferred
phenotypes that were readily discerned under
conditions predicted to be phenotypically
revealing (Gordhan et al. 1996; Boshoff et
al. 2003; Warner et al. 2010). For example,
functional inactivation of dnaE2 was shown
to confer hypersensitivity of M. tuberculosis
and M. smegmatis to DNA damage caused by
exposure to mitomycin C or UV irradiation and
completely abrogated UV-induced mutagenesis
to rifampicin resistance (Boshoff et al. 2003;
Warner et al. 2010). These phenotypes were
recapitulated by transferring point mutations into
the dnaE2 gene in the M. smegmatis chromosome
which replaced two aspartic acid residues that
are highly conserved in the active site of C-
family polymerases with alanine residues, thus
strongly suggesting that the DNA damage
tolerance and damage-induced mutagenesis
phenotypes observed for dnaE2 mutant strains
were attributable to loss of the polymerase
activity of DnaE2. In other cases, however,
the genetic studies have been hampered by the
lack of a discernible phenotypic consequence
in mycobacteria of functionally inactivating
mutations, either individually, or in combination
with others. This is reminiscent of the failure
to detect a phenotype consequent on dnaQ
inactivation (discussed above), and is likely due
to functional redundancy within, and potentially
across, DNA polymerase families and/or the
inadequacy of the microbiological assay systems
employed (Ordonez and Shuman 2014), which
have focused on mycobacterial survival and/or
mutagenesis in response to genotoxic stress in
vitro, ex vivo and in vivo (Kana et al. 2010; Zhu
et al. 2012).

The mycobacterial Y-family polymerases pro-
vide a compelling illustration of this conundrum.
Showing a profound departure from the E. coli

DinB homologue, PolIV, the mycobacterial poly-
merases DinB1 and DinB2 are not induced as
part of the SOS response (Boshoff et al. 2003;
Kana et al. 2010); instead, DnaE2 exclusively
provides SOS-inducible DNA polymerase activ-
ity in mycobacteria. Like dnaQ, the dinB1 and
dinB2 genes of M. tuberculosis are also highly
polymorphic (Dos Vultos et al. 2008). While the
functional significance of the non-synonymous
SNPs observed in these genes remains unclear, it
is worth noting that loss of dinB1 and/or dinB2
function had no discernible impact on growth
or survival of M. tuberculosis in vitro or in the
lungs of infected mice; on the susceptibility of
M. tuberculosis to the cytotoxic effects of a range
of genotoxic agents; or on the rate of sponta-
neous mutation to rifampicin resistance (Kana
et al. 2010). Recently, however, key biochemical
insights have been obtained which might help to
guide more informative studies on mycobacterial
strains carrying mutations in dinB1and/or dinB2.
In the first of two important studies, Shuman
and colleagues showed that, while M. smegma-
tis DinB1 and DinB2 both function as DNA-
dependent DNA polymerases, DinB2 is also able
to catalyse the incorporation ribonucleotides – a
feature attributable to the presence of a leucine
residue in place of the canonical aromatic steric
gate which blocks ribonucleotide incorporation
by other DNA polymerases, including DinB1
(Ordonez et al. 2014). This intriguing feature
makes DinB2 one of four mycobacterial poly-
merases with the ability to incorporate ribonu-
cleotides; however, unlike the other three – the
AEP family polymerases – DinB2 is capable of
synthesising long stretches of RNA when copy-
ing a DNA template (Ordonez et al. 2014). In
addition, M. smegmatis DinB2 was subsequently
shown to have low-fidelity DNA polymerase ac-
tivity, displaying a characteristic signature for
misincorporation in vitro, and particularly prone
to misincorporate dGTP and dTTP as opposed to
dCTP during DNA template-directed replication
(Ordonez and Shuman 2014). The fidelity of
template-directed polymerisation by DinB2 is di-
valent metal-ion-dependent, with the mutational
spectrum noticeably broader in the presence of
Mn2C vs. Mg2C cofactor. Importantly, DinB2
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was also shown capable of promiscuous incor-
poration of 8-oxo-dGMP opposite any template
nucleobase, and was particularly adept at 8-oxo-
dG:dT mispairing, and similarly indiscriminate
when copying an oxo-dG lesion in the tem-
plate strand. The low-fidelity character of DinB2
extends to its RNA polymerase activity which
is promiscuous when copying an undamaged
template, particularly in the presence of Mn2C,
and is also evidenced by the utilisation of oxo-
rGTP as a substrate for replication of an undam-
aged template, and misincorporation of rNTPs
across an 8-oxo-dG lesion in the DNA template
strand. Together, these biochemical characteris-
tics of DinB2 suggest a potential role for this
specialist polymerase in “ribo patch” DNA repair
under conditions in which dNTP pools are limit-
ing and/or the organism is exposed to oxidative
stress (Ordonez and Shuman 2014).

The ribonucleotide reductase (RNR) and
thymidylate synthase (TS) enzymes which are re-
sponsible for the provision of dATP/dCTP/dGTP
(RNR) and dTTP (TS), respectively, in
mycobacteria have been extensively investigated
biochemically (Liu et al. 1998, 2000; Elleingand
et al. 1998; Hammerstad et al. 2014; Georgieva
et al. 2008; Uppsten et al. 2004; Basta et al.
2012; Hunter et al. 2008; Yang et al. 1994)
and genetically (Mowa et al. 2009; Singh et
al. 2015; Fivian-Hughes et al. 2012; Dawes
et al. 2003; Yang et al. 1997). Although the
cellular concentrations of dNTPs are likely to be
a critical determinant of the rate and fidelity of
DNA replication in M. tuberculosis, there have
been no reports to date on the measurement of
dNTP pool sizes in this organism (Warner et al.
2014). Importantly, however, rapid advances in
mycobacterial metabolomics (Nandakumar et al.
2015), together with the availability of a suite of
conditional knockdown and knockout mutants in
genes involved in dNTP biosynthesis, offer the
prospect of addressing the question of dNTP pool
size variation, and the physiological implications
thereof comprehensively in the near future. Such
studies are currently underway (V. Singh, D.F.W.,
V.M. & L. P. de Carvalho unpublished). Evidence
from other systems suggests that rNTP pool sizes
are likely to be significantly greater than those

of dNTPs (Schroeder et al. 2015). The extent
of the imbalance would have a profound impact
on the degree of rNTP incorporation into the
genome, especially under conditions in which
DinB2 is likely to function. In this regard, an
intriguing relationship between RNR and TS
function, dTTP pool size, and dinB2 gene dosage
in M. smegmatis was established in a recent study
by Ghosh et al. (2015). These authors made the
surprising discovery that expression of the class
II RNR-encoding gene from mycobacteriophage
D29, gene 50, selectively conferred growth
inhibitory and replication defects on the strain,
�DRKIN, a derivative of M. smegmatis mc2155
which lacks a 56-kb region of duplication in
the genome (Warner et al. 2006). Comparative
quantification of dNTP pool sizes implicated
the induction of dTTP deficiency – and hence,
thymineless death – in the growth and replication
phenotype induced by expression of the RNR-
encoding gene from D29 in the �DRKIN strain.
This conclusion was supported by rescue of
the phenotype by co-expression of the D29-
encoded TS gene, gene 48, and consequent
restoration of dTTP levels. Included among
the genes present in the 56-kb duplication
are those encoding the essential class Ib RNR
(nrdE and nrdF) as well as dinB2. Importantly,
�DRKIN was rescued from the toxic effects
of gene 50 expression by ectopic expression of
dinB2. Together, these studies have implicated
the low-fidelity polymerase, DinB2, in scavenge
of dNTPs and the possible misincorporation
thereof, as well as in rNTP incorporation into
genomic DNA when dNTP pools are limiting,
i.e., when M. tuberculosis is in a low-growth state
(Fig. 13.1).

13.6 DNA Replication as a TB
Drug Target

The emergence and spread of drug-resistant
strains of M. tuberculosis necessitates the
development of new antimicrobials with novel
mechanisms of action. In comparison to other
essential macromolecular processes such as
transcription, translation and cell wall synthesis,
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relatively few antimicrobials are known that
target bacterial DNA replication (Robinson et al.
2012). Does this mean that the DNA replication
machinery is a poor target for drug development?
Growing evidence of natural products that target
bacterial DNA replication suggests the contrary,
and instead identifies DNA replication as a
clinically underexploited drug target.

There are currently three families of natural
products that directly or indirectly interfere
with DNA replication: DNA gyrase inhibitors,
sliding clamp inhibitors, and DNA polymerase
III inhibitors. In addition, antifolate drugs such
as sulfamethoxazole, trimethoprim, and para-
aminosalicylic acid, which are biomimetic
but not natural products, deplete dNTP pools,
thereby preventing DNA replication (Minato
et al. 2015). However, the polypharmacologic
mechanism of action of these drugs, which also
involves inhibition of RNA and protein synthesis
(Minato et al. 2015), excludes them from further
discussion here.

DNA gyrase is a type II topoisomerase that
functions during DNA replication to relieve
torsional strain by introducing transient double-
strand DNA (dsDNA) breaks which generate
negative supercoils in the bacterial chromosome.
The aminocoumarins (e.g., novobiocin) were
the first of many natural products found to
act as gyrase inhibitors (Barreiro and Ullan
2016). However, the relatively poor penetration
of aminocoumarins across Gram-negative cell
membranes, their limited solubility, and the
development of the synthetic fluoroquinolones
have limited the clinical utility of this compound
class (Barreiro and Ullan 2016). In contrast,
fluoroquinolones (e.g., moxifloxacin) which are
potent gyrase poisons that stabilize the gyrase-
DNA intermediate, thereby resulting in dsDNA
breaks, constitute the backbone of second-line
therapies for multi-drug resistant (MDR) TB.

In exciting recent developments, two classes
of natural products have been identified that tar-
get the bacterial replisome. Griselimycins are
cyclic peptides originally isolated from Strepto-
myces griseus by Sanofi in the 1960s. Despite po-
tent antimycobacterial activity, these compounds
were abandoned owing to poor pharmacokinetic

properties (Hoagland et al. 2016). Sanofi re-
cently revived this program, generating a series
of fully synthetic griselimycin analogs with im-
proved therapeutic potential (Kling et al. 2015).
The griselimycin scaffold binds to the dnaN-
encoded “ sliding clamp with picomolar affinity
to abrogate the interaction of “ with DnaE1,
thereby disrupting DNA replication. The preclin-
ical lead compound, CGM, inhibits M. tuber-
culosis growth both in vitro and in vivo in a
mouse model of TB and, importantly, appears
to enhance M. tuberculosis clearance when co-
administered with first-line anti-TB drugs. More-
over, spontaneous resistance to CGM occurs in-
frequently, and the resistance mechanism (am-
plification of the dnaN gene) is associated with
dramatically reduced fitness relative to wild-type
bacteria (Kling et al. 2015).

The second natural product found to target
the bacterial replisome is nargenicin, a macrolide
isolated from Nocardia sp. ACC18 with potent
but narrow spectrum bactericidal antibiotic
against gram-positive bacteria (Painter et al.
2015). Isolation of spontaneous nargenicin-
resistant mutants of Staphylococcus aureus
identified the DnaE replicative polymerase as
the molecular target of nargenicin (Painter et
al. 2015). Nargenicin binds to Staphylococcus
aureus DnaE in the presence of DNA and, both
in vitro and in vivo, inhibits DNA replication.
However, given that the sole SNP identified
in dnaE was located far from the DnaE active
site, the precise mechanism by which nargenicin
inhibits DNA replication remains to be identified.
Importantly, counter screening of nargenicin
against human DNA polymerases showed no
inhibition. The spontaneous rate of resistance to
nargenicin was low in S. aureus (1 � 10�9),
and resistant mutants displayed only low-
level nargenicin resistance (MIC increased
fourfold). Moreover, nargenicin showed efficacy
in two independent mouse models of S. aureus
infection (Painter et al. 2015). Somewhat
unexpectedly, nargenicin compounds have
recently been shown to be bactericidal against
M. tuberculosis (International Patent Number
WO2016/061772A1). Therefore, it will be
important to elucidate the mechanism of action
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of nargenicin in M. tuberculosis and to define the
associated resistance mechanisms.

In addition to these natural products, there
are active medicinal chemistry efforts to target
M. tuberculosis DNA ligase and DNA primase.
There are also efforts to target the bacterial he-
licase, DnaB (Shadrick et al. 2013); however,
this work is at an early stage and has not been
extended to M. tuberculosis DnaB, and so will
not be discussed further.

DNA ligases seal nicks left after DNA repli-
cation and DNA repair. Bacterial DNA ligase
(LigA) has long been thought to be an ideal
drug target as it is essential and displays unique
structural features and cofactor dependencies rel-
ative to its human counterpart (Brotz-Oesterhelt
et al. 2003). Bayer was the first to identify a
series of pyridochromanones as potent in vitro
inhibitors of E. coli and Streptococcus pneu-
moniae LigA, with bactericidal activity in vivo
(Brotz-Oesterhelt et al. 2003). The same com-
pound series was subsequently shown to inhibit
M. tuberculosis LigA in vitro (Gong et al. 2004),
while additional work by AstraZeneca and other
academic groups has identified a number of novel
compound classes that selectively inhibit bacte-
rial LigA while sparing human ligase (Mills et
al. 2011; Srivastava et al. 2005a, b). Unfortu-
nately, follow-up studies on the lead pyridochro-
manones demonstrated very high rates of spon-
taneous, high-level drug resistance in S. aureus
(Podos et al. 2012). Moreover, drug resistance
appeared to incur no decrease in fitness (Podos
et al. 2012). The high rate of resistance with
no associated fitness defect was attributed to a
large excess of DNA ligase capacity in wild-
type S. aureus cells, thereby allowing numerous
possible ligase hypomorphic escape paths (Po-
dos et al. 2012). Comparable genetic evidence
suggests an excess ligase capacity in both E.
coli (Lehman 1974) and M. smegmatis (Korycka-
Machala et al. 2007), and so undermines the at-
tractiveness of bacterial DNA ligase as a potential
drug target.

DNA primase (DnaG) is an RNA polymerase
that synthesizes short RNA fragments that
function as primers for the replicative DNA
polymerase during DNA replication. High-

throughput screens have identified potent
inhibitors of M. tuberculosis primase (Biswas
et al. 2013). Unfortunately, the most efficacious
molecules are doxorubicin, a non-specific DNA
intercalator, and suramin, which has also been
shown to inhibit human DNA polymerase ’ and
human primase; moreover, neither compound
possesses whole-cell activity against M.
smegmatis (Biswas et al. 2013; Gajadeera et al.
2015; Kuron et al. 2014). M. smegmatis is able
to tolerate substantial reductions in DnaG levels
without obvious growth defects, again raising
the question of the therapeutic vulnerability
of this target (Kuron et al. 2014). Therefore,
future efforts will require the identification of
potent primase inhibitors that are selective for
the (myco)bacterial enzyme.

13.7 Targeting DNA Metabolism
to Limit the Evolution
of Drug Resistance

There is yet to be a clinically relevant antibiotic
for which bacteria have not developed resistance
(CDC 2013). Is resistance inevitable? While most
microbiologists would likely answer in the affir-
mative, an interesting, but relatively unexplored,
space for antimicrobials is to directly target the
molecular mechanisms that generate the genetic
diversity that is the source of de novo antibiotic
resistance.

Drug resistance in M. tuberculosis is caused
by chromosomal mutations (Sandgren et al.
2009). Therefore, to prevent drug resistance
one must prevent mutation. M. tuberculosis
mutates at a low rate in vitro (Ford et al. 2011);
the situation in vivo is less clear. Within the
infected host, M. tuberculosis is confronted
by a variety of exogenous and endogenous
DNA-damaging assaults including antimicrobial
reactive oxygen species (ROS) and nitrogen
intermediates. Moreover, there is evidence that
sub-lethal exposure of bacteria to antibiotics
can generate ROS and elevate the mutation
rate (Cohen et al. 2013). Despite this, WGS
of M. tuberculosis isolates from nonhuman
primate lung lesions indicates that the M.
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tuberculosis mutation rate during infection (in
the absence of treatment) is equivalent to that
observed in vitro (Ford et al. 2011). On the
other hand, deep sequencing of serial sputum
samples has revealed significant genetic diversity
in M. tuberculosis isolates in patients failing
antibiotic therapy, raising the possibility that the
mycobacterial mutation rate may be elevated in
the host, perhaps specifically in the context of
antibiotic therapy (Sun et al. 2012). Moreover,
there is substantial evidence of selection for
elevated mutation rates in clinical isolates of
E. coli, Salmonella enterica, and Pseudomonas
aeruginosa (LeClerc et al. 1996; Oliver et al.
2000). As discussed above, there is evidence of a
modestly increased mutation rate in some clinical
M. tuberculosis isolates from lineage 2 (Ford et
al. 2013; McGrath et al. 2014; Werngren and
Hoffner 2003). These increases in mutation rate
are smaller than found in “mutator” strains of
E. coli, Salmonella enterica, and Pseudomonas
aeruginosa. However, mathematical modelling
suggests that they could substantially contribute
to the evolution of drug resistance because
they are distributed across large bacterial
populations.

As noted above, mutation can be spontaneous,
as in the case of errors in DNA replication,
or it can be induced, as in the case of error-
prone DNA repair. Can these processes be tar-
geted to lower the mutation rate and prevent the
evolution of drug resistance? While in theory
it may be possible to increase the fidelity of
DNA replication by increasing the fidelity of
base insertion or increasing the activity of the
DNA replication proofreading, neither approach
seems straightforward. A more plausible scenario
would be to increase the fidelity of DNA damage
repair.

In response to DNA damage, M. tuberculosis
induces a suite of >100 genes in what is known
as the SOS response (Rand et al. 2003). In E.
coli, DNA damage is sensed by the polymer-
ization of the DNA damage sensor RecA on
single-stranded DNA (ssDNA) (Simmons et al.
2008). The RecA/ssDNA nucleoprotein filament
then acts as a co-protease to cleave the LexA
transcriptional repressor, resulting in activation

of the SOS response. Interestingly, the genetic
circuitry governing the SOS response is distinct
in M. tuberculosis: the organism possesses both
the canonical RecA-LexA regulon (Smollett et al.
2012) as well as a poorly understood RecA-LexA
independent signal that regulates the majority
of DNA damage inducible genes (Gamulin et
al. 2004; Rand et al. 2003; Wang et al. 2011).
As described above, dnaE2 is included in the
mycobacterial RecA/LexA-dependent SOS re-
sponse. In an important study, Boshoff and col-
leagues demonstrated that dnaE2 is induced dur-
ing a mouse model of M. tuberculosis infection
and that deletion of dnaE2 reduced the emer-
gence of drug resistance relative to a wild-type
control (Boshoff et al. 2003). Moreover, mice
infected with the dnaE2 knockout mutant sur-
vived nearly twice as long as those infected with
wild-type M. tuberculosis. Therefore, this work
provided the first in vivo evidence that induced
mutation may contribute to the evolution of drug
resistance.

Much work remains to be done to demonstrate
unambiguously the clinical significance of
induced mutation for the evolution of drug
resistance in M. tuberculosis. Furthermore,
we still know very little about the molecular
mechanisms by which induced mutation occurs
during M. tuberculosis infection in vivo.
However, available data suggest potential targets
for compounds to prevent induced mutation, so
called “anti-evolution” compounds. At present,
the most promising targets are the regulators
of the SOS response RecA and LexA and the
error-prone polymerase, DnaE2. In principle,
RecA could be inhibited by preventing DNA
binding, ATP binding (necessary for filament
formation), or oligomerization. Interestingly,
small molecule inhibitors of E. coli RecA DNA
binding have been identified that partially inhibit
SOS induction (Alam et al. 2016). It is important
to recognize, however, that there are up to
seven RecA homologues in humans (the Rad51
family), which could render efforts to ensure
target specificity extremely challenging (Culyba
et al. 2015).

LexA too could be inhibited by small
molecules that inhibit protease activity, either
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Fig. 13.2 Targeting mechanisms that drive the evolution of drug resistance in M. tuberculosis

by direct active site inhibition or allosteric
modulators that prevent access of the LexA
cleavage loop to the active site. While active site
protease inhibitors are extremely well studied,
any such LexA inhibitor will have to overcome
the very high local concentration of the cis-
tethered LexA cleavage loop (Culyba et al.
2015). Similarly, DnaE2 could be inhibited by
polymerase active site inhibitors or compounds
that prevent the interaction of DnaE2 with
ImuB, or of ImuB with “ sliding clamp (Warner
et al. 2010). Although there are no structural
data available for DnaE2, sequence alignments
suggest that the active site of DnaE2 may differ
significantly from the replicative polymerase
DnaE1 (Timinskas et al. 2014), which would
be consistent with its role as a translesion
polymerase. These unique structural features
could potentially be exploited to develop DnaE2-
specific inhibitors. Small molecule inhibitors
of DnaE2 protein interactions could also be
efficacious. In this regard, it is tempting to
speculate that the natural product, griselimycin,
may inhibit both DNA replication and error-
prone translesion synthesis by interrupting the
various interactions (“-DnaE1 and “-ImuB-
DnaE2) that are essential to these processes
(Kling et al. 2015).

The possibility of targeting the mechanisms
that drive the evolution drug resistance in M.

tuberculosis represents an exciting opportunity
and significant challenge for future research.
Were such “anti-evolution” compounds to
be developed (Fig. 13.2), they would be co-
administered with conventional antibiotics
during M. tuberculosis chemotherapy, thereby
decreasing treatment failure rates due to de
novo drug resistance and preserving the utility
of our increasingly dwindling pool of effective
antibiotics.

13.8 Targeting DNA Metabolism
to Induce Error Catastrophe

A much more controversial idea is to identify
mechanisms to increase the mutation rate be-
yond the viability threshold, a concept referred
to as “error catastrophe” (Fig. 13.2). Such an
approach has been experimentally validated for
small RNA viruses, whose naturally elevated
mutation rates ensure that they are perched on
the edge of viability (Crotty et al. 2001; Loeb et
al. 1999). For example, treatment of poliovirus
with the mutagenic nucleoside analog, ribavirin,
increases the mutation rate by only �10-fold,
but results in a 99.3% reduction in infectivity
(Crotty et al. 2001). Bacteria have generally not
been considered susceptible to error catastro-
phe since their mutation rates are three to four
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orders of magnitude lower than RNA viruses
(Drake 1999), and it has been difficult to identify
mechanisms to elevate the mutation to lethal
levels. Moreover, elevated mutation rates have
been identified at high frequency in clinically-
isolated bacterial pathogens, indicating that an
increased mutation rate can provide a selective
advantage (LeClerc et al. 1996; Oliver et al.
2000). However, it is important to distinguish
between the magnitude of mutation rate increase
identified in clinical isolates and that necessary to
achieve lethal mutagenesis. Clinically observed
“mutator” strains are almost universally MMR
defective (LeClerc et al. 1996; Oliver et al. 2000)
which, in E. coli, results in a mutation rate
of �0.15 mutations per genome per generation
(Lee et al. 2012). Mathematical models have
predicted that a mutation rate of �3–6 muta-
tions per genome per generation is necessary to
reach the lethal threshold in bacteria (Bull and
Wilke 2008). Consistent with these predictions,
a mutation rate of �50 mutations per genome
per generation is lethal in haploid Saccharomyces
cerevisiae, a budding yeast which displays a
basal mutation rate that is very similar to that of
M. tuberculosis (Morrison et al. 1993).

Given the caveats discussed above, how might
one push M. tuberculosis over the error thresh-
old? The most plausible mechanism would be
to disable DNA replication proofreading with
a small molecule that inhibits the PHP domain
of the replicative polymerase DnaE1 (Rock et
al. 2015). As discussed previously, inactivation
of replicative proofreading increases the muta-
tion rate to approximately 6–11 mutations per
genome per generation in M. smegmatis, which
is near the predicted lethal threshold for bacteria
(Bull and Wilke 2008; Rock et al. 2015). Con-
sistent with this notion, PHP domain inhibition
results in a dramatic fitness defect, although it
remains to be shown that this defect is a direct
result of the mutation rate increase (Rock et
al. 2015). Similar to the case of ribavirin and
poliovirus (Crotty et al. 2001), the simultaneous
inactivation of the DNA replication proofread-
ing coupled with the use of mutagenic nucleo-
side analogs could be used to further increase

the mutation rate to induce error catastrophe in
M. tuberculosis.

13.9 Conclusions

The problem appears simple: given the fact that
M. tuberculosis relies solely on chromosomal
mutations for evolution, elucidating the mech-
anisms underlying their generation and fixation
will enable a clear understanding of the counter-
measures required to interrupt drug resistance
and virulence. Experimental mycobacteriology,
including the use of genetic tools for targeted dis-
ruption of specific functions and pathways, has
provided important insights into the operation of
different DNA replication processes and compo-
nents; however, the extensive redundancies and
hierarchies of operation which likely determine
their relative utilization in vivo, render extremely
difficult any definitive assignment of causality.
Instead, there is likely a significant disconnect
between the functions and capacities inferred in
vitro using a limited set of growth conditions and
stimuli, none of which can adequately recapitu-
late the conditions which enable the generation of
microdiverse subpopulations in a single infected
host. For this reason, a number of key research
questions remain unresolved: What is the source
of mutations in M. tuberculosis during host in-
fection? Do they arise predominantly at standard
(in vitro) rates during normal replication? Are
they a consequence of error-prone DNA damage
repair induced in a genotoxic environment? If
so, what is the predominant error-prone repair
mechanism, and what is the source of the geno-
toxic stress? And, finally, what is the size of the
infecting bacillary population that is capable of
generating sufficient genomic diversity through
mutation to enable selection and fixation of alter-
native alleles – including those conferring drug
resistance – in individual patients undergoing
combination therapy? Addressing each of these is
essential to developing novel intervention strate-
gies to disrupt the adaptation of M. tuberculosis
to its human host and, equally, to curbing the
emergence of multidrug resistant strains which
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nevertheless retain the ability to transmit, infect,
and cause disease.
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14Strain Diversity and the Evolution
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Abstract

Drug resistance is best thought of as an ongoing biological process. Re-
sistant bacteria must emerge, become established and ultimately transmit
in order to be relevant to human health. In this context, genetic diversity
can influence the rate and likelihood of resistance emerging; it can also
modulate the net physiological impact of resistance and the propensity of
an organism to improve any defects that arise from it. Combined, these
effects can have an impact on a larger scale, with highly transmissible
drug-resistant bacterial strains posing a formidable threat to global health.
These considerations are pertinent to the future of tuberculosis control as
well. In this chapter, we review our current understanding of the impact of
genetic diversity in the broadest sense on the evolution of drug-resistant
members of the Mycobacterium tuberculosis complex.
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14.1 Drug Resistance as a Process
(Not an Endpoint)

The emergence of drug resistance is a process
that spans biological and ecological scales.
For instance, the frequency and mechanics of
mutation are largely defined by biophysical
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properties of DNA and the enzyme that replicates
it: DNA polymerase. Once they occur, most
mutations are not made equal. In the specific case
of drug resistance, the impact of a mutation on
the structure of a drug target or prodrug activator
will determine the extent to which a mutation
confers resistance. Next, the biochemistry of
mutant proteins can influence the ability of a
cell to grow and the interactions between cells
carrying different mutations determine the ability
of each mutant to survive in competition with
the others. These steps highlight the fact that
resistance mutations must first emerge, and
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then they need to be selected for. For obligate
pathogens, all of these processes need to occur
while retaining the ability to survive, evade or
counter host defenses. But more importantly, in
order to establish itself within a population of
hosts, the drug-resistant pathogen needs to be
able to spread, adding successful transmission to
the set of evolutionary constrains. The success of
this process is modulated by a number of factors,
including the genetic interactions between
mutations, the intensity of selection, the size
of the pathogen population and immunological
determinants of the host. In this chapter, we will
focus specifically on the role and consequences
of genetic diversity on the evolution of drug
resistance in the Mycobacterium tuberculosis
complex (MTBC).

14.2 Treatment and Drug
Resistance of the MTBC

MTBC is normally treated by a combination of
drugs via directly observed therapy (DOTS).
For drug-susceptible TB, DOTS relies on
the supervised administration of four drugs:
isoniazid (INH), rifampicin (RIF), ethambutol
(EMB) and pyrazinamide (PZA) over a period of
6 months. Resistance to various components
of the combination has disparate effects,
however from a perspective of disease control,
the combined resistance to INH and RIF,
defined as MultiDrug-Resistant (MDR) TB,
poses the greatest threat. Treatment regimens
used for patients with MDR-TB currently
depend on fluoroquinolones (FQ) and injectable
aminoglycosides (AG) for favourable outcomes.
Acquisition of resistance to these classes of
antibiotics defines eXtensively Drug-Resistant
(XDR) TB. MDR- and XDR-TB emerged
on several epidemiologically independent
occasions, showing the evolutionary potential of
MTBC (see Chap. 11 for a more detailed review).

The use of combination therapy directs the
evolutionary process in the MTBC towards the

eventual emergence of multidrug resistance. In
many bacterial pathogens, multidrug resistance
occurs through the acquisition of plasmids en-
coding several resistance determinants. But there
is little evidence for recent horizontal gene trans-
fer in MTBC (see Chap. 13); instead the re-
sistance to each agent is mediated by chromo-
somal mutations. The MTBC relies heavily on
two types of resistance mechanisms: target mod-
ification and loss of prodrug activation. Target
mutation results in loss of binding affinity and
occurs across many drug classes. For example,
RIF inhibits RNA polymerase (RNAP) and mu-
tations in the RIF resistance-determining region
(RRDR) of the “ subunit of RNAP (RpoB) de-
crease the affinity of its interaction with the
antibiotic (Campbell et al. 2001). Similarly, mu-
tations in the quinolone resistance-determining
region (QRDR) of the ’ subunit of DNA gyrase
(GyrA) have the same effect on FQ-binding affin-
ity (Piton et al. 2010) and mutations in the 16S
ribosomal RNA disrupt the binding of many AGs
(Magnet and Blanchard 2005). Many MTBC-
specific antibiotics are prodrugs and become ac-
tive only through interaction with intracellular
enzymes: prodrug activators. Resistance to this
type of antibiotics, which includes INH, PZA,
ethionamide (ETH) and the new nitroimidazole
class of antibiotics, often occurs by the modifi-
cation or loss of the activating enzyme, rather
than mutation of the target (Haver et al. 2015).
Drug efflux and transcriptional modulation also
occur as resistance mechanisms (for bedaquiline
and INH/ETH, respectively) but their relative
frequency is much lower, possibly because their
contribution to resistance in MTBC tends to be
less pronounced (Trauner et al. 2014). Nonethe-
less, transcriptional modulation of MmpL4/S4
through mutations in MmpR leads to the efflux
of bedaquiline and cross-resistance with clofaz-
imine (Hartkoorn et al. 2014). The existence of
such mechanisms may be coincidental; however
it raises the possibility that efflux pumps may
play an important role as an unspecific resistance
mechanism in future drug regimens.

http://dx.doi.org/10.1007/978-3-319-64371-7_13
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14.3 Geographical Hotspots
of MDR-TB

The most recent survey conducted by the WHO
in 2015 indicates that 4.6% of the 10.4 million
new cases of TB were caused by MDR-TB. This
relatively low rate conceals significant variation
between and within countries and regions (see
Chap. 11) ((WHO) 2016). MTBC resistance rates
in high-income countries are not representative
of the frequency of MDR/XDR-TB strains in
other parts of the world. Regions with ongoing
MDR-TB epidemics are defined as hotspots –
areas where the prevalence of MDR-TB cases is
>5% (Blower and Chou 2004). Localized high
incidence rates of MDR-TB have been found
only in particular regions, mostly in the Russian
federation, India and China. Despite a relatively
low prevalence, the fact that 36% of the world’s
total population resides in China and India means
that as much as 50% of the burden of MDR-
TB falls on these two countries. Results from
first-line diagnostics reported annually in South
Africa found 6.6% of all TB cases in South
Africa to be RIF-resistant in 2013/2014. A study
conducted in Belarus in 2009–2010 revealing
that almost half of all TB cases were MDR
((WHO) 2015). Among MDR-TB isolates, 12%
were XDR (Skrahina et al. 2013). This latter is
a common occurrence – a significant proportion
of MDR isolates are resistant to additional drugs;
for example one study found 10.6% of all MDR-
TB isolates to qualify for XDR-TB status (Dalal
et al. 2015).

The reason why the prevalence of MDR-TB
varies significantly across the globe is a result
of many contributing factors. These include vari-
ably effective control programs (Zignol et al.
2012; Cohen et al. 2014), environmental fac-
tors such as permanence in prisons or mines
(Dalton et al. 2012; Zignol et al. 2016), the
presence of co-morbidities, which may influ-
ence the emergence and spread of MDR-TB (e.g.
HIV co-infection) (Wells et al. 2007; Escombe
et al. 2008; Dean et al. 2014), and numerous
patient-related factors. These range from societal
and psychosomatic to immunological and genetic

factors, as well as patient noncompliance with
chemotherapy, pharmacokinetic variability and
even circulation of counterfeit drugs (Perlman et
al. 2005; Reynolds and Heysell 2014; Zignol et
al. 2016).

Adding to the heterogeneity of environmental
and host factors is the genetic diversity of MTBC
which shows a discrete phylogeographical
distribution (Coscolla and Gagneux 2014,
Chap. 1). It is therefore possible that regional
differences in the burden of resistance could be
due to phenotypic differences between MTBC
lineages. If the dominant MTBC lineage in a
region was more prone to acquire resistance
when compared to another, this could exacerbate
the resistance burden in the region. Supporting
this possibility is the fact that predominant
lineages in MDR hotspots are often similar.
Russia and China show a predominance of
Lineage 2, which includes the Beijing family
of strains (Merker et al. 2015). Several reports
have associated Beijing strains with an increased
probability of MDR-TB (Munsiff et al. 2003). It
is therefore possible that the global distribution
of MDR hotspots is in fact driven by the local
predominance of Lineage 2/Beijing. Next we
will review the evidence pertaining to this
hypothesis.

14.4 MTBC Strain Diversity
and Resistance: The Case
of Lineage 2/Beijing Family

Lineage 2 is one of the most successful MTBC
lineages with increasing prevalence in the global
population. Lineage 2, which includes the Bei-
jing family, is the predominant lineage in large
parts of Asia (East and South-East) and Eastern
Europe. Several studies have revealed a strong
link between Beijing and drug resistance (Mun-
siff et al. 2003; Borrell and Gagneux 2009), how-
ever the exact biological basis for this association
remains poorly understood.

One hypothesis linking the two is based on
the observation that Beijing strains have a higher

http://dx.doi.org/10.1007/978-3-319-64371-7_1
http://dx.doi.org/10.1007/978-3-319-64371-7_11
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basal mutation rate. Ford et al. (2013) used
Luria-Delbrück fluctuation assays to measure the
frequency of resistance to different antibiotics
in isolates belonging to Lineage 2 and Lineage
4. They found that Lineage 2 strains acquired
resistance to RIF, INH and ethambutol at much
higher rates than Lineage 4 strains. Using their
measurements to parameterize a stochastic
MDR-TB evolution model, they propose that
individuals infected with Lineage 2 strains
have an increased risk (�22-fold higher) of
harboring MDR-TB than individuals infected
with a Lineage 4 strain. The importance of
mutation rates in the emergence of resistance
is obvious: more mutations mean a higher
probability of resistance mutations. Therefore,
strains from the Beijing family with a higher
basal mutation rate will have an increased chance
of acquiring resistance, but also mutations
that facilitate the acquisition of resistance (for
example, those affecting efflux pumps), including
compensatory mutations that may enhance their
fitness in vivo mitigating the cost of resistance.
The net results are that Beijing strains may be
more likely to become resistant without loss
of fitness. The association between resistance
and higher mutation rates has been observed
in other bacteria (Denamur and Matic 2006).
However, as we alluded to earlier, most mutations
are deleterious and therefore a mutation rate
that is too high can have a net negative effect,
particularly when considering the constrained
evolutionary space, within which drug resistant
strains operate. Therefore, a high in vitro
frequency of resistance does not necessarily
translate into frequent emergence of resistance in
the clinic, especially if the associated fitness
cost is sufficient to prevent the mutants to
establish in the population (Trauner et al. 2014).
Furthermore, in vitro models do not necessarily
recapitulate in vivo environments; as a result
there might be factors specific to the in vitro or in
vivo environment that could drive mutagenesis –
see Chap. 13 (Denamur and Matic 2006; Rock
et al. 2015). An example of this disparity can be
found in the fact that some resistance mutations
appear to be lineage-specific (Sandgren et al.
2009; Comas et al. 2010; Spies et al. 2011)

or more likely to be present in certain MTBC
lineages; several reports associate Beijing to
specific INH resistant mutation with no fitness
cost (Gagneux et al. 2006; Fenner et al. 2012;
Feuerriegel et al. 2014).

Another explanation for the association be-
tween Beijing and resistance comes from epi-
demiological studies that suggest that Lineage
2/Beijing strains have a higher ability to transmit.
In fact, the genetic background of strains has
been observed to affect transmissibility in several
studies (see Chap. 5, Baker et al. 2004; Gagneux
et al. 2006; Van Doorn et al. 2006; Fenner et al.
2012). For example, molecular epidemiological
studies in China found that Beijing family strains
were more likely to be in a genotype cluster
than non-Beijing strains (Yang et al. 2015; Hu
et al. 2016). In their multi-center population-
based study, which included a large collection
of isolates, Hu et al. also found that the Beijing
family represented over 90.7% of MDR isolates;
this percentage increased to around 95% among
pre-XDR and XDR clinical isolates. The obser-
vation that Beijing isolates are associated with
accelerated progression to active TB (De Jong et
al. 2008), and the fact that they often seem to
cause drug-resistant outbreaks could be part of
the explanation for the relatively recent and ongo-
ing global expansion of the lineage. On the other
hand, the expansion of may be coincidental and
linked to human demographic factors (Merker et
al. 2015; Luo et al. 2015).

According to all these studies, the associa-
tion of the Beijing genotype and resistance is
likely to be the conflation of different factors:
higher basal mutation rate, accelerated progres-
sion to disease, increased transmission, favorable
host demographics. However, it is important to
consider that all these studies were performed
in different settings, and we may therefore be
combining disparate information leading to over-
generalizations. A study from Japan and Taiwan
illustrates this point because it found that specific
Beijing sub-lineages differed in their association
with resistance (Yang et al. 2012). Similarly, two
studies associated the higher transmission rate
with a specific sub-lineage of the Beijing family
(Hu et al. 2016; Yuan et al. 2016).

http://dx.doi.org/10.1007/978-3-319-64371-7_5
http://dx.doi.org/10.1007/978-3-319-64371-7_13
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14.5 In Vivo Fitness of MDR-TB

Because resistance in MTBC occurs through
chromosomal mutations, MDR-TB and XDR-
TB must emerge sequentially, placing each
acquired resistance mutation (beyond the first
one) in the context of pre-existing resistance.
This poses a challenge to MTBC because gain
of DR mutations is normally accompanied by a
decrease in the rate of bacterial growth (Trauner
et al. 2014). In other words, DR mutations are
said to have a “fitness cost” in the absence of
antibiotic. Therefore sequentially adding costly
mutations makes the problem of adaptation
progressively harder. Furthermore, resistance
in vitro is more easily attained than resistance
in patients. Darwinian fitness in the context
of communicable diseases is not defined only
as rate of growth but rather as an infectious
agent’s ability to survive, reproduce and
transmit.

The cost of drug resistance in MTBC was
established already by studies from the early
1950s, which showed a reduced pathogenicity
of isoniazid-resistant tubercle bacilli compared
to drug-sensitive bacteria when inoculated into
guinea pigs (Da 1954). This, and similar later
studies (As 2002), lay the foundations for the hy-
pothesis that drug-resistant MTBC strains show
a reduced “in vivo fitness”. As a result DR-
TB should be less transmissible and therefore
unlikely to spread successfully in immunocom-
petent human populations. This hypothesis, how-
ever, proved misleading. It is now clear that resis-
tance mutations inflict different levels of fitness-
cost in absence of the drug, with some show-
ing mild or no detrimental effects. In MTBC,
such “low-cost mutations” also account for the
majority of the resistance detected in clinical
isolates. Thus, strains harboring low-cost muta-
tions are positively selected for among DR strains
either within the bacterial population infecting a
host and/or as a result of variable transmission
efficiency, therefore between hosts. In addition,
compensatory evolution seems to be a key driver
ensuring that fitness is restored in strains with
multiple costly DR mutations (Comas et al. 2012;
De Vos et al. 2013). So, while there is a clear

cost associated with the initial emergence of
resistance, the true impact on MTBC can be suc-
cessfully mitigated by selective processes acting
on the bacteria.

For a long time, it was not well understood
which bacterial factors, beyond resistance mu-
tations, facilitate the emergence of MDR-TB.
Molecular epidemiological studies carried out in
different settings, covering the global diversity of
MTBC and focused on the evolution of MDR-
TB identified the relative fitness of drug-resistant
strains as one of the most important determi-
nants of MDR-TB spread and epidemic size.
Importantly, the use of whole genome sequenc-
ing (WGS) to characterize community outbreaks
of MDR-TB lead to the conclusion that MDR-
TB is more frequently caused by transmission
over de novo acquisition. For example, Casali
et al. propose a plausible evolution of a clade
of Beijing TB strains in the Russian Federation
from mono-resistant to XDR-TB with no appar-
ent loss of transmissibility (Casali et al. 2014).
Similarly, a genomic study investigating strains
that gave rise to the first known outbreak of XDR-
TB, points to transmission as a driving force
behind the emergence of DR in South Africa:
data from the Kwazulu-Natal province appear
to support person to person spread of MDR-
and XDR-TB, showing that resistant strains are
sufficiently fit to transmit and cause morbidity in
both immunocompetent and immunosuppressed
persons (Cohen et al. 2015). An analogous study
in Argentina, reconstructed the past demography
and timeline of acquisition of DR-TB mutations
by generating WGS for 252 clinical isolates col-
lected from a single large outbreak in Buenos
Aires. The study shows efficient transmission of
MDR-TB strains while there is a DR expansion to
become XDR-TB, evidencing direct transmission
as a significant contributor to the burden of XDR-
TB (Eldholm et al. 2015). In addition to molecu-
lar epidemiology, modeling studies supported by
the WHO and aimed at estimating the relative
contribution of transmission and de novo acqui-
sition of resistance reach similar conclusions.
Authors estimate that 96% of all incident MDR-
TB cases were due to transmission (Zignol et al.
2016).
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In summary, MDR-TB has emerged in sev-
eral settings globally. While the “in vivo fit-
ness” of resistant clones varies, we have wit-
nessed the emergence of a number of successful
strains. As a result, transmission poses a much
greater risk than de novo emergence, pointing
to the fact that clinically evolved drug-resistant
strains can successfully overcome the genetic and
metabolic burden of resistance. More population-
based studies are needed to identify bacterial
factors that lead to the generation of successful
clones. One important consequence of such stud-
ies would be the ability to identify successful
MDR-TB genotypes, which could pose a signifi-
cant problem to the future eradication of the DR-
TB epidemic.

14.6 Successful Clones
of MDR-TB: The Role
of Epistasis

The amount of WGS information that continues
to be made available is setting the foundations for
the definition of successful MDR genotypes. It is
apparent that there seems to be a clear preference
for which combination of DR mutations shows a
higher “in vivo fitness” and what order these DR
mutations were acquired. This genetic dimension
influencing the path towards MDR/XDR-TB can
be formalized in the concept of epistasis. Epis-
tasis is defined as the effect of the interaction
between two or more mutations on an organism’s
phenotype. Or said differently, epistasis describes
the phenomenon where the same mutation has
different effects depending on the presence of
other mutations. For example, the cost of a given
drug resistance mutation could differ depending
on whether or not a compensatory mutation is
present in the genome. Similarly, different DR-
conferring mutations can interact epistatically;
this happens when strains resistant to two drugs
had a higher fitness than at least one of the
corresponding single DR mutants (Borrell et al.
2013).

Epistasis represents one way in which
genetic diversity modulates the evolution of
DR. Epistatic interactions occurring between DR
mutations and pre-existing genomic differences,

can lead the same resistance mutation to have
a different cost depending on the strain it is
in (Vogwill et al. 2016; Gagneux et al. 2006,
Brandis and Hughes 2013). As mentioned
above, the “Beijing family” of MTBC has
often been associated with DR. The association
between specific MTBC lineages and DR could
result from an increased ability to tolerate a
larger range of resistance mutations, either
due to a higher baseline fitness, or more
favorable epistatic interactions between the
strain genetic background and DR mutations.
This idea is supported by the presence of
various lineage-specific non-synonymous
nucleotide substitutions in genes associated
with DR (Feuerriegel et al. 2014). Thus, it
is possible that the pre-existence of non-
resistance mutations in DR-associated genes
could modulate the fitness effects of subsequently
acquired resistance-conferring mutations in these
genes.

Epistatic interactions may also determine the
order in which DR-conferring mutations and as-
sociated compensatory mutations are acquired
over time (Muller et al. 2013a). The need to har-
bor multiple resistance mutations places a selec-
tive pressure on MTBC to minimize the impact
of each acquired mutation. To some extent, this
selection limits the number of available evolu-
tionary trajectories resulting in recurring patterns
of resistance in the clinic (Muller et al. 2013b;
Eldholm et al. 2015). On the molecular level, this
means an enrichment of a set of low-cost resis-
tance mutations followed by the acquisition of
secondary, compensatory mutations that decrease
the fitness impact of resistance determinants.
Epistatic interactions may determine the optimal
mutational pathway; for resistance to meaning-
fully arise, it needs to be accessible within a small
number of mutational steps – preferably a single
point mutation. This is indeed the case for ri-
fampicin resistance in MTBC where the majority
of clinically relevant resistance mutations affect
a single base resulting in a non-synonymous
amino acid substitution (Campbell et al. 2001;
Zhang and Yew 2015). In the short and medium
runs, this means that MTBC will accumulate the
best mutations it can access, which may not be
the absolutely optimal combination of resistance
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determinants. Over time, this may change, as
MTBC is able to explore its mutational space
further and generate less costly combinations of
mutations.

An analogy that is often used to illustrate the
concept of evolutionary trajectories is that of a
topologically diverse landscape where fitness is
represented by elevation and movement through
it mediated by mutations. The accumulation of
costly mutations leads to a descent into fitness
valleys while combinations of no-cost or ben-
eficial mutations can be thought of as a climb
towards accessible peaks. The optimal solution to
the problem of fitness cost minimization will de-
pend on the starting point within this landscape,
and therefore, on the pre-existing genetic context.
By extending the geographical analogy, we can
say that genetic diversity influences, together
with the environment, the overall shape of the
fitness landscape, defines the position of an in-
dividual within it, and the possible trajectories an
individual can pursue. Evolutionary trajectories
are expected to differ considerably between drug-
sensitive TB and MDR-TB strains.

14.7 Overcoming the Cost of Drug
Resistance: The Case
of Rifampicin (RIF)

So far, we have seen how the genetic background
of MTBC influences the emergence of DR in the
clinic: it can influence the emergence of resis-
tance, it can impose a preference for specific re-
sistance mutations and possibly define the overall
in clinico fitness of drug-resistant strains. Next,
we will use the specific example of RIF resistance
to build on the importance of relative fitness as
a driving force of strain evolution. As described
earlier, RIF inhibits transcription by binding to
RNAP and interfering with the early steps of tran-
script elongation (Campbell et al. 2001). The core
RNAP enzyme is a protein complex composed
of five subunits: ’2““’¨, which are encoded by
rpoA, rpoB, rpoC and rpoZ, respectively. Mu-
tations conferring resistance to RIF occur away
from the active site and mostly in the part of
the “ subunit of RNAP that is involved directly
in drug binding (Campbell et al. 2001). This

section of RpoB is defined as the RIF-Resistance
Determining Region (RRDR) and in MTBC cov-
ers residues 426–452, which are sometimes re-
ferred to, using Escherichia coli residue num-
bering (507–533). Approximately 95% of all
clinically observed RIF-resistance in MTBC can
be attributed to mutations in the RRDR. As a
result, the majority of molecular diagnostic tools
focus on detecting mutations in this locus to
identify RIF-resistant MTBC in the clinic. While
many mutations in the RRDR can confer drug
resistance, their relative frequency in the clinic
can vary widely. A likely reason for these is the
disparity in the fitness of drug-resistant strains
in the absence of drug (Mariam et al. 2004;
Gagneux et al. 2006; Borrell and Gagneux 2009;
Song et al. 2014), a concept that can be explained
using fitness landscapes.

14.7.1 The Dynamic Fitness
Landscape

Recall the geographical analogy of bacterial fit-
ness: we said that sequence context defines the
topology of the terrain and the elevation of a
bacterium corresponds to its ability to grow and
spread. However, unlike a real landscape, the
fitness landscape is dynamic and constantly re-
drawn by the environment the bacterium finds
itself in: what is advantageous in one setting may
be deleterious in another. Selective forces, such
as antibiotic treatment or the challenges of the
host environment, can be thought of as rivers
that wash away all individuals that are below the
water line in any given landscape. Given the dy-
namic nature of the contours, this can mean that
the same genotype can thrive in one setting and
be flushed away once the landscape changes with
the environmental conditions (see Fig. 14.1). If
we place a whole bacterial population in a fitness
landscape of infection (see Fig. 14.1a, b), the
majority of individuals will be grouped close to
the starting position (most probably an accessible
optimal fitness – a local maximum), with a mi-
nority scattered further afield due to the presence
of mutations. If we now treat this population
with RIF, the landscape will change to favour
drug resistance, and suddenly almost all of the
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Fig. 14.1 Geographical representation of bacterial fit-
ness. Bacterial fitness in a given environment can be
illustrated using a geographical analogy. Imagine a set
of bacterial cells scattered across a landscape. The grid-
position of each bacterium is defined by its genotype,
while the elevation reflects its ability to thrive in a given
environment – its fitness. Varying the environment of a
bacterium might change the overall landscape but not the
position of a bacterium within it, while the acquisition
of mutations will move the bacterium through a given
landscape. Panels a, b provide a 3D projection and a
contour map respectively of a hypothetical landscape per-
tinent to the infection context of MTBC. The green shaded
area of the contour map indicates regions of sufficient
overall fitness to support growth. Consider a set of drug
susceptible strains (black circles) and a pair of dissimilar
resistant strains (red circles). Drug susceptible strains
are clustered around the highest point of the infection

landscape, showing that they are well adapted to the
human host with little room left for improvement. On the
other hand, strains harboring resistance mutations show
a marked decrease in fitness. These bacteria are at a dis-
advantage compared to their fitter cousins and are there-
fore unlikely to be successful in the long run. However,
upon the introduction of an antibiotic (panels c, d) the
landscape changes dramatically and susceptible strains
are no longer able to survive, leaving resistant strains
free to proliferate. Proliferation leads to the acquisition of
mutations and therefore movement through the landscape
(paths ’ and “). Because bacteria need to balance the
pressures imposed by both: the host environment and
antibiotics, the only successful evolutionary strategy is
one that leads to higher elevation in both contexts (path ’).
The bacterium on path “ cannot improve its positions in
both landscapes simultaneously, and is therefore unlikely
to prevail

individuals will not be high enough to survive
(see Fig. 14.1c, d). For the handful that do, they
will almost invariably find themselves lower than
the population starting position once the drug is
removed and the landscape returns to its previous
state. In order, therefore, to be able to not only

survive treatment, but to continue to prolifer-
ate, bacteria must move through the landscape
further by acquiring additional, compensatory,
mutations (see Fig. 14.1, arrows). The march
of drug-resistant strains across the landscape is
constrained by the fact that RIF treatment will
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continue to occur in the future. Therefore, drug-
resistant strains must reach higher grounds both
in the context of the “infection landscape” and
in the “resistance landscape”. In the figure, we
illustrate these using two resistant strains (red
dots). One can follow the trajectory which leads
to an improved fitness in both landscapes (’,
red arrows), while the other can follow only the
trajectory that leads to improved fitness in the
presence of RIF at the cost of fitness in the
absence of drug (“, black arrows). It follows that
’ will give rise to transmissible drug-resistant
bacteria, while “ will not. In reality, all of this
is complicated by the fact that MTBC will be
faced with multiple drugs at the same time. The
aim of combination therapy is precisely that of
minimizing the probability of resistance emerg-
ing (Bonhoeffer et al. 1997), therefore stemming
all possible evolutionary trajectories by removing
the bacteria that may follow them. But even
combination therapy is not perfect, and issues
such as imperfect drug penetration can provide
a sufficient foothold for drug-resistant clones
to emerge and transmit (Moreno-Gamez et al.
2015), so that the general principles described so
far remain valid.

How does this abstraction play out in reality?
The de facto shape of a landscape is hard to
describe in a meaningful way using experimental
approaches, because we can only ever recapit-
ulate known parts of the infection environment.
Therefore, predicting all available trajectories
may not be possible. However, by combining ex-
perimental data with molecular epidemiological
findings, we should be able to recapitulate impor-
tant aspects of the landscape, such as the avail-
ability of ’-type trajectories and key mutations
that define them. It is not surprising that modeling
studies identify the distribution of fitness costs
of drug resistance-conferring mutations as a key
determinant for the future burden of MDR-TB
(Knight et al. 2015). As we know, drug treatment
is very effective at clearing infection; however it
is also the driver of the selection for resistance.
As discussed earlier, drug-resistant MTBC can be
less transmissible than fully susceptible strains
(Grandjean et al. 2015), however in some cases,
drug-resistant strains can grow just as well, if
not even faster, than their susceptible ancestors

(Gagneux et al. 2006; Comas et al. 2012), sug-
gesting that resistant strains can evolve to be just
as transmissible as susceptible strains. Clinically,
successful drug-resistant strains can therefore be
thought to follow a trajectory similar to ’ in Fig.
14.1: they are able to both transmit and withstand
RIF treatment. Does it then follow that other
RIF-resistance mutations are confined to “-type
trajectories? What do we know about the internal
perturbation imposed by each mutation that may
explain the differences in clinical success?

14.7.2 Biological Basis of the Cost
of RIF-Resistance and Its
Compensation

The exact mechanism by which mutations in
the RRDR impart a fitness cost on bacteria is
unclear. However, given the central role of RNAP
in gene expression its mutation is likely to have
complex consequences (see (Koch et al. 2014)
for a more detailed discussion). In the case of
E. coli, Pseudomonas aeruginosa and Mycobac-
terium smegmatis, there is a clear correlation
between fitness cost and transcription rate (Qi et
al. 2014; Reynolds 2000; Song et al. 2014). This
relationship reflects the need for optimal synthe-
sis of stable RNA molecules such as ribosomal
RNA (rRNA) and transfer RNA (tRNA) to sup-
port maximal growth; a factor that becomes rate
limiting in RIF-resistant mutants. There is also
clear evidence of gene expression differences
between drug-susceptible strains and RNAP mu-
tants (Bisson et al. 2012; De Knegt et al. 2013).
These impact biosynthetic processes in the bac-
terium resulting in a perturbation of the metabolic
steady state that can affect a range of processes
from cell wall biosynthesis to iron acquisition
(Du Preez and Loots 2012; Lahiri et al. 2016).
In some organisms, rpoB mutations can lead to
the expression of otherwise silent (cryptic) genes
(Ochi et al. 2014) that result in the production
of metabolites that were previously absent from
the cell. Overall, such metabolic changes could
impose a biosynthetic cost and shift steady state
concentrations of metabolic intermediates into a
sub-optimal equilibrium. Both such effects could
explain a net cost of RIF-resistance. It is likely
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Fig. 14.2 Genetic diversity of rifampicin resistance. Col-
lating data regarding the co-occurrence of RNAP mu-
tations across several studies that include globally well
distributed populations (Comas et al. 2012; De Vos et al.
2013; Farhat et al. 2013; Lanzas et al. 2013; Merker et
al. 2013; Casali et al. 2014; Song et al. 2014; Bloemberg
et al. 2015; Eldholm et al. 2015) reveals a clear pattern
in the diversity of rifampicin-resistant strains. In panel a

we show the frequency distribution of mutations in the
rifampicin resistance determining region (RRDR) which
confer rifampicin resistance in the clinic. The most fre-
quent substitution at each position, within our dataset, was
attributed a colour that is then used throughout the figure.
By far the most frequent resistance mutation present in
almost 75% of all strains is S450L. Panels b, c show a
histogram of putative compensatory mutations that occur
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that the true cost of resistance is a composite of
several factors. To some extent, studies focused
on the evolution of drug-resistant strains have
begun to address the question of fitness cost
by looking for signatures of positive selection
(Farhat et al. 2013; Zhang et al. 2013). The
picture to emerge from these studies shows a
complex situation with the likely involvement
of a multitude of players. Perhaps the clearest
genetic signal for compensation points to the cell
wall and associated macromolecules (Farhat et al.
2013) as well as RNAP as hotspots for adaptation
(Comas et al. 2012; Farhat et al. 2013; Zhang
et al. 2013; Song et al. 2014). Parsing out the
actual contributions to compensation will require
further work, nonetheless, several studies iden-
tified a link between the presence of additional
mutations in RNAP and improved transmission
of MDR-TB (De Vos et al. 2013; Casali et al.
2014; Song et al. 2014; Cohen et al. 2015). This
suggests that RIF-resistant MTBC improves its
position in the “infection landscape” by follow-
ing a trajectory that includes acquiring additional,
compensatory RNAP mutations.

As with the cost of RIF-resistance, the
mechanism of compensation mediated by
secondary RNAP mutations in MTBC remains
unknown. In Mycobacterium smegmatis and
several pseudomonads, compensatory mutations
restore RNAP processivity (Qi et al. 2014;
Song et al. 2014; Vogwill et al. 2016). In
P. aeruginosa, they also modify the expression
profile of resistant strains to one that more
closely resembles their susceptible ancestor
(Qi et al. 2014). Studies from Salmonella
typhymurium suggest that this is mediated by
influencing the stability of RNAP, restoring the
disrupted structural properties of the RRDR
and modulating the way RNAP interacts with

both RNA and ribonucleotide triphosphates
(Brandis et al. 2012). Knowledge of these
processes in MTBC is limited to genetic
studies. Early reports suggested that many of
the compensatory mutations can be found at
the interaction interface between ’, “ and “0
subunits potentially modulating the stability
of the protein complex (Comas et al. 2012).
Song et al. performed perhaps the most detailed
analysis of compensatory mutations in MTBC
to date (Song et al. 2014). They draw several
important conclusions: firstly they single out the
“Double psi-beta barrel” DPBB domain of the
“0 subunit, which contains the active site and
includes the RNA exit tunnel as an important
region for the accumulation of compensatory
mutations pertinent to mitigating the fitness
cost of S450L RpoB mutations. They propose
that S450L may interfere with the translocation
of RNA during transcription, and that the
compensatory substitutions modify RNAP to
facilitate the extrusion of nascent RNA. They
also point out that compensatory mutations
exhibit some degree of allele specificity, as they
did not observe an accumulation of mutations in
the DPBB domain for other RRDR mutations.
We complemented their analysis by collating
data on RNAP mutations from several recent
studies addressing the genetic diversity of drug-
resistant MTBC in multiple global hotspots of
MDR evolution (Comas et al. 2012; De Vos et
al. 2013; Muller et al. 2013b; Farhat et al. 2013;
Lanzas et al. 2013; Casali et al. 2014; Song
et al. 2014; Bloemberg et al. 2015; Eldholm
et al. 2015; Merker et al. 2015) (see Fig. 14.2).
The first striking feature is that, as reported
previously (Song et al. 2014; Trauner et al. 2014;
Cohen et al. 2015; Eldholm et al. 2015), the
greatest number and diversity of compensatory

J
Fig. 14.2 (continued) in defined regions of RpoC
(residues 420–540) and RpoA (residues 170–200) re-
spectively. The histograms are colour-coded to reflect
the identity rifampicin-resistance mutations and show
that these regions are overwhelmingly mutated in strains
carrying the S450L resistance mutation. The presence
of multiple RNAP mutations within any given strain is
depicted (Krzywinski et al. 2009) in Panel (d). We drew a
link between residues of RNAP subunits that occur within

the same strain. The links are colour-coded to represent
different RRDR mutations, as delineated in panel (a). For
the sake of clarity, we show all the RRDR mutations
separately and not as part of RpoB. The rectangles high-
light regions containing an exceptionally high number of
mutations and correspond to histograms in panels (b, c).
In total we analysed 1488 rifampicin-resistant strains, of
these 73 contained additional mutations in RpoA and 729
in RpoC. Adapted from Gygli et al. 2017
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mutations can be observed in strains with RpoB
S450L. Nonetheless, by compiling data from
several studies we can see that compensatory
mutations occur in several different RIF-resistant
backgrounds. As expected, we see clear evidence
for the clustering of compensatory mutations
in specific parts of RNAP. Specifically, we see
a wealth of mutations in the DPBB domain of
“0 (residues 423–565) and the proximal region
of ’ (residues 170–200) (Mechold et al. 2013).
We plotted the frequency of mutations in these
regions across our samples (Fig. 14.2a–c): 265
of a total of 729 rpoC mutations fell into
the DPBB domain and 56 of the 73 rpoA
mutations were within the DPBB-proximal
region of ’. Consistent with the assertions of
Song et al. we see that there is an overwhelming
over-representation of putative compensatory
mutations linked to RpoB S450L in these regions.
It seems that residues at positions 483 and 485
of “’ and the residue at position 187 of ’ are
particularly frequent in the clinic. Furthermore,
no other obvious patterns emerged; implying that
other resistance mutations have more diverse
ways of achieving compensation or perhaps
that further studies are needed to strengthen the
genetic signal for less prevalent RIF resistance-
conferring mutations. One aspect of RNAP
mutations that has not been extensively addressed
yet is the presence of a number of mutations
in “ that co-occur with resistance mutations.
Unlike mutations in the DPBB and ’, these
are not dominated by RpoB S450L and may
provide options for compensation of other RIF-
resistance mutations. Another open question that
requires attention is whether or not the presence
of secondary mutations in RNAP impacts the
minimum inhibitory concentration (MIC) of RIF.

14.7.3 The Impact of Genetic
Diversity on RIF-Resistance

As we already saw, RIF-resistance mutations
differ in their net fitness effect. Furthermore,
as more and more data become available it is
becoming apparent that their path to compen-
sation may also differ. For example, in some

studies there was no discernable correlation be-
tween the acquisition of additional RNAP mu-
tations and improved transmission of resistant
strains (Lanzas et al. 2013; Eldholm et al. 2015).
This disparity of roles can result from observ-
ing populations at different evolutionary times;
for example long standing transmission of drug-
resistant strains may be more likely to associate
with compensation than newer occurrences, but
it may also speak to the fact that not all strains
can (or have a need to) compensate the cost of
RIF resistance. One ramification of this obser-
vation is that the same mutation could reason-
ably have a different fitness cost depending on
the genetic context it enters – a phenomenon
that has been described for RIF-resistant pseu-
domonas (Vogwill et al. 2016). Given the role
of additional RNAP mutations in the context of
compensation, it is possible that RNAP muta-
tions that were accumulated during the evolution
of MTBC and do not confer resistance may
influence the cost of resistance. We were able
to identify RNAP mutations carried by several
strains that did not have any mutations in the
RRDR; by interrogating a previously published
collection of highly diverse MTBC strains (Bos
et al. 2014) (Table 14.1). We recorded both non-
synonymous and synonymous mutations since
both can potentially have an effect on RNAP.
The impact of the former is straightforward –
modifying an amino acid can have any number
of biochemical consequences, however the latter
may also influence RNAP by modifying the type
of codon used resulting in a measurable pheno-
type (Agashe et al. 2013). Lineage 6 strains have
three non-synonymous substitutions in “ with a
subset of strains having also non-synonymous
mutations in ’. Lineage 6 strains are known to be
less likely to evolve drug resistance in the clinic
(see Chap. 6 and Homolka et al. 2008; Traore
et al. 2012; Winglee et al. 2016). Linking these
two observations, it is possible to hypothesize
that pre-existing mutations in RNAP of Lin-
eage 6 strains increases the fitness cost of RIF-
resistance therefore decreasing the probability of
its emergence. Similarly, some Lineage 4 strains
carry the same non-synonymous substitution in
“0 (RpoC G594E) that can be found in one of the

http://dx.doi.org/10.1007/978-3-319-64371-7_6
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Table 14.1 Natural variation in RNA polymerase se-
quence in MTBC

Mutation Background

’ (RpoA, Rv3457c) Synonymous

Q5Q Lineage 5 (subset)

G156G Lineage 7

Nonsynonymous

T271I Lineage 6 (subset)

E319K Lineage 4 (subset)

“ (RpoB, Rv0667) Synonymous

G876G Lineage 3

A1075A Lineage 4

I1158I Lineage 5 (subset)

Nonsynonymous

A10G Lineage 3 (subset)

T350I Lineage 6 (subset)

S388L Lineage 6

E639D Lineage 6

“’ (RpoC, Rv0668) Synonymous

P54P Lineage 1 (subset)

R173R Lineage 1

R480R Lineage 1 (subset)

A542A Lineage 4 (subset)

G584G Lineage 2 (subset)

A954A Lineage 6 (subset)

Nonsynonymous

A172V Lineage 1

E215A Lineage 7

D271G Lineage 3 (subset)

G594E Lineage 4 (subset)

P601L Lineage 1 (subset)

A621T Lineage 1 (subset)

E1196K Lineage 7

settings where the presence of additional muta-
tions in RNAP does not correlate with increased
transmission (Eldholm et al. 2015), raising the
possibility that RpoC G594E mitigates the cost
of RIF-resistance. We did not observe any RNAP
mutations in Lineage 2 strains included in the
collection.

Genetic background has been shown to
bias the emergence of resistance mutations in
other bacteria (Vogwill et al. 2014), but these
hypotheses need to be substantiated by further
experimentation in MTBC. Nonetheless, the true

impact of genetic background may be limited.
We have already discussed that successfully
transmitted drug-resistant strains of MTBC are
relatively homogeneous from the perspective
of resistance mutations. Convergent genotypes
emerged in geographically distinct locations –
for example in the data collated for this chapter,
RpoB S450L accounts for more than 75% of
all RIF-resistance (Fig. 14.2a). Intuitively, we
would expect that the path to compensation is
driven by the genetic context and is likely to be
idiosyncratic to a particular genetic starting point,
or said differently, if you know the background
mutation you should be able to predict the path
to compensation. To some extent this is true,
there may be measurable epistasis between
resistance mutations, genetic background and
compensatory mutations (Vogwill et al. 2016;
Song et al. 2014), but unfortunately, the full
picture is more complex. Studies in budding
yeast (Kryazhimskiy et al. 2014), show that
while the overall consequence of compensation is
predictable, the genetic trajectory leading up to it
may not be. This fact may complicate the analysis
and limit the knowledge gleaned from genomic
studies, but more importantly, it increases the
difficulty of trying to infer the potential for a
strain to pose a significant public health threat
based solely on its genotype (Trauner et al. 2014).

14.8 Concluding Remarks

In recent years, we have seen next generation se-
quencing become a workhorse for two fields that
are fundamentally intertwined: molecular epi-
demiology and evolution. Combining genomic
insights with decades of research into drug re-
sistance, we are now able to trace the trajectory
of drug-resistant MTBC better than ever before.
Cross-referencing experimental and clinical stud-
ies has led to the recognition of the fact that:
while drug resistance can be costly to begin with,
MTBC can evolve to compensate for this effect,
giving rise to highly transmissible drug-resistant
strains. This conclusion is only one manifestation
of the consequences of treating drug resistance
as a process rather than an end-point – princi-
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ples of biochemistry, molecular and evolution-
ary biology underpin the dynamics of bacterial
populations in the most relevant of scenarios: hu-
man health. Nevertheless, there are still important
gaps in our knowledge. For example, what lies
at the core of the correlation between virulence
and competitive fitness? It is clear that genetic
determinants are at the heart of it, but to what
extent is this driven by lineage-specific, phyloge-
netic mutations? Can we predict what constitutes
a dangerous MTBC genotype? Can this informa-
tion be leveraged in a meaningful way to inform
health policy or community-wide interventions?
We therefore need population-based studies to
build on our understanding, and determine what
the real impact of a specific genetic background
is for the success of an MTBC clone in the
clinical setting.

References

Agashe D, Martinez-Gomez NC, Drummond DA, Marx
CJ (2013) Good codons, bad transcript: large reduc-
tions in gene expression and fitness arising from syn-
onymous mutations in a key enzyme. Mol Biol Evol
30:549–560

As P (2002) Effect of Katg mutations on the virulence
of mycobacterium tuberculosis and the implication for
transmission in humans. Infect Immun 70:4955–4960

Baker L, Brown T, Maiden MC, Drobniewski F (2004)
Silent nucleotide polymorphisms and a phylogeny
for mycobacterium tuberculosis. Emerg Infect Dis
10:1568–1577

Bisson GP, Mehaffy C, Broeckling C, Prenni J, Rifat
D, Lun DS, Burgos M, Weissman D, Karakousis PC,
Dobos K (2012) Upregulation of the phthiocerol dimy-
cocerosate biosynthetic pathway by rifampin-resistant,
rpoB mutant Mycobacterium tuberculosis. J Bacteriol
194:6441–6452

Bloemberg GV, Keller PM, Stucki D, Trauner A, Borrell
S, Latshang T, Coscollà M, Rothe T, Hömke R, Ritter
C et al (2015) Acquired resistance to bedaquiline and
delamanid in therapy for tuberculosis. N Engl J Med
373:1986–1988

Blower SM, Chou T (2004) Modeling the emergence
of the ‘hot zones’: tuberculosis and the amplifi-
cation dynamics of drug resistance. Nat Med 10:
1111–1116

Bonhoeffer S, Lipsitch M, Levin BR (1997) Evaluating
treatment protocols to prevent antibiotic resistance.
Proc Natl Acad Sci U S A 94:12106–12111

Borrell S, Gagneux S (2009) Infectiousness, reproductive
fitness and evolution of drug-resistant Mycobacterium

tuberculosis [State of the art]. Int J Tuberc Lung Dis
13:1456–1466

Borrell S, Teo Y, Giardina F, Streicher EM, Klopper M,
Feldmann J, Muller B, Victor TC, Gagneux S (2013)
Epistasis between antibiotic resistance mutations drives
the evolution of extensively drug-resistant tuberculosis.
Evol Med Public Health 2013:65–74

Bos KI, Harkins KM, Herbig A, Coscollà M, Weber N,
Comas I, Forrest SA, Bryant JM, Harris SR, Schuen-
emann VJ et al (2014) Pre-Columbian mycobacterial
genomes reveal seals as a source of New World human
tuberculosis. Nature 514:494–497

Brandis G, Hughes D (2013) Genetic characterization
of compensatory evolution in strains carrying rpoB
Ser531Leu, the rifampicin resistance mutation most
frequently found in clinical isolates. J Antimicrob
Chemother 68:2493–2497

Brandis G, Wrande M, Liljas L, Hughes D (2012) Fitness-
compensatory mutations in rifampicin-resistant RNA
polymerase. Mol Microbiol 85:142–151

Campbell EA, Korzheva N, Mustaev A, Murakami K, Nair
S, Goldfarb A, Darst SA (2001) Structural mechanism
for rifampicin inhibition of bacterial RNA polymerase.
Cell 104:901–912

Casali N, Nikolayevskyy V, Balabanova Y, Harris SR, Ig-
natyeva O, Kontsevaya I, Corander J, Bryant J, Parkhill
J, Nejentsev S et al (2014) Evolution and transmission
of drug resistant tuberculosis in a Russian population.
Nat Genet 46:279

Cohen T, Jenkins HE, Lu C, Mclaughlin M, Floyd
K, Zignol M (2014) On the spread and control of
MDR-TB epidemics: an examination of trends in anti-
tuberculosis drug resistance surveillance data. Drug
Resist Updat 17:105–123

Cohen KA, Abeel T, Mcguire AM, Desjardins CA, Mun-
samy V, Shea TP, Walker BJ, Bantubani N, Almeida
DV, Alvarado L et al (2015) Evolution of exten-
sively drug-resistant tuberculosis over four decades:
whole genome sequencing and dating analysis of
Mycobacterium tuberculosis isolates from KwaZulu-
Natal. PLoS Med 12:e1001880

Comas I, Chakravartti J, Small PM, Galagan J, Nie-
mann S, Kremer K, Ernst JD, Gagneux S (2010)
Human T cell epitopes of Mycobacterium tuberculo-
sis are evolutionarily hyperconserved. Nat Genet 42:
498–503

Comas I, Borrell S, Roetzer A, Rose G, Malla B, Kato-
Maeda M, Galagan J, Niemann S, Gagneux S (2012)
Whole-genome sequencing of rifampicin-resistant My-
cobacterium tuberculosis strains identifies compen-
satory mutations in RNA polymerase genes. Nat Genet
44:106–110

Coscolla M, Gagneux S (2014) Consequences of genomic
diversity in Mycobacterium tuberculosis. Semin Im-
munol 26:431–444

Da M (1954) Tubercle bacilli resistant to isoniazid: vir-
ulence and response to treatment with isoniazid in
guinea-pigs. Br Med J 1:128–130

Dalal A, Pawaskar A, Das M, Desai R, Prabhudesai P,
Chhajed P, Rajan S, Reddy D, Babu S, Jayalakshmi TK,



14 Strain Diversity and the Evolution of Antibiotic Resistance 277

Saranchuk P, Rodrigues C, Isaakidis P (2015) Resis-
tance patterns among multidrug-resistant tuberculosis
patients in greater metropolitan Mumbai: trends over
time. PLoS One 10:e0116798

Dalton T, Cegielski P, Akksilp S, Asencios L, Campos
Caoili J, Cho SN, Erokhin VV, Ershova J, Gler MT,
Kazennyy BY, Kim HJ, Kliiman K, Kurbatova E,
Kvasnovsky C, Leimane V, Van Der Walt M, Via
LE, Volchenkov GV, Yagui MA, Kang H, Akksilp
R, Sitti W, Wattanaamornkiet W, Andreevskaya SN,
Chernousova LN, Demikhova OV, Larionova EE,
Smirnova TG, Vasilieva IA, Vorobyeva AV, Barry CE
3rd, Cai Y, Shamputa IC, Bayona J, Contreras C,
Bonilla C, Jave O, Brand J, Lancaster J, Odendaal R,
Chen MP, Diem L, Metchock B, Tan K, Taylor A,
Wolfgang M, Cho E, Eum SY, Kwak HK, Lee J, Lee
J, Min S, Degtyareva I, Nemtsova ES, Khorosheva T,
Kyryanova EV, Egos G, Perez MT, Tupasi T, Hwang
SH, Kim CK, Kim SY, Lee HJ, Kuksa L, Norvaisha
I, Skenders G, Sture I, Kummik T, Kuznetsova T,
Somova T, Levina K, Pariona G, Yale G, Suarez C,
Valencia E, Viiklepp P (2012) Prevalence of and risk
factors for resistance to second-line drugs in people
with multidrug-resistant tuberculosis in eight countries:
a prospective cohort study. Lancet 380:1406–1417

De Jong BC, Hill PC, Aiken A, Awine T, Antonio M,
Adetifa IM, Jackson-Sillah DJ, Fox A, Deriemer K,
Gagneux S, Borgdorff MW, Mcadam KP, Corrah T,
Small PM, Adegbola RA (2008) Progression to active
tuberculosis, but not transmission, varies by Mycobac-
terium tuberculosis lineage in The Gambia. J Infect Dis
198:1037–1043

De Knegt GJ, Bruning O, Marian T, De Jong M, Van
Belkum A, Endtz HP, Breit TM, Bakker-Woudenberg
IAJM, De Steenwinkel JEM (2013) Rifampicin-
induced transcriptome response in rifampicin-resistant
Mycobacterium tuberculosis. Tuberculosis 93:96–101

De Vos M, Muller B, Borrell S, Black PA, Van Helden
PD, Warren RM, Gagneux S, Victor TC (2013)
Putative compensatory mutations in the rpoC gene
of rifampin-resistant Mycobacterium tuberculosis are
associated with ongoing transmission. Antimicrob
Agents Chemother 57:827–832

Dean AS, Zignol M, Falzon D, Getahun H, Floyd K (2014)
HIV and multidrug-resistant tuberculosis: overlapping
epidemics. Eur Respir J 44:251–254

Denamur E, Matic I (2006) Evolution of mutation rates in
bacteria. Mol Microbiol 60:820–827

Du Preez I, Loots DT (2012) Altered fatty acid
metabolism due to rifampicin-resistance conferring
mutations in the rpoB gene of Mycobacterium
tuberculosis: mapping the potential of pharmaco-
metabolomics for global health and personalized
medicine. Omics: J Integr Biol 16:596–603

Eldholm V, Monteserin J, Rieux A, Lopez B, Sobkowiak
B, Ritacco V, Balloux F (2015) Four decades of
transmission of a multidrug-resistant Mycobacterium
tuberculosis outbreak strain. Nat Commun 6

Escombe AR, Moore DA, Gilman RH, Pan W, Navincopa
M, Ticona E, Martinez C, Caviedes L, Sheen P, Gonza-

lez A, Noakes CJ, Friedland JS, Evans CA (2008) The
infectiousness of tuberculosis patients coinfected with
HIV. PLoS Med 5:e188

Farhat MR, Shapiro BJ, Kieser KJ, Sultana R, Jacobson
KR, Victor TC, Warren RM, Streicher EM, Calver A,
Sloutsky A et al (2013) Genomic analysis identifies tar-
gets of convergent positive selection in drug-resistant
Mycobacterium tuberculosis. Nat Genet 45:1183–1189

Fenner L, Egger M, Bodmer T, Altpeter E, Zwahlen M,
Jaton K, Pfyffer GE, Borrell S, Dubuis O, Bruderer
T, Siegrist HH, Furrer H, Calmy A, Fehr J, Stalder
JM, Ninet B, Bottger EC, Gagneux S (2012) Effect of
mutation and genetic background on drug resistance
in Mycobacterium tuberculosis. Antimicrob Agents
Chemother 56:3047–3053

Feuerriegel S, Koser CU, Niemann S (2014) Phylogenetic
polymorphisms in antibiotic resistance genes of the
Mycobacterium tuberculosis complex. J Antimicrob
Chemother 69:1205–1210

Ford CB, Shah RR, Maeda MK, Gagneux S, Murray MB,
Cohen T, Johnston JC, Gardy J, Lipsitch M, Fortune
SM (2013) Mycobacterium tuberculosis mutation rate
estimates from different lineages predict substantial
differences in the emergence of drug-resistant tubercu-
losis. Nat Genet 45:784–790

Gagneux S, Long CD, Small PM, Van T, Schoolnik GK,
Bohannan BJM (2006) The competitive cost of antibi-
otic resistance in Mycobacterium tuberculosis. Science
312:1944–1946

Grandjean L, Gilman RH, Martin L, Soto E, Castro B,
Lopez S, Coronel J, Castillo E, Alarcon V, Lopez
V et al (2015) Transmission of multidrug-resistant
and drug-susceptible tuberculosis within households: a
prospective cohort study. PLoS Med 12:e1001843

Gygli S, Borrell S, Trauner A, Gagneux S (2017) FEMS
Microbiol Rev 41(3):354–373 doi: 10.1093/fem-
sre/fux011

Hartkoorn RC, Uplekar S, COLE ST (2014) Cross-
resistance between clofazimine and bedaquiline
through upregulation of MmpL5 in Mycobacterium
tuberculosis. Antimicrob Agents Chemother 58:2979–
2981

Haver HL, Chua A, Ghode P, Lakshminarayana SB,
Singhal A, Mathema B, Wintjens R, Bifani P (2015)
Mutations in genes for the F420 biosynthetic pathway
and a nitroreductase enzyme are the primary resistance
determinants in spontaneous in vitro-selected PA-824-
resistant mutants of Mycobacterium tuberculosis. An-
timicrob Agents Chemother 59:5316–5323

Homolka S, Post E, Oberhauser B, George AG, Westman
L, Dafae F, Rüsch-Gerdes S, Niemann S (2008) High
genetic diversity among Mycobacterium tuberculosis
complex strains from Sierra Leone. BMC Microbiol
8:1

Hu Y, Mathema B, Zhao Q, Rzheng X, Li D, Jiang
W, Wang W, Xu B (2016) Comparison of the socio-
demographic and clinical features of pulmonary TB pa-
tients infected with sub-lineages within the W-Beijing
and non-Beijing Mycobacterium tuberculosis. Tuberc
(Edinb) 97:18–25

http://dx.doi.org/10.1093/femsre/fux011


278 S. Borrell and A. Trauner

Knight GM, Colijn C, Shrestha S, Fofana M, Cobelens F,
White RG, Dowdy DW, Cohen T (2015) The distribu-
tion of fitness costs of resistance-conferring mutations
is a key determinant for the future burden of drug-
resistant tuberculosis: a model-based analysis. Clin
Infect Dis 61(Suppl 3):S147–S154

Koch A, Mizrahi V, Warner DF (2014) The impact of drug
resistance on Mycobacterium tuberculosis physiology:
what can we learn from rifampicin? Emerg Microbes
Infect 3:e17

Kryazhimskiy S, Rice DP, Jerison ER, Desai MM (2014)
Global epistasis makes adaptation predictable despite
sequence-level stochasticity. Science 344:1519–1522

Krzywinski M, Schein J, Birol I, Connors J, Gascoyne
R, Horsman D, Jones SJ, Marra MA (2009) Circos:
an information aesthetic for comparative genomics.
Genome Res 19:1639–1645

Lahiri N, Shah RR, Layre E, Young D, Ford C, Murray
MB, Fortune SM, Moody DB (2016) Rifampin resis-
tance mutations are associated with broad chemical re-
modeling of mycobacterium tuberculosis. J Biol Chem
291:14248–14256. jbc-M116

Lanzas F, Karakousis PC, Sacchettini JC, Ioerger TR
(2013) Multidrug-resistant tuberculosis in panama is
driven by clonal expansion of a multidrug-resistant
Mycobacterium tuberculosis strain related to the KZN
extensively drug-resistant M. tuberculosis strain from
South Africa. J Clin Microbiol 51:3277–3285

Luo T, Comas I, Luo D, Lu B, Wu J, Wei L, Yang C, Liu
Q, Gan M, Sun G, Shen X, Liu F, Gagneux S, Mei
J, Lan R, Wan K, Gao Q (2015) Southern East Asian
origin and coexpansion of Mycobacterium tuberculosis
Beijing family with Han Chinese. Proc Natl Acad Sci
U S A 112:8136–8141

Magnet S, Blanchard JS (2005) Molecular insights into
aminoglycoside action and resistance. Chem Rev
105:477–498

Mariam DH, Mengistu Y, Hoffner SE, Andersson DI
(2004) Effect of rpoB mutations conferring rifampin
resistance on fitness of Mycobacterium tuberculosis.
Antimicrob Agents Chemother 48:1289–1294

Mechold U, Potrykus K, Murphy H, Murakami KS,
Cashel M (2013) Differential regulation by ppGpp
versus pppGpp in Escherichia coli. Nucleic Acids Res
41:6175–6189

Merker M, Kohl TA, Roetzer A, Truebe L, Richter E,
Rüsch-Gerdes S, Fattorini L, Oggioni MR, Cox H,
Varaine F et al (2013) Whole genome sequencing re-
veals complex evolution patterns of multidrug-resistant
Mycobacterium tuberculosis Beijing strains in patients.
PLoS One 8:e82551

Merker M, Blin C, Mona S, Duforet-Frebourg N,
Lecher S, Willery E, Blum MG, Rusch-Gerdes S,
Mokrousov I, Aleksic E, Allix-Beguec C, Antierens A,
Augustynowicz-Kopec E, Ballif M, Barletta F, Beck
HP, Barry CE 3rd, Bonnet M, Borroni E, Campos-
Herrero I, Cirillo D, Cox H, Crowe S, Crudu V, Diel
R, Drobniewski F, Fauville-Dufaux M, Gagneux S,
Ghebremichael S, Hanekom M, Hoffner S, Jiao WW,
Kalon S, Kohl TA, Kontsevaya I, Lillebaek T, Maeda

S, Nikolayevskyy V, Rasmussen M, Rastogi N, Samper
S, Sanchez-Padilla E, Savic B, Shamputa IC, Shen
A, Sng LH, Stakenas P, Toit K, Varaine F, Vukovic
D, Wahl C, Warren R, Supply P, Niemann S, Wirth
T (2015) Evolutionary history and global spread of
the Mycobacterium tuberculosis Beijing lineage. Nat
Genet 47:242–249

Moreno-Gamez S, Hill AL, Rosenbloom DI, Petrov DA,
Nowak MA, Pennings PS (2015) Imperfect drug pene-
tration leads to spatial monotherapy and rapid evolution
of multidrug resistance. Proc Natl Acad Sci U S A
112:E2874–E2883

Muller B, Borrell S, Rose G, Gagneux S (2013a) The
heterogeneous evolution of multidrug-resistant My-
cobacterium tuberculosis. Trends Genet 29:160–169

Muller B, Chihota VN, Pillay M, Klopper M, Streicher
EM, Coetzee G, Trollip A, Hayes C, Bosman ME, Gey
Van Pittius NC, Victor TC, Gagneux S, Van Helden
PD, Warren RM (2013b) Programmatically selected
multidrug-resistant strains drive the emergence of ex-
tensively drug-resistant tuberculosis in South Africa.
PLoS One 8:e70919

Munsiff SS, Nivin B, Sacajiu G, Mathema B, Bifani P,
Kreiswirth BN (2003) Persistence of a highly resistant
strain of tuberculosis in New York City during 1990-
1999. J Infect Dis 188:356–363

Ochi k, Tanaka Y, Tojo S (2014) Activating the expression
of bacterial cryptic genes by rpoB mutations in RNA
polymerase or by rare earth elements. J Ind Microbiol
Biotechnol 41:403–414

Perlman DC, Segal Y, Rosenkranz S, Rainey PM, Remmel
RP, Salomon N, Hafner R, Peloquin CA (2005) The
clinical pharmacokinetics of rifampin and ethambutol
in HIV-infected persons with tuberculosis. Clin Infect
Dis 41:1638–1647

Piton J, Petrella S, Delarue M, André-Leroux G, Jarlier
V, Aubry A, Mayer C (2010) Structural insights into
the quinolone resistance mechanism of Mycobacterium
tuberculosis DNA gyrase. PLoS One 5:e12245

Qi Q, Preston GM, Maclean RC (2014) Linking system-
wide impacts of RNA polymerase mutations to the
fitness cost of rifampin resistance in Pseudomonas
aeruginosa. MBio 5:e01562–e01514

Reynolds MG (2000) Compensatory evolution in
rifampin-resistant Escherichia coli. Genetics
156:1471–1481

Reynolds J, Heysell SK (2014) Understanding pharma-
cokinetics to improve tuberculosis treatment outcome.
Expert Opin Drug Metab Toxicol 10:813–823

Rock JM, Lang UF, Chase MR, Ford CB, Gerrick ER,
Gawande R, Coscolla M, Gagneux S, Fortune SM,
Lamers MH (2015) DNA replication fidelity in My-
cobacterium tuberculosis is mediated by an ancestral
prokaryotic proofreader. Nat Genet 47:677–681

Sandgren A, Strong M, Muthukrishnan P, Weiner BK,
Church GM, Murray MB (2009) Tuberculosis drug
resistance mutation database. PLoS Med 6:e2

Skrahina A, Hurevich H, Zalutskaya A, Sahalchyk E,
Astrauko A, Hoffner S, Rusovich V, Dadu A, De
Colombani P, Dara M, Van Gemert W, Zignol M (2013)



14 Strain Diversity and the Evolution of Antibiotic Resistance 279

Multidrug-resistant tuberculosis in Belarus: the size of
the problem and associated risk factors. Bull World
Health Organ 91:36–45

Song T, Park Y, Shamputa IC, Seo S, Lee SY, Jeon HS,
Choi H, Lee M, Glynne RJ, Barnes SW, Walker JR,
Batalov S, Yusim K, Feng S, Tung CS, Theiler J, Via
LE, Boshoff HI, Murakami KS, Korber B, Barry CE
3rd, Cho SN (2014) Fitness costs of rifampicin resis-
tance in Mycobacterium tuberculosis are amplified un-
der conditions of nutrient starvation and compensated
by mutation in the beta’ subunit of RNA polymerase.
Mol Microbiol 91:1106–1119

Spies FS, Ribeiro AW, Ramos DF, Ribeiro MO, Martin
A, Palomino JC, Rossetti ML, Da Silva PE, Zaha
A (2011) Streptomycin resistance and lineage-specific
polymorphisms in Mycobacterium tuberculosis gidB
gene. J Clin Microbiol 49:2625–2630

Traore B, Diarra B, Dembele BPP, Somboro AM, Ham-
mond AS, Siddiqui S, Maiga M, Kone B, Sarro YS,
Washington J et al (2012) Molecular strain typing
of Mycobacterium tuberculosis complex in Bamako,
Mali. Int J Tuberc Lung Dis 16:911–916

Trauner A, Borrell S, Reither K, Gagneux S (2014)
Evolution of drug resistance in tuberculosis: recent
progress and implications for diagnosis and therapy.
Drugs 74:1063–1072

Van Doorn HR, De Haas PE, Kremer K, Vandenbroucke-
Grauls CM, Borgdorff MW, Van Soolingen D (2006)
Public health impact of isoniazid-resistant Mycobac-
terium tuberculosis strains with a mutation at amino-
acid position 315 of katG: a decade of experience in
The Netherlands. Clin Microbiol Infect 12:769–775

Vogwill T, Kojadinovic M, Furió V, Maclean RC (2014)
Testing the role of genetic background in parallel
evolution using the comparative experimental evolu-
tion of antibiotic resistance. Mol Biol Evol. msu262
31(12):3314–3323 doi:10.1093/molbev/msu262

Vogwill T, Kojadinovic M, Maclean RC (2016) Epis-
tasis between antibiotic resistance mutations and ge-
netic background shape the fitness effect of resis-
tance across species of Pseudomonas. Proc R Soc B
283(1830):20160151

(WHO), W. H. O (2016) Global tuberculosis report 2016.
WHO, Geneva

Wells CD, Cegielski JP, Nelson LJ, Laserson KF,
Holtz TH, Finlay A, Castro KG, Weyer K (2007)
HIV infection and multidrug-resistanttuberculosis:

the perfect storm. J Infect Dis 196(Suppl 1):
S86–107

Winglee K, Mcguire AM, Maiga M, Abeel T, Shea T, Des-
jardins CA, Diarra B, Baya B, Sanogo M, Diallo S et al
(2016) Whole genome sequencing of mycobacterium
africanum strains from Mali Provides insights into the
mechanisms of geographic restriction. PLoS Negl Trop
Dis 10:e0004332

Yang C, Luo T, Sun G, Qiao K, Sun G, Deriemer K, Mei
J, Gao Q (2012) Mycobacterium tuberculosis Beijing
strains favor transmission but not drug resistance in
China. Clin Infect Dis 55:1179–1187

Yang C, Shen X, Peng Y, Lan R, Zhao Y, Long B, Luo
T, Sun G, Li X, Qiao K, Gui X, Wu J, Xu J, Li F, Li
D, Liu F, Shen M, Hong J, Mei J, Deriemer K, Gao
Q (2015) Transmission of Mycobacterium tuberculosis
in China: a population-based molecular epidemiologic
study. Clin Infect Dis 61:219–227

Yuan L, Mi L, Li Y, Zhang H, Zheng F, Li Z (2016)
Genotypic characteristics of Mycobacterium tubercu-
losis circulating in Xinjiang, China. Infect Dis (Lond)
48:108–115

Zhang Y, Yew WW (2015) Mechanisms of drug resistance
in Mycobacterium tuberculosis: update 2015. Int J
Tuberc Lung Dis 19:1276–1289

Zhang H, Li D, Zhao L, Fleming J, Lin N, Wang T,
Liu Z, Li C, Galwey N, Deng J et al (2013) Genome
sequencing of 161 Mycobacterium tuberculosis iso-
lates from China identifies genes and intergenic regions
associated with drug resistance. Nat Genet 45:1255–
1260

Zignol M, Van Gemert W, Falzon D, Sismanidis C,
Glaziou P, Floyd K, Raviglione M (2012) Surveillance
of anti-tuberculosis drug resistance in the world: an
updated analysis, 2007–2010. Bull World Health Organ
90:111–119d

Zignol M, Dean AS, Alikhanova N, Andres S, Cabibbe
AM, Cirillo DM, Dadu A, Dreyer A, Driesen M, Gilpin
C, Hasan R, Hasan Z, Hoffner S, Husain A, Hussain
A, Ismail N, Kamal M, Mansjo M, Mvusi L, Niemann
S, Omar SV, Qadeer E, Rigouts L, Ruesch-Gerdes
S, Schito M, Seyfaddinova M, Skrahina A, Tahseen
S, Wells WA, Mukadi YD, Kimerling M, Floyd K,
Weyer K, Raviglione MC (2016) Population-based
resistance of Mycobacterium tuberculosis isolates to
pyrazinamide and fluoroquinolones: results from a
multicountry surveillance project. Lancet Infect Dis

http://dx.doi.org/10.1093/molbev/msu262


15Mathematical Models for the
Epidemiology and Evolution of
Mycobacterium tuberculosis

Jūlija Pečerska, James Wood, Mark M. Tanaka,
and Tanja Stadler

Abstract

This chapter reviews the use of mathematical and computational models
to facilitate understanding of the epidemiology and evolution of Mycobac-
terium tuberculosis. First, we introduce general epidemiological models,
and describe their use with respect to epidemiological dynamics of a single
strain and of multiple strains of M. tuberculosis. In particular, we discuss
multi-strain models that include drug sensitivity and drug resistance. Sec-
ond, we describe models for the evolution of M. tuberculosis within and
between hosts, and how the resulting diversity of strains can be assessed by
considering the evolutionary relationships among different strains. Third,
we discuss developments in integrating evolutionary and epidemiological
models to analyse M. tuberculosis genetic sequencing data. We conclude
the chapter with a discussion of the practical implications of modelling
– particularly modelling strain diversity – for controlling the spread of
tuberculosis, and future directions for research in this area.

Keywords

Strain variation • Heterogeneity • Population biology • Phylogeny •
Phylodynamics • Molecular epidemiology • Compartmental model
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15.1 Introduction

The causative agent of tuberculosis, Mycobac-
terium tuberculosis, emerged as a human
pathogen around 70,000 years ago (Comas
et al. 2013; Gagneux 2012), although conflicting
estimates point to much later dates of around
5,000 years ago (Bos et al. 2014). Forms
of tuberculosis such as M. bovis that infect
non-human animals evolved from human
tuberculosis, indicating that the disease first
appeared in humans before adapting to other
animals. Mounting genetic evidence indicates
that strain-to-strain variation in M. tuberculosis is
more extensive than previously thought (Borrell
and Gagneux 2011; Gagneux and Small 2007).
Seven major lineages of modern-day M.
tuberculosis have been identified (Galagan 2014)
and specific strains are highly associated with
geographic location (see Chap. 1) (Gagneux and
Small 2007; Hershberg et al. 2008). Molecular
methods have helped identify finer scale variation
within lineages, which we discuss in more detail
in Sect. 15.3.

The increased availability of data both at the
epidemiological and molecular level allows us to
start raising complex questions about data inter-
pretation and analysis. For instance, how do we
understand and predict tuberculosis epidemics on
the population level? How do we best use molec-
ular data to shed light on the transmission dynam-
ics of different M. tuberculosis lineages? These
questions typically require collated data analy-
sis under specific assumptions on the properties
of M. tuberculosis, such as, the mechanisms of
mutational change. Mathematical, or computa-
tional, modelling is a methodology that enables
the precise description of assumptions in order
to investigate model behaviour, qualitatively or
quantitatively. Defined models can be combined
with data and thus provide answers to scientific
questions concerning a given dataset. This ap-
proach has been instrumental in the understand-
ing of physical sciences, and it has become more
widely used in biology as biological data have
become increasingly refined and quantitative in
nature.

Mathematical models that are applied in bi-
ology range from being extremely simple and
generic to being complex and specific. Simple
models often enable a qualitative understanding
of complex phenomena, while complex models
have the advantage of being more realistic and
detailed and thus may offer detailed quantitative
insight. In the words of statistician George Box,
however, “all models are wrong but some are
useful”. The aim of modelling is to shed light on
a phenomenon rather than to create a maximally
realistic description of it.

In the study of infectious diseases models
can extend our understanding of an epidemic
by allowing us to predict population dynamics
from basic knowledge of the natural history
of a disease. Models can help evaluate the
effects of any potential or actual interventions
at the population level. By providing precise
quantitative predictions mathematical models
also play a role in drawing inferences from
observational data, for example, by producing
estimates of parameters relating to disease
transmission.

In this chapter we consider how mathematical
and computational models can be used to under-
stand the variation in M. tuberculosis that has
been revealed using molecular techniques. Two
different modelling traditions are pertinent to this
topic. First, epidemiological models address the
dynamics of infectious diseases at the population
level and enable researchers to consider possible
outcomes including the effects of intervention
strategies. Second, models of molecular evolu-
tion and population genetics concern the pro-
cesses by which genomes undergo change. These
models are generic in that they have not been
developed for any particular species, and can be
applied to M. tuberculosis to understand its vari-
ation and to reconstruct its evolutionary history.
We will describe both of these approaches and
their applications to M. tuberculosis. We will
further discuss progress made in combining epi-
demiological and evolutionary elements within
the same framework to analyse the diversity of
M. tuberculosis.
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15.2 Epidemiological Modelling
and Analysis

In this section we will focus on epidemiological
models and their application to M. tuberculosis.
We will primarily consider models that assume
that the host population is homogeneous, ignor-
ing possible effects of heterogeneity in host be-
haviour on the dynamics of the epidemic. We will
begin with generic models that describe epidemi-
ological dynamics of a single disease variant and
then describe models of TB epidemiology with
heterogeneity in the pathogen population, e.g.
due to the occurrence of drug-resistant strains.

15.2.1 Epidemiological Modelling
of M. tuberculosis

Epidemiological models traditionally separate
host populations into distinct compartments

according to their infection status. In the simplest
scenario, an individual is either susceptible
to infection, infectious, or recovered and
therefore immune to reinfection. The numbers
of individuals in each compartment are tracked
by S.t/, I.t/ and R.t/ respectively, where t
stands for time. In what follows we will drop
the “.t/” from the notation except where it is
clearer to retain it. Typically, a susceptible host
is assumed to transition to the infected state at
a rate proportional to the number of infected
individuals I (say ˇI), and an infected individual
transitions to the recovered state at a constant rate
(say � ). Without host birth or host death events,
the total number of individuals in the three
compartments is constant N D SCI CR where N
is the total population size. The structure of this
model is illustrated in the left panel of Fig. 15.1.
This model, which is known as the Susceptible-
Infectious-Recovered (SIR) model, was initially
studied in depth by Kermack and McKendrick
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Fig. 15.1 Examples of compartmental models of infec-
tious disease dynamics. (1) Classic SIR model with trans-
mission rate ˇ and recovery rate � . (2) A more complex
model with an exposed class E. In the case of tuberculosis,
a proportion .1� p/ of new cases enter a state of latent in-
fection modelled with E while the remainder (p) progress
to active disease I. Latent infections reactivate at rate v,
active cases recover at rate � and recovered individuals
regress to the disease state at rate !. (3) When modelling
antibiotic use and drug resistance it is useful to modify the

model to include a state for infected treated individuals
T . In this model, active cases are detected and treated
at rate � , stop treatment at rate � and treated individuals
return to the uninfected class S at rate � . Not shown are
death from each compartment or birth into S. We note that
published models of TB dynamics are varied and while
they are in general similar to the structures shown in (2)
and (3) there are differences that reflect differences in the
questions being addressed
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(1927) and has since been elaborated upon in
many ways (Diekmann et al. 1990; Keeling and
Rohani 2008).

The SIR dynamics can be modelled deter-
ministically or stochastically. In the deterministic
version, the change in compartment sizes follows
ordinary differential equations

d

dt
S.t/ D �ˇI.t/S.t/ (15.1)

d

dt
I.t/ D ˇI.t/S.t/ � � I.t/ (15.2)

and R.t/ D N � S.t/ � I.t/. If the epidemic starts
with a single introduction of the infection into the
population, the initial conditions are set to S.0/ D
N � 1 and I.0/ D 1.

In the stochastic formulation of the SIR
model, S; I; and R are integer-valued rather
than real-valued, and when an infection occurs I
increases by one and S decreases by one. Given
a very small time interval 	t, the probability
for infection to happen is assumed to be
ˇSI	tCo.	t/. The term ˇSI	t is the probability
for precisely one infection event to happen in
time interval 	t. The term o.	t/ summarises
the probability for more than one infection event
to happen, with the term o.	t/=	t approaching
zero as 	t approaches zero. This means that
the waiting time until an infection event where
I increases by one and S decreases by one is
exponentially distributed with parameter ˇSI.
Similarly, upon recovery I decreases by one and
R increases by one, and this event occurs with
probability � I	t C o.	t/.

The dynamics of the SIR model are well
understood and are described in multiple sources
such as the text by Keeling and Rohani (2008).
Unfortunately, the assumptions of the SIR model
are clearly too narrow to be directly applicable
to M. tuberculosis. In particular, M. tubercu-
losis infection is characterised by a long and
highly variable incubation period known as latent
infection. Furthermore, hosts generally do not
have strong immune protection against further
infection and asymptomatic hosts often relapse to
disease years after an acute infection. However,
the basic methodology of SIR modelling can

be modified to reflect the natural history of M.
tuberculosis. Adaptation of the SIR model to
M. tuberculosis began with the work of Waaler
et al. (1962), with the inclusion of long-term
latency in the form of non-symptomatic cases as
a key feature. The model divides individuals into
noninfected, noncase, actual disease case, and re-
covered compartments. The noncase individuals
are the latently infected individuals that do not
show symptoms immediately upon infection but
can potentially progress (with some rate 
). The
actual disease case individuals show symptoms
and are thus infectious. Individuals move into
the recovered compartment after an active M.
tuberculosis infection.

Figure 15.1 (middle) shows a simple version
of a model structure that captures key features, in
particular latency and relapse, of M. tuberculosis
natural history. Note that the R compartment here
represents “recovery” from active tuberculosis,
but individuals in this compartment have not
necessarily cleared the M. tuberculosis pathogen
which is why they may relapse with some rate !.

Different approaches have been used to in-
corporate latency due to the lack of detailed
quantitative information about the long-term dy-
namics of infection and the immune response
within humans. Blower et al. (1995) popularised
the use of a dichotomous short-term/long-term
characterisation of latency based around the rule
of thumb that around 5% of infections progress
quickly to active disease and another 5% progress
slowly over the remainder of a person’s life-
span. This would be captured by p D 0:05 in
Fig. 15.1 (middle). In these models, a fraction
of infected individuals progress immediately to
active disease while the remaining fraction enter
a latent state and progress to disease at a low rate.
More recently, a modified form of this dichoto-
mous transition has been introduced that more
accurately captures the timing of active disease
in relation to infection through stratification of
latency into 2-stages (see for instance Dowdy
et al. 2013).

Models of tuberculosis epidemiology have
been used to characterise the decline of M.
tuberculosis epidemics in the US and UK
(Blower et al. 1995) and to determine the
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contribution of endogenous reactivation and
exogenous reinfection to the overall risk of
disease (Vynnycky and Fine 1997). Blower
et al. (1995) used a model that allowed for
infection, reactivation, and relapse, and showed
that the apparent decline might be explained as
a temporary effect following a large epidemic.
In the work by Vynnycky and Fine (1997), a
more data-driven approach to M. tuberculosis
infection risk estimation was taken, without
modelling the underlying transmission process
directly. The model was designed to evaluate
the impact of new infections compared to
reinfection and reactivation of the disease. The
results suggest that in the UK reinfection made
a strong epidemiological impact during the first
half of the twentieth century, but had negligible
effects by 1980, by which time the incidence
reached its lowest point. This approach is less
relevant to more recent epidemiological history
in countries such as the UK, where cases have
been increasingly driven by migration from high-
incidence settings.

The observed variation in the effect of the
BCG vaccine has also been investigated, for in-
stance through the work by Gomes et al. (2004),
drawing on the earlier model-based analysis by
Fine and Vynnycky (1998). The latter work was
aimed at explaining the differential success of
the BCG vaccine in different settings, ranging
from high efficacy observed in the UK trials as
opposed to no efficacy in the large Chingleput
trial in India. This paper noted how exposure
to M. tuberculosis and/or related mycobacteria
could have a confounding effect on the estimates
of vaccine efficacy. Animal studies have shown
that the BCG vaccine did not provide a further
benefit over the immunity derived from tubercu-
losis infection. The study by Fine and Vynnycky
showed how variation in this background level of
immunity affected estimates of vaccine efficacy,
with these estimates becoming negligibly small
when natural infection rates were very high and
provided similar levels of protection as vaccina-
tion. Gomes et al. (2004) explored these issues
in a population dynamic model and linked the
analysis with the concept of reinfection thresh-
old, which is defined as the reproduction number

(see Sect. 15.2.2) becoming greater than 1 in a
population of previously exposed individuals.

Further developments in tuberculosis
modelling have focused on potential effects
of variation in treatment strategies. Treatment
strongly affects incidence, prevalence and
mortality from TB and reduces the average
duration of infectiousness and thus reduces the
possibility of transmission. Treatment is typically
incorporated in models through a modification of
the rate of cure (as in Fig. 15.1, right), although
in models seeking to capture treatment programs
more precisely, this may be described through
multiple model states and transitions. Such
models have been used to examine the traditional
World Health Organisation DOTS (directly
observed treatment, short-course) approach (Dye
et al. 1998) and various means of improvement,
for example, through active case finding, changes
in diagnosis and treatment regimens and wider
application of preventive treatment of latent
tuberculosis infection (Dye and Williams 2010).
Of particular interest within the context of
this book are the models that have looked at
interactions between treatment programs and the
development of resistance, which we cover in
more detail in Sect. 15.5.

Modelling studies have also aimed to un-
derstand the origins of tuberculosis (Chisholm
et al. 2016) and the longer term evolution of
M. tuberculosis and its characteristics, such as
latency (Chisholm and Tanaka 2016; Zheng et al.
2014) and virulence (Basu and Galvani 2009).

15.2.2 Transmission Parameters
and Their Estimation

Epidemiological modelling has identified a
critical quantity in infectious disease dynamics
known as the basic reproduction number or
R0 (Anderson and May 1979; Diekmann et al.
1990). This quantity is defined as the average
number of new infectious cases arising from
a typical case in a completely susceptible
population. One of the principal reasons for
interest in R0 is that it constitutes a threshold
quantity for a large class of infectious disease
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models; namely, R0 > 1 implies that the
disease can persist whereas R0 < 1 leads to
disease elimination. Despite this simplicity, the
mathematical definition of R0 is a function of
model structure and reflects details of disease
epidemiology.

Under the SIR model, R0 D ˇS.0/=� . How-
ever, even quite simple models of TB such as
that defined in Blower et al. (1995) lead to more
complex expressions, with R0 defined as the sum

R0 D RFAST
0 C RSLOW

0 C RRELAPSE
0 :

Each component here is a function of multiple
parameters. The SIR model formulation of R0

resembles only the RFAST
0 component whereas

the transmission potential for tuberculosis is
complicated by the processes of reactivation
(RSLOW

0 ) and relapse (RRELAPSE
0 ). Other studies

have additionally included the process of reinfec-
tion (Gomes et al. 2004). For a general derivation
and discussion of the basic reproduction number
we refer readers to the text by Diekmann and
Heesterbeek (2000).

In practice, populations are not usually fully
susceptible and so the production of new cases
is slower than indicated by R0. New cases are
better understood through the related quantity
known as the effective reproduction number, usu-
ally labelled Re. This quantity is defined as the
average number of new infectious cases produced
by a typical case regardless of the susceptible
proportion. At the start of a local epidemic Re D
R0, and over time it decreases to a value < 1 if the
epidemic ends and is unable to persist, or remains
close to 1 if the disease persists endemically.
Knowledge of reproduction numbers is important
for informing strategies for controlling infectious
diseases but estimating these quantities poses
some challenges. In particular, direct observation
of the average number of secondary infections
produced by infectious individuals is not feasi-
ble with conventional epidemiological methods.
Instead reproduction numbersare typically esti-

mated implicitly through comparisons of model
outcomes with infection history data or incidence
and prevalence time-series. Earlier approaches
are summarised in Dietz (1993), while examples
of approaches for stochastic models and struc-
tured communities are provided in the text by
Becker (2015).

Empirical data can be used to estimate pa-
rameters which in turn allow investigation of the
long term characteristics of epidemics using epi-
demiological models. The dynamics can also be
studied through computer simulations of stochas-
tic formulations of models, which can in turn
be compared with data that directly reflect trans-
mission such as contact tracing studies or anal-
ysis of M. tuberculosis infection within house-
holds. Brooks-Pollock et al. (2011), for exam-
ple, used incidence data across multiple-person
households to estimate the relative contributions
of community and households to M. tuberculosis
transmission.

For tuberculosis, the differing components
of the reproduction number as described above
make this more challenging. Estimation of the
basic reproduction number is also complicated
by the absence of good diagnostic markers for
immunity. As such, in contrast to infections
such as influenza and measles, practical
epidemiological models of tuberculosis have
focused more on projections of disease incidence
than analysis of the reproduction number and
the potential for elimination (Dye and Williams
2010). However, the growing availability
of molecular data provides opportunities to
overcome some of the issues outlined above.
In particular, molecular data provide information
that can potentially allow models to separate
between recent infection, reactivation and relapse
(Small et al. 1994). Stochastic formulations
of the epidemiological models in combination
with molecular data, rather than deterministic
formulations in combination with the traditional
epidemiological data discussed here, will be the
focus of Sect. 15.4.
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Fig. 15.2 Examples of
compartmental models
with pathogen variation
and host variation. (1)
When pathogen variation is
taken into account the
infected classes are
partitioned into multiple
states corresponding to the
multiple pathogen types.
The variation can be with
respect to resistance or
other genetic characters.
Here we do not show
transitions between types,
which depend on the
details of the model. (2)
When host variation is
taken into account the
hosts are partitioned into
susceptibility classes. For
simplicity the figure does
not show births and deaths
for either model

15.2.3 Modelling Heterogeneous
Epidemics

Thus far we have discussed models in which in-
fections are homogenous with all prevalent infec-
tious cases represented by the single I compart-
ment. However, pathogen populations may be
variable, for example, in levels of drug resistance.
Such variation could cause hosts infected with
different strains to transmit with different rates.
One can model a simple case by subdividing the
I class into IS and IR classes: the hosts infected
with a drug sensitive strain, and the hosts infected
with a drug resistant strain, respectively. Corre-
spondingly, one needs to divide the E class into
ES, ER. Hosts may move from IS to IR through
resistance evolution, and potentially move from
IR to IS through loss of resistance.

Similarly, there may be variation in the host
population both in terms of transmission risks
(e.g. geographic variation in incidence) and
in risks of developing active TB for example
through HIV co-infection. Again, we can divide

the compartments according to this variation,
for example into I1 and I2. As done above, we
subdivide the S class as well as the E class as
the difference in risk behaviour does not depend
on the TB infection status. Figure 15.2 illustrates
an example of how variation in pathogens (left)
and variation in hosts (right) could be modelled,
extending the homogeneous epidemic model
displayed on the right of Fig. 15.1.

Such models have been used to represent dif-
ferent types of variation in viral epidemics, such
as geographical variation, drug resistance levels
and super spreader behaviour. For M. tuberculo-
sis, outside of settings with high HIV prevalence,
the main source of variation that has been consid-
ered to date is in relation to drug-resistance and
its interaction with treatment programs, which we
now discuss in more detail.

As with other infectious diseases, the rise of
antimicrobial drug resistance is a problem for the
control of M. tuberculosis. While multi-drug re-
sistant (MDR) or extremely-drug resistant (XDR)
tuberculosis is likely to be the result of treatment
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Fig. 15.3 An example of
a compartmental model of
tuberculosis with drug
resistance evolution and
transmission. This model is
an extension of the treated
TB model shown in
Fig. 15.1 (right) in which
drug sensitive M.
tuberculosis can evolve
resistance de novo and
subsequently transmit to
new hosts. The subscripts
indicate drug sensitive
(DS) and drug resistant
(DR) infection states. For
simplicity, rates are
omitted from this diagram

failure, they also occur with lower frequency in
new cases. These issues are discussed in more
detail in Chaps. 11 and 14 but here we briefly
describe key features of epidemiological models
of resistance.

In the context of population dynamics, drug
resistant strains have two critical properties. First,
they can persist longer in patients because stan-
dard treatment is less effective or not effective at
all. Second, they may come with a fitness cost
that lowers their rate of transmission. The cost
may be due to a trade-off between the original
function of the gene and the resistance phenotype
(Chap. 11). The fitness cost has been measured
in vitro (Gagneux et al. 2006) and it has been
observed to be variable across M. tuberculosis
strains. Such in vitro measurements assess the
replicative capacity of a strain which differs from
the ability of the strain to infect new hosts, i.e. the
transmission fitness, but the two fitness concepts
are assumed to be linked. In vitro, strains
have shown a replication fitness disadvantage
when compared to their rifampicin-susceptible
ancestors, while some of the clinically-derived
strains show no fitness costs. One reason for
this variability is the possibility that further
mutations occur that lower or compensate the
cost of resistance. Thus, it is unlikely that drug
resistant M. tuberculosis will easily revert to
sensitivity (Cohen and Murray 2004).

The dynamics of drug resistance in M. tu-
berculosis have been studied using compartmen-
tal models as introduced above and shown in
Fig. 15.2 (left). The first such models were in-
troduced by Blower and colleagues (Blower and
Gerberding 1998; Blower et al. 1996) modelling
two types of infection: drug sensitive and drug
resistant. Models have since been extended and
refined, maintaining a structure similar to that
shown in Fig. 15.3 (see also Ozcaglar et al. 2012).
This figure is a special case of models with
pathogen heterogeneity as shown on the left in
Fig. 15.2, with the addition of transition between
sensitive and resistant treatment classes.

Such models of the evolution and spread of
drug resistance have been studied to address a
number of epidemiological problems, in partic-
ular to clarify the importance and variability of
the reproductive and transmission fitness of drug
resistant strains. Such insight allows us to quan-
tify the future burden of drug resistant strains on
an epidemiological scale. The replicative fitness
of resistant strains is variable (Dye and Williams
2009; Gagneux et al. 2006), but there is some ev-
idence for lower rates of transmission of resistant
strains (Dye and Williams 2009; Luciani et al.
2009). On the epidemiological scale this cost is
balanced by the advantage resistant strains have
in patients under treatment (Luciani et al. 2009).
Furthermore, since the cost of resistance can be
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lowered by compensatory mutations, the result-
ing variation in M. tuberculosis fitness means
that without adequate control strategies, resis-
tant strains will likely dominate in the long run
(Blower and Gerberding 1998; Cohen and Mur-
ray 2004; Luciani et al. 2009; Shrestha et al.
2014; Trauer et al. 2014). Models can be used to
explore control scenarios – e.g. rates of detection
and cure success – that could lead to the control
of drug-resistant tuberculosis (Dye and Espinal
2001; Dye and Williams 2000). Modelling also
allows quantification of the relative importance
of the two factors contributing to the spread of
drug resistant strains, namely de novo evolution
of resistance versus transmitted resistance. Mod-
elling studies strongly suggest that in most set-
tings a large majority of drug resistant cases are
due to the transmission of resistant strains rather
than the de novo acquisition of resistance (Cohen
and Murray 2004; Kendall et al. 2015; Luciani
et al. 2009; Trauer et al. 2014).

15.3 Molecular Evolution
of M. tuberculosis

The fields of population genetics and molecular
evolution are dedicated to analysing and un-
derstanding genetic variation within and among
species. Many models and methods have been
developed for these purposes, most of which are
general and not specific to pathogens. In this
section we discuss applications of this theory to
M. tuberculosis. We start with standard models
and methods in molecular evolution and phylo-
genetics, and then discuss some of the specific
issues that arise when applying these methods
to genetic data obtained from M. tuberculosis
isolates.

All organisms may accumulate mutations
through replication, including M. tuberculosis.
Many of these changes are never observed
as the resulting mutants may suffer a large
fitness disadvantage so that they are eliminated
from the population. Other mutations, however,
rise in frequency and may become fixed in a
population. A mutation which is fixed in a
population is called a substitution. To define

this term more precisely, it is necessary to
clarify what population is being considered.
The evolution of M. tuberculosis occurs on
at least two different population scales. First,
the global population of M. tuberculosis may
undergo evolutionary substitution. This process
of substitution is important to consider when
comparing M. tuberculosis to other species.
Second, evolutionary substitution occurs at a
local level within hosts. In this case, mutants
arise within each host and may reach fixation
in the host. In this section we are primarily
concerned with substitution at the local host scale
rather than the global population scale. Genetic
changes accumulate within hosts so that bacterial
populations in different hosts generally diverge.
This genetic divergence provides information
about the evolutionary history of the bacterium,
which we can represent with a phylogenetic
tree. A similar but distinct tree concept used in
population genetics studies and implemented
in some software is the coalescent, which
describes genealogical history viewing time
going backwards (for further details see Wakeley
2009). Coalescents are also known as gene trees.

Phylogenies are appropriate when there is no
horizontal gene transfer or recombination and
no convergent evolution. In contrast to many
other bacteria, M. tuberculosis exhibits remark-
ably little recombination (Liu et al. 2006) and
there is currently no evidence it carries plas-
mids (Zainuddin and Dale 1990). This makes
the analysis of genomes relatively straightfor-
ward as only substitutions on a phylogenetic tree
need to be modelled. In particular, phylogenies
of M. tuberculosis based on different genetic
loci have tree-like structures rather than being
reticulate or networks. On the other hand, some
genes in the M. tuberculosis genome may be
under strong natural selection and can therefore
exhibit convergent evolution. In particular, sites
conferring drug resistance are known to undergo
convergence and are therefore typically excluded
from any phylogenetic analysis.

In the next subsections we will first discuss
evolutionary models for markers of M. tuber-
culosis and then evolutionary models for all
nucleotides within the M. tuberculosis genome.
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We will then illustrate how these models are used
in population genetics to assess the within- and
between-host variation of M. tuberculosis strains.

15.3.1 Evolutionary Models for
Markers of M. tuberculosis

In an effort to characterise and understand
the transmission of tuberculosis, isolates of
M. tuberculosis have been genotyped for
many years using a variety of molecular
methods (Chap. 3). Early methods included
typing based on the mobile gene IS6110 (Alland
et al. 1994; Cave et al. 1991; Small et al. 1994),
spacer-oligonucleotide typing or spoligotyping
(Kamerbeek et al. 1997) and MIRU-VNTR
typing (Supply et al. 2006). In recent years,
the declining cost of DNA sequencing has
enabled the use of whole-genome sequencing
(WGS) as a strategy for studying M. tuberculosis
transmission (Gardy et al. 2011; Walker
et al. 2013). WGS allows a fine-scale genetic
characterisation of M. tuberculosis strains within
a population, and has the advantage over previous
technologies of minimising the impact of parallel
evolution (Chap. 3).

The genetic variation observed at marker loci
ultimately arises from mutation processes. To
exploit this variation for studying M. tuberculosis
epidemiology it is useful to know how and at
what rate the underlying genetic loci mutate
and undergo within-host substitution (Tanaka
and Francis 2005). The simplest model to
apply is a Poisson process in which mutations
appear randomly at a constant rate per unit time
and reach fixation instantly. This model and
elaborations of it have been used to estimate
mutation rates. An alternative approach is to
compare the extent of variation using different
markers to estimate rates against known mutation
rates (Reyes and Tanaka 2010).

Genomic variation in M. tuberculosis is partly
due to the movement of the mobile gene IS6110.
The rate of movement of IS6110 has been esti-
mated to be around 0.1 to 0.3 changes per year
using serial isolates of M. tuberculosis (de Boer
et al. 1999; Rosenberg et al. 2003; Warren et al.

2002). Spoligotype variation is due to deletion of
repeats at a CRISPR locus (Aranaz et al. 2004).
The evolutionary process at this locus, estimated
to be around 0.02 to 0.09 per year (Reyes and
Tanaka 2010), is slower than changes due to
IS6110 movement. VNTR loci mutate by ex-
panding or contracting in the number of re-
peats. The stepwise mutation models developed
for microsatellites in humans (Di Rienzo et al.
1994) are likely to apply well to bacteria (Vogler
et al. 2006). Under the simplest version of such
models, repeats increase or decrease by a single
step and with equal probability. Estimates of the
mutation rate of VNTR loci have varied consid-
erably with low rates around 10�5 per locus per
year (Grant et al. 2008) and 10�3:9 (Wirth et al.
2008) and high rates of 10�3 to 10�2 (Aandahl
et al. 2012; Ragheb et al. 2013; Reyes and Tanaka
2010). The variation in these estimates may re-
flect the diversity of models, methods and data
used to obtain them.

Single nucleotide polymorphisms (SNPs) oc-
cur through point mutation which can appear
throughout the entire genome. Whole genome
sequences analysed with phylogenetic and sim-
ilar methods have yielded conflicting estimates
of mutation rates varying from 3 � 10�9 (Comas
et al. 2013) to 10�7 (Bos et al. 2014; Walker
et al. 2013). The higher rates are supported by
in vitro studies of mutation rates (Ford et al.
2013) but it should be noted that the “long-term”
rate of evolution is likely to be lower because
estimates based on recent variation includes poly-
morphisms that ultimately will not be fixed in
the population (e.g. deleterious mutations) (Ho
et al. 2005). Mutation rates also vary substan-
tially depending on genetic background (Ford
et al. 2013). Whether mutation rates during latent
infection are equal to (Ford et al. 2011; Lillebaek
et al. 2016) or lower than (Colangeli et al. 2014)
rates during active infection is not settled. We
suggest that the uncertainty in mutation rates can
be further addressed in the future through mod-
elling and careful consideration of assumptions
underlying models and data.

One of the challenges in using genetic markers
for phylogenetic analysis is the occurrence of
parallel evolution (or homoplasy), by which iden-
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tical states are reached by mutation in indepen-
dent infections. Such events can potentially un-
dermine the phylogenetic analysis of M. tubercu-
losis (Comas et al. 2009), although a simulation
study has shown that the impact of homoplasy
is not necessarily large on the epidemiological
scale (Reyes et al. 2012). The arrival of low-
cost genome sequencing has removed the ob-
stacle of homoplasy since it does not strongly
affect genome-wide SNPs (after removing SNPs
implicated in drug resistance).

15.3.2 Evolutionary Models
for Whole Genomes
of M. tuberculosis

A wide array of molecular evolution models have
been developed for nucleotide changes along
a genome, covering a range of complexities.
These models all assume that each nucleotide
evolves independently of the other nucleotides.
The simplest is the Jukes-Cantor model (JC69)
which assumes that all substitutions among
nucleotide bases occur at an equal rate and that
base frequencies are all equal (Jukes and Cantor
1969). Kimura’s two parameter model (K80)
allows different transition and transversion rates,
while keeping equal base frequencies (Kimura
1980), whereas Felsenstein’s model (F81) keeps
equal rates while allowing varying nucleotide
base frequencies (Felsenstein 1981). More
complex models include the HKY85 model
which does not assume equal base frequencies
and accounts for the difference between
transitions and transversions (Hasegawa et al.
1985), the TN93 model which distinguishes
not only transitions/transversions, but also
differentiates between purine and pyrimidine
transitions (Tamura and Nei 1993), and the
generalised time-reversible (GTR) model, which
is the least restrictive time-reversible model
possible (Tavaré 1986).

Generally, the rate of substitution has been
inferred to vary across sites. In order to account
for such variation, it is common to assume either
a continuous gamma distribution or a discrete
approximation with a suitable number of rate

classes (Yang 1994a, 1996) for variation across
sites in the substitution rate. These substitution
models can then be used in combination with
genetic data to compute likelihoods or genetic
distances for phylogenetic reconstruction, as we
next discuss.

15.3.3 Phylogenetic Reconstruction

A number of approaches have been developed for
reconstruction of phylogenetic trees from genetic
data. Distance-based methods use a measure of
genetic distance – an estimate of the degree of
similarity two sequences share – to reconstruct
evolutionary history. Other methods optimise a
criterion measuring how well a tree explains the
genetic sequence alignment over the space of
possible phylogenetic trees.

In distance-based methods, similar sets of
taxa are grouped together whereas more distant
ones are placed further apart on a tree according
to entries in a pairwise distance matrix. The
branch lengths of the inferred phylogeny are a
close, but in general imperfect, representation of
the inter-sequence distance matrix. An example
of a distance-based method is the neighbour-
joining method which is a bottom-up clustering
algorithm that joins nodes of the tree according
to the shortest distance between two existing
nodes (Saitou and Nei 1987). It is statistically
consistent,1 but does not maximise a criterion for
measuring how well a tree explains the data.

Alternative methods of tree reconstruction
from genetic data include maximum parsimony,
maximum likelihood and Bayesian tree
reconstruction, which all search tree space while
optimising a criterion. The maximum parsimony
method minimises the number of substitutions
required to explain the inferred phylogeny. This
method is quick and easy but it has been shown
to be statistically inconsistent (Felsenstein 1978).

1Statistical consistency of a phylogenetic method means
that when given infinitely long genetic sequences, the
method –employing the model under which the sequences
evolved– will recover the true underlying phylogeny.
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The maximum likelihood method searches the
tree space to maximise the probability of the data
given a particular tree structure (the likelihood
of the tree given the data). Bayesian methods
also search the tree space, yielding a posterior
distribution of trees. As such, Bayesian methods
produce multiple trees; they also accommodate
prior distributions on trees and parameters. In the
maximum likelihood and Bayesian frameworks,
the substitution model is used to evaluate the
likelihood of trees and model parameters when
considering the data. Thus, the methods allow
multiple substitutions, parallel substitution, con-
vergent evolution and back substitution along
branches, and the complexity of the substitution
model can be adjusted to improve the fit to the
data. Both frameworks are statistically consis-
tent (Steel 2013; Yang 1994b), and are currently
the most widely used phylogenetic reconstruction
methods.

Phylogenetic reconstruction methods produce
trees with branch lengths measured in numbers
of substitutions. Exceptions are the Bayesian
methods assuming a clock model (Drummond
et al. 2006; Zuckerkandl and Pauling 1965)
which leads to branch lengths in units of
calendar time. Branch lengths in calendar time
are important for quantifying the timing of
epidemic spread. Recently, a method to infer
branch lengths in calendar time based on a tree
with branch lengths on number of substitutions
was introduced (LSD (least-squares dating)
software (To et al. 2016)). For more details on
phylogenetic methods, we refer readers to the
texts by Yang (2014) or Felsenstein (2004).

15.3.4 Classification of TB Using
Genetic Data

The application of molecular technologies and
phylogenetic methods also enables the classifi-
cation of pathogen isolates into broad classes.
In relation to M. tuberculosis extensive genetic
research has identified the structure of the com-
plex of closely related M. tuberculosis species
and the seven major extant lineages (see Chap. 1)

(Galagan 2014). The classification of M. tuber-
culosis can be further refined by considering
relationships within lineages using fast-evolving
molecular markers. Attempts have been made to
date the first introduction of M. tuberculosis into
the human population using phylogenetic meth-
ods and to describe the patterns of world-wide
M. tuberculosis distribution (Gagneux 2012). The
suitability of alternative genetic approaches can
be evaluated by comparing phylogenies recon-
structed from different types of markers to a
“gold standard” phylogeny in order to identify
flaws in commonly used methods and to provide
a means of quickly typing isolates (Filliol et al.
2006).

When the isolates in a data set are closely
related to each other – such as isolates from
a single outbreak – an alternative approach to
phylogenies is to show the direct relationships
among the genotypes in graphs such as minimal
spanning trees. The underlying assumption is that
all substitutions that occurred are observed, so
that complex substitution models to account for
hidden ancestral substitutions are not needed.
This approach to visualisation and classification
is aided by specifically modelling the processes
of substitution underlying the genetic markers.
Models of spoligotype evolution have been used
to show relationships among isolates (Brudey
et al. 2006; Ozcaglar et al. 2011; Reyes et al.
2008; Shabbeer et al. 2012a,b). Relationships
among isolates based on MIRU-VNTR can also
be visualised using graphs (Weniger et al. 2012).
Large international databases based on multiple
genotyping methods including MIRU-VNTR and
spoligotypes aid in the classification of isolates
(see Chap. 3) (Demay et al. 2012; Weniger et al.
2012).

SNPs obtained from whole genome se-
quencing can also be visualised through graphs
within outbreaks (Walker et al. 2013) or through
phylogenies when analysing highly divergent
isolates with ancient origins (Bos et al. 2014;
Comas et al. 2013; Wirth et al. 2008). It is
anticipated that future epidemiological studies
will increasingly make use of whole genome
sequencing.
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15.3.5 Population Genetics of TB

So far we have considered models of substitution
(i.e. fixation of a mutation in a population), and
how the variation between isolates can be repre-
sented in a tree. Population genetics “zooms into”
the process of substitution by modelling the ori-
gins and dynamics of genetic variation including
the process of fixation. A natural null model in
population genetics is the neutral model in which
all genetic variants are selectively equivalent. In
this model the process of mutation generates
new variants (alleles) while randomness – genetic
drift – leads to loss of variation or to fixation
(i.e. substitution). The dynamic balance between
these two processes – mutation and drift – has
been characterised along with properties of sam-
ples from a population in such balance (Ewens
1972). The theory of this balance between muta-
tion and drift is generally applicable to bacteria
including M. tuberculosis.

Because most viable mutations are expected to
have zero or negligible effect on bacterial pheno-
type, variation at marker loci can be considered
selectively neutral, as a first approximation. An
important exception is antibiotic resistance genes
which are removed for the purposes of phylo-
genetic analysis because they are known to be
under selection (Comas et al. 2013). Exceptions
to strict neutrality can also occur at marker loci:
for instance, movement of IS6110 can lead to
deleterious or even advantageous effects. More-
over, in the absence of recombination – as is the
case for M. tuberculosis – any mutation under
positive selection will be linked to neutral varia-
tion throughout the genome which may hitchhike
to fixation in a selective sweep (Smith et al.
2009). Nevertheless, a first step to analysing most
molecular variation is to treat it as selectively
neutral to understand broad patterns in data using
theory from population genetics (Ewens 2004).

Neutral models have been found to often ade-
quately describe the distribution of cluster sizes
under IS6110-RFLP typing and spoligotyping,
and the fit can be improved compared to the
standard Wright-Fisher population genetic model
by allowing the infected population to expand
according to a birth-death process (Luciani et al.

2008). These simple population models focus on
genetic variation without considering details of
the population dynamics or the natural history
of disease. For example, at the epidemiologi-
cal level the population of interest is the set
of infected hosts, and the replication process
is the transmission process. However, standard
population genetic models do not explicitly ac-
count for the process of transmission nor other
processes such as host recovery, death or la-
tent infection. Thus there is a need to integrate
population genetic models with epidemiological
dynamics such as those described in Sect. 15.2.
Section 15.4 will describe progress towards this
goal.

15.3.6 Models of Within-Host
Variation and Mixed
Infections

At epidemiological scales, it is convenient to
assume that each infected case corresponds to
a single strain and that mutation leads to the
instantaneous replacement of the ancestor, but
in reality more than one strain can exist within
an infection (Sergeev et al. 2011; Warren et al.
2004). Such infections are called mixed or com-
plex infections. This bacterial variation may be
due to mutation within the host or reinfection
of the host by another strain. In order to under-
stand the source and consequences of variation,
models of bacterial dynamics at the within-host
level are needed. Such modelling has led, for
example, to methods to detect mixed infection
(Plazzotta et al. 2015) and to classify whether
the variation is due to reinfection or mutation
(Chindelevitch et al. 2016) using genetic data.
In cases where within-host variation is due to
mutation, serial isolates of M. tuberculosis from
an infection can be used to estimate mutation
rates (Ragheb et al. 2013; Rosenberg et al. 2003;
Tanaka et al. 2004). A benefit of these estimates
is that unlike “snapshot” data they make use of
temporal information. Within-host data can also
be used to study population genetic statistics to
quantify the action of natural selection (O’Neill
et al. 2015).
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We note that the dynamics of M. tuberculosis
within patients are highly complex and involve
a large number of interactions between the
pathogen and the host. The roles of the immune
system, inter-cellular signals and spatial effects
have been modelled (Gammack et al. 2004;
Wigginton and Kirschner 2001). In those
models, the variation in disease dynamics is
due to the complex interactions between M.
tuberculosis and the host response. To be
able to draw conclusions for population level
dynamics, models must suppress some of the
complexities of the intra-host dynamics while
focusing on competition between strains. For
example, different M. tuberculosis strains can be
modelled by imposing structure on the pathogen
population (Fig. 15.2, left), and different
immune responses can be modelled by imposing
structure on host population (Fig. 15.2, right).

Just as drug resistance is an important source
of variation on the epidemiological scale, it is
also important to consider on the within-host
scale. Models that combine the population dy-
namics of M. tuberculosis with the pharmacoki-
netics of drugs provide a quantitative description
of the emergence of resistance within a patient,
which can then be used to optimise treatment
regimens to minimise drug resistance (Lipsitch
and Levin 1997). The effects of nonadherence
and drug synergies can be considered under such
models (Lipsitch and Levin 1997). Within-host
modelling of multidrug resistant M. tuberculo-
sis has led to predictions that such strains can
arise at an unexpectedly high rate from appar-
ently pansensitive within-host populations be-
cause of standing genetic variation in those pop-
ulations (Colijn et al. 2011; Lipsitch and Levin
1997).

15.4 Integrating Epidemiological
and Evolutionary Models

In Sect. 15.2.1 we described models of the epi-
demiology of disease and of M. tuberculosis in
particular. In Sect. 15.3 we described how models
from the fields of molecular evolution and pop-
ulation genetics can be applied to genetic data

from M. tuberculosis isolates. We suggest that
to fully understand genetic data, it is necessary
to combine both kinds of approaches. We will
describe developments in this area, including the
integration of epidemiological and evolutionary
models that involve the analysis of phylogenies
– a young field dubbed phylodynamics (Grenfell
et al. 2004).

15.4.1 Between-Host Variation,
Clustering and Transmission

A central goal of molecular epidemiology is
to draw inferences about disease transmission
using genetic information (Glynn et al. 1999b;
Mathema et al. 2006; Murray 2002a; Tanaka and
Francis 2005). Above we introduced phyloge-
netic trees to investigate the diversity of M. tu-
berculosis strains, namely to infer the past history
(or state) of the epidemic. In this section, we go
a step further and in fact assess the transmission
dynamics in addition to the state.

The degree to which isolates cluster into iden-
tical genotypes carries information about the ex-
tent of recent transmission. The underlying as-
sumption is that genotypes evolve on the same
timescale as the process of disease transmission
so that each cluster of isolates represents a set
of cases that arose recently through transmission,
but isolates that are not connected via recent
transmission are different through accumulated
mutations. Simple clustering statistics have there-
fore been used to quantify recent transmission
of tuberculosis (Alland et al. 1994; Small et al.
1994). Widely used are the “n” and “n-1” statis-
tics ((Glynn et al. 1999b), also known as RTIn and
RTIn�1 respectively (Tanaka and Francis 2005)).
These are defined as:

RTIn D nc=n (15.3)

RTIn�1 D .nc � c/=n (15.4)

where nc is the number of isolates in clusters (of
2 or more isolates), c is the number of clusters
and n is the total number of isolates. These can
be alternatively written as
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RTIn D 1 � u=n (15.5)

RTIn�1 D 1 � g=n (15.6)

where g is the number of distinct genotypes in the
sample and u is the number of unique genotypes
in the sample (also called non-clustered isolates
or singletons).

Mathematical modelling has contributed
to the goal of improving inferences from
these data. First, modelling and simulation
studies have shown that incomplete sampling
leads to an underestimation of the extent of
recent transmission which also interferes with
assessing risk factors for recent transmission
(Borgdorff et al. 2011; Glynn et al. 1999a,b;
Murray 2002b; Murray and Alland 2002).
Second, the degree of clustering cannot
easily be compared across different types of
markers because different markers mutate at
different rates, a fact not accounted for in these
simple clustering statistics (Tanaka and Francis
2005). Thus, in order to interpret patterns of
clustering in terms of disease transmission it is
important to know the mutation rates of different
markers. Furthermore, separate clusters may
not be completely different strains – a single
mutation event could split a cluster into two
clusters, which should be treated as a single
epidemiological cluster of cases. Ideally then,
methods of inference from genetic data would
both incorporate the speed of evolution and
account for sampling.

An approach to analysing genetic data is to
use mathematical models that account for disease
transmission, marker mutation and sampling. The
extent of transmission can be quantified by es-
timating the effective reproduction number of
the pathogen. Because models can be complex
and difficult to work with directly, computational
methods that approximate the likelihood have
been applied to analyse data using models (Aan-
dahl et al. 2014; Luciani et al. 2009; Tanaka
et al. 2006). These models do not consider the
phylogenetic history of the genetic data. An al-
ternative approach is to augment the data by
using trees which permits exact calculation of
likelihoods conditional on trees (Stadler 2011).

This approach requires a clear definition of trees
that represent the evolutionary and epidemiolog-
ical history of a sample of bacterial isolates.
The next section introduces the concept of the
transmission tree as a step towards integrating
epidemiology and phylogeny.

15.4.2 Transmission Trees

In order to characterise the connection between
epidemiological and evolutionary relationships it
is necessary to introduce the concept of transmis-
sion trees to be studied in light of phylogenetic
trees. If all of the infected individuals and the
times and sources of every new infection were
known, we could represent the spread of an infec-
tion as a bifurcating tree. In such a tree, which we
will refer to as the transmission tree, each branch
represents an infectious case, each bifurcation
event represents a secondary case, and the root
branch represents the initial introduction of the
infection to the population. One of the very few
cases of perfect transmission tree reconstruction
via complete contact tracing was done in a 1980
study on a quarantined US naval vessel described
by Houk (1980).

Unfortunately, in most epidemics it is difficult
to achieve complete sampling and to record the
precise timing of events; nor can we perform
contact tracing, as the infection event might have
taken place years prior to the onset of symp-
toms. Instead, genetic sequencing data are used
to estimate the transmission tree relying on the
following observation. Upon each infection a
subset of the genotypes occurring in the donor is
transferred to the recipient, producing a new case.
From the time of that transmission event, the
pathogen populations in the two distinct infec-
tions evolve independently of each other within
the two hosts. Thus patients close in the transmis-
sion chain have M. tuberculosis genomes closer
to each other compared to patients distant in
the transmission chain. The phylogenetic tree of
the pathogen sequences puts similar sequences
close together and serves as a proxy for the
transmission chain. Note that upon a bifurcation,
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Fig. 15.4 An example of a transmission tree depicting
SIR dynamics. The tree shows sampled branches with
solid lines and unsampled ones with dotted lines, with

samples shown as orange circles. The curves underneath
the tree show the changes in the number of infected
individuals and the recovered individuals

we do not know which patient is the donor or the
recipient in this reconstructed tree.

Genetic sequencing data represent only a sub-
set of active tuberculosis infection because of
incomplete sampling due to financial or other
constraints. Reconstructed transmission chains
are therefore also incomplete. Figure 15.4 shows
an example of a transmission tree in an epi-
demic with SIR dynamics, with incomplete sam-
pling. By observing the reconstructed phyloge-
netic trees and interpreting them as a proxy for
the transmission chain, one can make conclu-
sions about multiple characteristics of the epi-
demic, such as possible hotspots of infection (e.g.
households where multiple family members were
infected) and identify whether a specific patient
could have been a source of infection in a cluster.
Methods to infer the exact transmission tree of M.
tuberculosis from a phylogenetic tree, including
the direction of infection have been recently pro-
posed in Didelot et al. (2014, 2017). Essentially,
these methods assign a corresponding sampled or
unsampled infected host to lineages.

15.4.3 Phylodynamic Methods

As sequencing of genomes becomes more cost-
effective, fast and reliable, increasing amounts
of sequence data are sampled from ongoing epi-
demics, and phylogenetic trees as well as trans-
mission trees are thus being reconstructed. This
increase in sequence data has stimulated the de-
velopment of phylodynamic methods that com-

bine evolutionary and epidemiological analyses
to quantify the parameters of the epidemiological
models. In fact, the structure and branch length
of the reconstructed phylogenetic tree contains
information on the different compartments and
rates of movement (i.e. dynamics) between the
compartments in the underlying epidemiological
model. For example, in the case of an SIR model
with all patients being sampled upon recovery,
the waiting times for a new branching event will
be exponentially distributed with mean rate � D
ˇI and the branches will terminate (the individual
will stop being infectious) with mean rate � .
Incomplete sampling requires the development of
sophisticated statistical tools integrating over all
non-sampled patients (Stadler et al. 2013; Volz
et al. 2009). The dependency will be more com-
plex for a model including a latent or other non-
infectious class, or allowing for heterogeneous
pathogen or host population as in Fig. 15.2 (Küh-
nert et al. 2016; Stadler and Bonhoeffer 2013;
Volz 2012). In such a case the reconstructed phy-
logenetic tree is extended by labelling each tip in
the tree with the compartment the corresponding
host belongs to: if tips from the same compart-
ment cluster in the tree we conclude that there
is transmission within the compartment, while
if tips from the same compartment are spread
over the tree we conclude independent migration
into that compartment. The phylodynamic meth-
ods allow us to quantify the rates of transmis-
sion and migration in the epidemiological models
based on the phylogenetic trees with the tip
labels.
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There are two main approaches to infer epi-
demiological parameters from pathogen sequenc-
ing data, which we call the two-step and the one-
step approaches.

In the two-step approach, one first produces
a phylogenetic tree with branch lengths in cal-
endar units, using a tree reconstruction method
as discussed in Sect. 15.3.3. The reconstructed
tree is used as fixed input in the second analysis
step to infer epidemiological parameters (see
e.g. Kühnert et al. 2014, 2016; Stadler and Bon-
hoeffer 2013; Stadler et al. 2013; Volz 2012; Volz
et al. 2009). Most of these methods are available
within the software package BEAST2 (Bouckaert
et al. 2014) and stand-alone implementations are
mentioned in the individual papers. This parame-
ter inference based on a fixed tree can be done
using maximum likelihood (ML) or Bayesian
inference. ML inference focuses on finding the
combination of parameters that was the most
likely to have produced the phylogenetic tree
that is being studied under the given epidemi-
ological model. The ML framework does not
make use of prior knowledge of the parameters
of the underlying models. In contrast, Bayesian
methods can incorporate prior distributions of
parameters and yield posterior distributions over
the parameter space. Posterior distributions are
a natural way to interpret the uncertainty in the
resulting estimates. The incorporation of prior
distributions allows for the better use of all the
information available but requires great care in
prior specification, as inappropriate priors can
significantly and incorrectly influence the results
of the analysis.

One-step approaches simultaneously estimate
trees and parameters from the genetic sequences,
typically in a Bayesian framework. In the one-
step Bayesian approach the uncertainty in the
phylogenetic trees is naturally integrated out.
In other words, the posterior distributions of
our epidemiological parameters take into account
tree uncertainty. This will become particularly
useful for M. tuberculosis analyses as the low
diversity in whole genome M. tuberculosis strains
leads to high uncertainty in trees. For this one-
step approach we jointly assume an epidemi-
ological model such as the SIR model, which

gives rise to a probability distribution over the
tree space, and an evolutionary model such as
GTR, which defines the probability distribution
of the alignment of sequences. The output is a
posterior distribution of trees, and the epidemi-
ological and evolutionary parameters. Software
packages BEAST2 (Bouckaert et al. 2014) and
BEAST1 (Drummond et al. 2012) can simulta-
neously infer the evolutionary history and the
epidemiological parameters under some simple
epidemiological models.2

This one-step approach had been used for viral
datasets such as HCV (Pybus et al. 2003), HIV
(Stadler et al. 2012), or influenza (Kühnert et al.
2016). Phylodynamics on viruses can be done
based on single genes as the substitution rates
are high enough to see differences in single genes
of the virus in donor compared to recipient. The
slower-evolving M. tuberculosis requires whole
genomes to reconstruct the phylogenetic trees
and the epidemiological parameters. With next-
generation sequencing technologies, such whole
genomes become increasingly available, opening
the door for phylodynamic analysis.

Such analyses have been done for assessing
the rate of transmitted drug resistance. In Casali
et al. (2014) the tips in the reconstructed phylo-
genetic tree were labelled according to the drug
resistance status. Short inter-sequence distance
was used to infer transmission links and to assess
the transmission fitness costs in drug-resistant
strains.

15.5 Practical Implications

Mathematical modelling helps us explain and
predict the dynamics of tuberculosis, including
the origins and future of strain diversity. Mod-
els aid in estimating the rates of transmission
and reactivation, which in turn can influence the
design of population interventions, and therefore
models that incorporate at least the conclusions

2BEAST2 started out as a re-design of BEAST1, but over
the course of time the two platforms continued to evolve
independently with new features being implemented in
both.
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from strain diversity studies are of importance in
targeting interventions to achieve WHO goals of
eliminating M. tuberculosis.

15.5.1 Classification and Outbreaks

In a practical sense, model-based analysis of
genetic diversity data for M. tuberculosis can
be useful both for reactive purposes such as
outbreak and contact investigations and longer-
term policy definitions for addressing problems
such as drug-resistance.

In relation to M. tuberculosis cases and con-
tact interventions, modelling has most potential
to be useful in high-resource environments where
relevant data collection on cases and contacts
provide nearly complete strain information in-
cluding genotyping and sequencing of samples.
A recent demonstration study suggested that use
of WGS-based testing and identification of resis-
tance was a more cost-effective solution for re-
sistance testing and case follow-up than existing
methods (Pankhurst et al. 2016).

Application of modelling tools such as
BEAST2 to analyse genotype and whole genome
sequencing data (Gardy et al. 2011; Outhred
et al. 2016) for M. tuberculosis isolates can
inform outbreak investigations by more precisely
identifying links, which in turn has implications
for epidemiological analyses of risk-factors for
transmission and disease. In addition, modelling
can be used to better understand measurement
processes and biases in collection of samples, for
instance the simulations conducted by Plazzotta
et al. (2015) show how the prevalence of mixed-
infection can be corrected for based on modelled
properties of the infection and sample collection
process.

A related question that can be informed by
diversity data is the estimation of the proportions
of recent transmission, relapse and reactivation.
Determining this balance is important as it can
help decide which aspects of treatment and pre-
vention programs require attention. For instance
a high rate of recent transmission would suggest

prioritising case finding and treatment success
rates, while high rates of reactivation might sug-
gest the need for increased use of preventive ther-
apy. Studies using WGS to investigate transmis-
sion were recently reviewed by Hatherell et al.
(2016) who suggest that while these approaches
are very helpful, improvements are still needed
not only to data fidelity but also to the models
of transmission trees and to the development of
model-based thresholds for genetic distance to
distinguish linked and unlinked cases.

15.5.2 Correlation Between
Pathogen Genetics and Host
Outcomes

A separate question that can be addressed with
genetic data is whether differences in infection
and disease outcomes are due to pathogen diver-
sity or due to factors unrelated to the pathogen
characteristics (see Chap. 5). For example, dif-
ferences in progression to disease from infections
with M. africanum as opposed to M. tuberculosis
have been observed in a large epidemiological
cohort study in the Gambia (de Jong et al. 2008).

While such differences in disease natural his-
tory between related species might be expected,
it does raise the question of whether epidemi-
ological differences in infection, progression or
disease outcomes differ between strain groupings
and whether this might need attention in terms
of disease control. Evidence for this variation,
discussed in Chap. 5 and in the comprehensive
review by Coscolla and Gagneux (2014), demon-
strates a range of differences between M. tu-
berculosis lineages at molecular, in vivo and in
vitro levels. However, epidemiological evidence
for special properties of, for example, the Beijing
strain, is less conclusive and has not yet been
a major focus in modelling studies. We note
that Comas and Gagneux (2011) have argued
for a “systems epidemiology” approach using
computational models to address such questions
and expect the increased use of the mathematical
techniques such as those summarised here.
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15.5.3 Dynamics of Resistance

A major practical focus for modelling strain di-
versity is the phenomena of multi-drug and ex-
tremely drug resistant tuberculosis. While poor
individual outcomes and the high cost of such
treatment have been influential in altering WHO
policy for detecting and treating MDR-TB, mod-
els have played a key part in showing the poten-
tial for expansion of resistant strains (Blower and
Gerberding 1998; Cohen and Murray 2004; Dye
and Espinal 2001; Dye and Williams 2000) and
identifying the need for drug-sensitivity testing
as part of approaches to mitigate these effects.
Implementation of treatment programs for MDR-
TB in lower income settings has been facilitated
by the development of molecular genetic tests
such as geneXpert (Boehme et al. 2010) and more
detailed modelling studies that directly assess
and compare the cost-effectiveness of relevant
population treatment strategies.

These issues have been explored primarily
through deterministic epidemiological models,
with strain heterogeneity simplified to sensitive
and resistant classes, including the potential for
latent infection with both resistant and sensitive
TB (Colijn et al. 2009). These approaches are
valuable for assessing the impacts of relative
fitness under strong treatment related selection,
either for active TB (Cohen and Murray 2004) or
preventive therapy (Cohen et al. 2006) in latently
infected populations.

Extensions of such models have also been
applied to describe trends in MDR+ resistance
through an expanded classification of resistance
properties from mono-resistance through to
MDR and XDR-TB (Menzies et al. 2012).
Models with this additional detail on resistance
allow prediction of the effects of molecular
testing for resistance and appropriate on
epidemic trajectories and the prevalence of
MDR+ resistance. Modelling studies have in
general found that tests such as geneXpert
offer acceptable value for money even in lower
resource settings and these studies have helped
facilitate a rapid scale-up in testing and treatment
for MDR-TB since 2013 (WHO 2016). There has
been a recent proliferation of studies assessing

the effectiveness and cost-effectiveness of such
strategies, as summarised by Zwerling et al.
(2016) who note that molecular tests have
generally had positive cost-effectiveness findings
but that future models need to feature increased
use of setting-specific parameters in relation to
treatment and diagnostic programs.

In 2015 WHO established its end-TB strategy
which sets ambitious goals for reducing new
cases by 90% by 2035. This target does not
seem achievable without reducing the burden
of reactivated TB cases through treatment of
latent tuberculosis (Rangaka et al. 2015) and
suggests that the prevalence of resistance in latent
infections will have substantial impact on the
success of preventative treatment strategies. It
will be important to detect and know the extent of
mixed infection involving sensitive and resistant
bacteria (Cohen et al. 2012; Mills et al. 2013),
through both data collection and use of models to
correct biases in observations.

Models have also considered that increases in
the prevalence of resistance relate to the variance
of reproductive fitness among resistant strains. In
accordance with expectations from evolutionary
theory, variance in fitness enhances the success
of resistance even if the mean fitness is relatively
low (Knight et al. 2015). In particular these
results indicate that while resistance that emerges
under treatment will in general be poorly trans-
missible, transmission will nevertheless become
dominated by resistant strains with the highest
fitness (Knight et al. 2015) in the absence of
rapid identification and appropriate treatment for
MDR-TB. Such models have the advantage of
illustrating how high-fitness resistant strains can
gain an increase in prevalence in poorly con-
trolled epidemics.

Dynamic models that consider strain diversity
more directly have been less common and have
been concerned with scientific questions such
as estimation of fitness costs of resistance. For
instance stochastic epidemiological models with
genotype evolution have been used to estimate
the relative fitness of drug resistant strains, and
to estimate the relative importance of transmis-
sion of resistant strains versus acquired resis-
tance (Luciani et al. 2009). The practical impli-
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cation of such studies is to emphasise the value in
reducing the average period of infectiousness for
individuals with resistant M. tuberculosis infec-
tions. Models can then be used as decision tools
to help guide us to the most effective means to
achieve this goal, for example through increasing
overall case-finding, reducing the time between
identification of a case and tests for resistance or
improving treatment compliance and outcomes.
These findings can have both policy and research
implications, for instance in terms of suggest-
ing the characteristics of potential diagnostics
(Dowdy et al. 2014) or treatment regimens that
would be most beneficial (Zwerling et al. 2016).

15.5.4 Future Directions

Tuberculosis modelling is a rapidly growing
field, with a number of key directions in which
modelling research is progressing. In relation
to models of M. tuberculosis variation, it is
particularly important to refine models for
whole genome sequencing (WGS) data analysis
because much future data will be of this kind.
We discussed some of the recent developments
in this broad area in Sect. 15.4 but further work
can be done. For example, more realistic models
could be developed to link dynamics at within-
and between-host levels.

Models of the within-host M. tuberculosis in-
fection should ideally feature a more fine-grained
characterisation of the natural history of disease,
including interactions between the immune sys-
tem and the pathogen population and understand-
ing features of TB infection such as granulomas.
Research in this area has moved from more
theoretical explorations (Chang et al. 2005) to
studies of potential biomarkers (Marino et al.
2016) and enhancements to therapy (Linderman
and Kirschner 2015). One other open topic of
research is the quantification of substitution rates
for M. tuberculosis in the latent and in the acute
stage of the disease.

Another aspect of tuberculosis epidemiology
that has been relatively underexplored is the vari-
ation in host susceptibility to infection and dis-
ease. We briefly described approaches to describ-

ing host variation through models in Sect. 15.2.3.
Future work may extend such models to consider
coevolution between the host immune system
and M. tuberculosis. We note that variation in
hosts can be due to genetic or non-genetic fac-
tors and that although genetic susceptibility to
tuberculosis infection has been studied (Bellamy
et al. 2000) the important sources of host vari-
ation are arguably non-genetic factors such as
age, HIV status and other immunosuppression,
diabetes, BCG vaccination and living conditions
including nutrition, crowding and smoking be-
haviour. While host factors such as these are
commonly included in risk-prediction models for
non-communicable diseases (e.g. coronary artery
disease), their adoption in transmission models
for M. tuberculosis has been slow. However, there
is increasing recognition that social determinants
of transmission and disease are important in char-
acterizing M. tuberculosis epidemics and in set-
ting priorities for control (Andrews et al. 2015).
As host factors are often closely linked to key
characteristics of treatment programs (e.g. com-
pliance with treatment), there can be flow on
effects to pathogen variation. As such, it is likely
that there is value in integrated approaches that
take both host and pathogen variation into ac-
count. We see these approaches as valuable not
only in terms of explaining existing epidemiol-
ogy but in more local prediction of epidemic
outcomes under changes to control measures.
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