
Every minute, another three people in the world die  
of tuberculosis. With more than 8 million new cases of  
active disease and nearly 1.5 million deaths annually, 
tuberculosis is a global health emergency of over-
whelming proportions1. The causal pathogen — the 
bacterium Mycobacterium tuberculosis — is transmitted 
by inhalation. In the lungs, M. tuberculosis is phago-
cytosed by macrophages, which are thought to be the 
predominant host cell for the majority of the infectious 
life cycle. Internalization by macrophages triggers an 
immune response, the recruitment of additional mono-
cytes and, ultimately, the formation of a granuloma that 
effectively contains the infected cells. The success of 
this microorganism is partly due to its ability to survive 
within macrophages in a granuloma for months and 
even decades in an asymptomatic state2–4. It has been 
estimated that one-third of the human population may 
harbour M. tuberculosis in this state5. For transmission to  
occur this containment must fail (which can be due  
to changes in the host immune status) or be overcome. 
When the granuloma breaks down, infectious bacilli can 
be released into the airways to be expelled and trans-
mitted to the next host. Although this outline of the life 
cycle is generally accepted2,3, many details of this cycle 
and the mechanisms that allow M. tuberculosis to survive 
in the host remain poorly understood.

M. tuberculosis is one member of a group of organ-
isms known as the M. tuberculosis complex (MTBC) 
that also includes numerous strains of M. tuberculosis, 
the human pathogen Mycobacterium africanum and 
a clade of animal-infecting mycobacteria (including 
Mycobacterium bovis). Some non-tuberculosis myco-
bacteria are capable of causing infections in humans or 
animals, but the majority are common environmental 

organisms that typically live in soil6. The mycobacteria, 
in turn, are members of Gram-positive Actinomycetes, 
which include numerous common soil and aquatic bacte-
ria. The story of M. tuberculosis is therefore a story of how 
what was most likely a soil bacterium evolved to become 
one of the most successful human pathogens in history.

In this Review, I describe how the application of 
genomics to the study of tuberculosis is accelerating 
our understanding of this ancient disease. Through 
the expanding use of genome sequencing and com-
parative genomic analyses, the research field has gained 
new insights into the origins of M. tuberculosis. This 
in turn has provided knowledge into how M. tuber-
culosis evolved to become a ‘professional pathogen’ of 
humans and how it continues to evolve to evade our 
clinical efforts through drug resistance. The extension 
of sequencing technology to systems biology has fur-
ther yielded insights into the adaptations that enable 
M. tuberculosis to survive in the host. Together with an 
extensive literature on cellular biology and immunology 
of tuberculosis, these data give rise to an emerging pic-
ture of an organism that has evolved over an extended 
period of time to adapt to, and possibly orchestrate 
changes in, the host immune system.

The emergence of a human pathogen
Tuberculosis has affected humans for thousands of years. 
The ancient association of tuberculosis with humanity 
is supported by literary descriptions, by morphological 
evidence in human fossils and by the identification of 
mycobacterial DNA in human remains using genotyping 
methods, including PCR of the IS6110 repeat sequence, 
spoligotyping or PCR amplification, and sequencing of 
the D1 deletion region (BOXES 1,2; see Supplementary 
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Active disease
A Mycobacterium tuberculosis 
infection associated with clinical 
symptoms of tuberculosis.

Granuloma
An organized nodule of 
inflammatory cells that is 
associated with a range of 
diseases, including tuberculosis. 
A tuberculosis granuloma 
consists of a core of infected 
macrophages surrounded by 
phagocytes that are enclosed 
in a mantle of lymphocytes  
and a fibrous cuff.

Professional pathogen
An organism adapted for  
a pathogenic lifestyle.
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Abstract | Prevalent since pre-history, human tuberculosis — caused by the pathogen 
Mycobacterium tuberculosis — remains a major source of death worldwide. Moreover, 
increasing drug resistance poses the threat of disease resurgence. However, the expanding 
application of genomic techniques is providing new avenues for combating this old foe. 
Whole-genome sequencing, comparative genomics and systems biology are generating 
new insights into the origins and ongoing evolution of M. tuberculosis, as well as the 
molecular basis for its pathogenicity. These have important implications for our 
perspective of the disease, development of new drugs and vaccines, and treatment of 
patients using existing therapeutics.
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analyses with related species (including other members 
of the MTBC and smooth tubercle bacilli (STBs)).

The WGS of the first strain of M. tuberculosis — the 
widely used laboratory strain H37Rv — was a landmark 
in the study of this disease9. A little more than 100 years 
after the bacterium was isolated by Robert Koch, it 
was revealed to have a GC-rich genome of 4.4 Mb that 
contains ~4,000 genes. The genome sequence also ena-
bled the development of DNA microarrays that could 
be used to probe the gene content of closely related 
mycobacteria through comparative genome hybridi-
zation10. Such studies, complemented by pulse-field gel  
electrophoresis approaches11,12, resulted in the identifi-
cation of variable genomic regions that are present in 
some but not all MTBC strains. The distribution of 
these regions led to the construction of a phylogenetic 

Box 1 | Tuberculosis in the ancient world

Few diseases have had an association with human beings that is as long and impactful as that of tuberculosis. Literary 
descriptions that are suggestive of tuberculosis date back millennia and are found in Chinese medical texts140 
(~2,700 bc), the Vedic writings of India141 (~1,500 bc), the Old Testament of the Bible142 (~1,300–400 bc) and the writings 
of Hippocrates143 (460 bc). These and other texts refer to a disease that is variously called schachepheth (Hebrew),  
sosha (Sanskrit), yaksmā or xoy (Hindi) and phthisis (Greek). Phthisis translates as ‘wasting away’, which describes the 
symptomatic course of pulmonary tuberculosis that also gave rise to its common nineteenth century name — 
consumption. The pathophysiological association of tuberculosis with the development of a granuloma, or tubercle, 
gave the disease its modern name.

The ancient association of tuberculosis with humanity has been supported by archaeological data and, more recently, 
by data obtained using molecular techniques. Although tuberculosis infections are most common in the lungs, they can 
occur in essentially any body part. Infection of the spine — termed Pott’s disease — results in the destruction of 
intervertebral disks and vertebral bodies which, in the most severe cases, leads to spinal collapse and hunchback.  
Such characteristic anatomical changes provide a nonspecific signature of possible tuberculosis infection that is 
recognizable in fossil remains144. This can be supported by the identification of mycobacterial DNA through genotyping 
methods, including PCR confirmation of the IS6110 repeat sequence, spoligotyping or PCR amplification and 
sequencing of the D1 deletion region. However, each of these methods has limitations in its ability to resolve closely 
related lineages145. More recently, whole-genome sequencing has been applied to resolve strain phylogeny with high 
resolution146. In all cases, extreme care is required in both the applications of such methods and the interpretation of the 
results owing to the possibility of contamination with modern mycobacteria144. Nonetheless, compelling data have been 
generated, and many questions have been raised (see Supplementary information S1 (table)).

Archaeological investigations of tuberculosis have been most extensively applied to ancient Egyptian mummies. The 
first and most famous case147 was based on morphological changes in the mummified remains of Nesparehan, who was a 
high priest of Amon under Ramses II (1,304–1,237 bc). Subsequent studies using IS6110 typing confirmed the presence 
of Mycobacterium tuberculosis complex (MTBC) throughout Egyptian history back to the pre-dynastic period 
(~3,400 bc)145,148–151. It has been estimated that up to 25% of Egyptians who were later mummified may have suffered 
from tuberculosis152. Spoligotyping supported the presence of M. tuberculosis and Mycobacterium africanum, but not 
Mycobacterium bovis (although M. bovis was probably in existence). Other reports confirm that tuberculosis was 
geographically widespread with fossil evidence from fourth millennium bc Germany153, third millennium bc Italy154, 
Sweden, Denmark155 and Rome, and possibly also first millennium China156. The oldest fossil evidence so far of human 
tuberculosis comes from the 9,000-year-old remains of a woman and an infant that were recovered from a submerged 
site in the Eastern Mediterranean157. Morphological evidence, the mycobacterial lipids and D1 deletion region 
sequencing indicate not only species of the MTBC but also specifically human-infecting M. tuberculosis, which suggests 
that the modern version of tuberculosis already existed during the Neolithic period.

The evidence that human tuberculosis is coincident with animal domestication gave rise to the hypothesis that 
human-infecting M. tuberculosis arose through a zoonotic transmission of an ancient M. bovis strain from cows7,8, which 
is similar to the zoonotic origins of other human pathogens such as measles and influenza. However, some aspects of the 
archaeological record conflict with this scenario. The identification of molecular evidence of MTBC in pre-Columbian 
human remains from Peru158,159 and Chile160 suggests that some members of the MTBC may have crossed to the new 
world via the Bering Strait during the Late Pleistocene before widespread animal domestication. Moreover, typical 
lesions of tuberculosis have been identified in North American bovids161 (125,000–8,000 years ago) and mastodons162 
(38,000–10,000 years ago), and in a Bison fossil from a natural trap cave in Wyoming, USA, which revealed molecular 
evidence that mycobacterial DNA is more closely aligned to modern M. tuberculosis than to M. africanum and M. bovis. 
These archaeological data suggest that, even if tuberculosis arose as a zoonosis, the emergence of tuberculosis is likely 
to predate animal domestication.

information S1 (table)). The initial analyses of these 
data led to the hypothesis that human-infecting 
M. tuberculosis arose through a zoonotic transmission of 
an ancient M. bovis strain from cows during domestica-
tion7,8 (BOX 1), which is similar to the zoonotic origins 
of other human pathogens such as measles and influ-
enza viruses. However, it was the subsequent application  
of genomics that forced a re-evaluation of the origins of  
M. tuberculosis in humans.

Fresh phylogenetic insights from genome sequencing. 
Insights into the emergence of M. tuberculosis as a human 
pathogen have come from several genomic studies, such 
as whole-genome sequencing (WGS) of M. tuberculosis, 
the characterization of the genetic diversity of mod-
ern M. tuberculosis strains and comparative genomic 

IS6110 repeat sequence
An insertion element specific 
to the Mycobacterium 
tuberculosis complex.

Spoligotyping
A PCR-based method for 
genotyping Mycobacterium 
tuberculosis strains on the 
basis of the presence or 
absence of clustered regularly 
interspaced short palindromic 
repeat (CRISPR) spacer 
sequences.

D1 deletion
A genomic region  
deleted specifically in 
Mycobacterium tuberculosis 
relative to the  
M. tuberculosis complex.

Zoonotic transmission
The transmission of an animal 
disease to humans.

Smooth tubercle bacilli
(STBs). Mycobacteria that 
show a smooth colony 
morphology on culture media.

Pulse-field gel 
electrophoresis
A technique for separating 
large DNA molecules in a gel 
matrix using a modulating 
electric field.

Pre-Columbian
Pertaining to the time period 
before the arrival of 
Christopher Columbus  
in the Americas.
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tree of the MTBC species that began to overturn prior  
beliefs about the origins of tuberculosis13 (FIG. 1).

In contrast to the notion that human tuberculosis 
arose as a zoonosis from domesticated cattle, the phy-
logeny revealed that animal strains of M. bovis are nested 

within a tree of human-adapted tuberculosis strains and 
thus represent derivative species relative to M. tubercu-
losis13,14 (FIG. 1). This new phylogeny also casts doubt on 
the idea of a recent origin for human tuberculosis. The 
original zoonotic theory of M. tuberculosis posited that 

Box 2 | Genomic methods for molecular epidemiology

Genomics is enhancing molecular epidemiological methods as applied to tuberculosis. They have been used to address 
numerous questions, the answers to which are advancing clinical practice163. These methods have also been applied to 
the bioarchaeology of tuberculosis (BOX 1). Such investigations typically rely on the ability to genotype clinical isolates, 
and the methods for doing so are varied and increasing.

Spoligotyping
Spoligotyping uses PCR and reverse-hybridization blotting to assess the genetic diversity of a locus that consists of 
36-bp direct repeats, which alternate with unique spacers that are 35–41 bp in length30,164,165. Called the direct repeat 
(DR) locus, it is now recognized that this is an instance of a clustered regularly interspaced short palindromic repeat 
(CRISPR) locus found in other bacteria. In other bacteria, these loci are associated with the CRISPR–Cas (CRISPR- 
associated protein) system that functions as a form of bacterial acquired immunity against exogenous DNA 
elements166,167. Spoligotyping generates a ‘fingerprint’ that indicates the presence or absence of individual spacer 
sequences. It can resolve species identity to a coarse resolution that is sufficient, in some cases, to differentiate 
Mycobacterium tuberculosis from Mycobacterium bovis and Mycobacterium africanum. However, it cannot resolve 
M. tuberculosis complex (MTBC) strains168. Despite this limitation, spoligotyping is fast and inexpensive, and a large 
database of spoligotyped strains is publically available30.

Restriction fragment length polymorphism with IS6110
Restriction fragment length polymorphism (RFLP) with IS6110 uses restriction digestion of genomic DNA followed by 
blotting and labelling with a probe that contains the IS6110 mobile element168. Differences in both the number and the 
location of insertion sites for IS6110 elements result in different probe banding patterns. RFLP with IS6110 has a higher 
resolution than spoligotyping and can distinguish between MTBC strains. However, it is time-consuming owing to the 
need for substantial amounts of DNA168. IS6110 is specific to the MTBC169,170, and thus PCR confirmation of its presence 
can also be used to confirm MTBC (BOX 1). RFLP has also been used with probes for different repeat elements.

Variable-number tandem-repeat typing
Variable-number tandem-repeat (VNTR) typing characterizes the number of tandem repeats in 24 different loci by 
assessing the length of amplicons that are derived from PCR with primers specific to each locus171. The resolution and 
accuracy of this method is still being studied. Its advantage is the ease of implementation.

Multispacer sequence typing 
Multispacer sequence typing (MST) uses a sequence-based analysis of selected intergenic regions that are present in a 
range of strains, but the length or sequence of which varies between strains172.

Whole-genome sequencing
Whole-genome sequencing (WGS) uses deep sequencing to sample and, in some cases, assemble the genomes of clinical 
isolates. In principle, WGS can simultaneously provide complete epidemiological, drug resistance and even potentially 
functional information. In practice, there are currently many limitations and trade-offs. The current state of sequencing 
technology imposes constraints. The fastest and most cost-effective method is shotgun sequencing to generate short 
reads that are aligned to a reference genome. Illumina instruments are currently the most widely used, although Ion 
Torrent may also be used. As only short reads (40–250 bp) are generated, this approach does not typically capture long 
repeat regions. In M. tuberculosis, in particular, insertion elements and PE–PPE genes (which constitute a highly repetitive 
class of antigenic genes) are often excluded. Short reads are also likely to under-sample genome rearrangements. 
Paired-end sequencing and jumping libraries can help to mitigate these issues. Advances in genome assembly from short 
reads can also generate longer contiguous sequences173–177. However, the comparison to a reference sequence makes it 
difficult to detect regions that are specific to the sequenced strain, and the use of different references can complicate 
analyses. In addition, Illumina instruments show a GC bias such that GC-rich and AT-rich regions are under-sampled 
(although new PCR-free methods partially ameliorate this). This effect is exacerbated in M. tuberculosis, which has a ~65% 
GC content. This results in gaps in coverage and lower confidence for certain regions.

Sequencing technologies that generate longer reads include the Pacific Biosciences (PacBio) and Roche 454 sequencers. 
Long reads can substantially mitigate many of the issues above. PacBio single-molecule, real-time (SMRT) sequencing is 
also less affected by GC bias178. Long reads can be combined with short reads to produce improved hybrid assemblies179. 
Sufficient sequencing depth with PacBio has also allowed the generation of high-quality complete genome sequences180. 
The primary limitations with long-read sequencers are costs (for both instruments and reagents), complexity and 
availability. Access to these technologies is thus still restricted.

Despite these issues, WGS enables molecular epidemiological studies to be carried out at an unrivalled resolution. WGS 
has allowed the retrospective differentiation between relapse and reinfection, the reconstruction of transmission chains, 
and the prediction of super-spreaders and potentially undiagnosed cases181–183. Sequencing technologies are advancing 
at a rapid pace. With time, these advances hold promise to overcome current technical limitations. Moreover, as the cost 
of reagents and instruments continues to decrease, the opportunities for applying sequencing on the front line of the 
tuberculosis fight will only expand.
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Molecular clock
A method for dating 
divergence between species 
based on the hypothesis of a 
constant rate of molecular 
change over time in selectively 
neutral DNA sequences.

Clonal expansion
A population that arises from  
a single cell through cell 
replication without lateral  
gene transfer.

human tuberculosis arose with the domestication of ani-
mals ~10,000 years ago. The new phylogeny predicted 
that animal strains instead diverged from human strains 
much earlier.

The notion of an older origin of M. tuberculosis from 
other human-infecting mycobacterial species was fur-
ther supported by genomic studies of STBs, which are 
primarily associated with human tuberculosis in East 
Africa15–17. Initial studies suggested that STB isolates 
and, particularly, Mycobacterium canettii represent an 
early branching lineage of human-infecting mycobac-
teria13,15,18 (FIG. 1). This phylogenetic relationship was 
recently confirmed by WGS of five STB isolates19. This 
relationship was also used to attempt to date the origins 
of human tuberculosis. As both STB and M. tubercu-
losis strains are associated with human tuberculosis, 
parsimony can be used to argue that the last common 

ancestor of the two strains was also adapted to humans18. 
However, this assertion requires caution, as arguments 
for an environmental reservoir for STB strains have also 
been put forward20. Using a molecular clock analysis, one 
study suggested that the ancestor of M. tuberculosis and 
STB strains might have existed up to 2.8 million years 
ago18. Assuming that there was a human-adapted ances-
tor, this leads to the controversial hypothesis that myco-
bacterial disease in hominids may predate that in Homo 
sapiens and may have plagued human ancestors as far 
back as Homo habilis.

The studies on STBs suggest that the emergence of 
pathogenicity was associated with a change in evolution-
ary tempo. STB strains are genetically diverse and show 
evidence of both recombination and lateral gene trans-
fer (LGT; also known as horizontal gene transfer). By 
contrast, the MTBC seems to be a single clonal expansion 
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Figure 1 | Evolutionary relationship between selected mycobacteria and members of the Mycobacterium 
tuberculosis complex. Mycobacteria are predominantly environmental organisms. Several transitions from the 
environment to pathogenicity have occurred in these mycobacteria, including transitions for Mycobacterium avium  
and the Mycobacterium tuberculosis complex (MTBC). The MTBC was thought to arise as a clonal expansion from a 
smooth tubercle bacillus (STB) progenitor population. The animal-adapted Mycobacterium bovis ecotypes branch from 
a presumed human-adapted lineage of Mycobacterium africanum that is currently restricted to West Africa. 
Human-adapted M. tuberculosis strains are grouped into seven main lineages, each of which is primarily associated with 
distinct geographical distribution. Colour coding for lineages corresponds to the colours in FIG. 2a,b. The dates of 
branching events are only crude estimates. TbD1 indicates the deletion event specific for M. tuberculosis lineages 2, 3 
and 4. Evolutionary distances are not to scale. Detailed phylogenetic trees are provided in Supplementary 
information S2 (figure). All species shown are from the genus Mycobacterium.
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Genetic bottleneck
A reduction in genetic diversity 
of a species as a result of a 
large decrease in population 
size.

from this progenitor population. MTBC strains display 
low genetic diversity and no unambiguous evidence 
of LGT. A similar pattern of a clonal expansion from 
a recombining progenitor population has also been 
observed in Mycobacterium avium, which is a non-
tuberculosis mycobacterium related to M. tuberculosis 
and includes both environmental and animal pathogen 
strains21–23 (FIG. 1). This shared pattern suggests potential 
common constraints in the evolution of pathogenicity 
within the mycobacteria. Clonality may be either an 
adaptation to or a consequence of pathogenicity, and it 
has implications for interpreting the evolution of myco-
bacteria. Low genetic diversity is consistent with patho-
gens emerging from a genetic bottleneck. The relative lack 
of sequence diversity within the MTBC, in particular, 
is consistent with a bottleneck at the split between the 
MTBC and the progenitor population.

The degree of genetic diversity within the MTBC has 
been a topic of debate. Early studies based on selected 
genes revealed little DNA diversity and led to the notion 
that strain variability in M. tuberculosis was negligible 
and clinically unimportant24,25. Subsequent studies using 
a larger number of markers called into question this con-
clusion and suggested the presence of genetic differences 
between M. tuberculosis strains from different parts of 
the world. The full breadth of such diversity was first 
revealed by the WGS of 25 M. tuberculosis strains that 
were selected to span the emerging genetic diversity20,26. 
The subsequent sequencing and analysis of an additional 
229 strains provided an even more detailed view27. The 
comprehensive picture afforded by WGS has revealed 
substantially more genetic diversity than previously 
appreciated, and two strains of M. tuberculosis were 
found to differ by up to 2,000 single-nucleotide poly-
morphisms (SNPs) — a genetic distance that is compa-
rable to the interspecies distance between M. tuberculosis 
and M. bovis20. Although this diversity is substantially 
smaller than that seen in other bacterial species (see 
below), there is an increasing amount of evidence that 
it may nonetheless have functional and perhaps clinical 
consequences28.

WGS has also enabled the construction of the most 
reliable phylogenetic tree of MTBC strains so far27. 
Within this phylogeny seven major lineages of human 
pathogenic M. tuberculosis and M. africanum can be dis-
cerned along with a lineage of the animal-adapted strains 
of M. bovis (FIG. 1; see Supplementary information S2 
(figure)). As previously detected using genotyping and 
selected sequencing29–31, each lineage is associated with 
a restricted geographical distribution32.

An updated model of M. tuberculosis origins. From the 
combination of archaeological, sequencing and com-
parative genomic analyses, a plausible scenario of the 
evolutionary origins of M. tuberculosis can be proposed 
(FIG. 2). Building on previous proposals13,29,33, compo-
nents of this scenario have been described20,27,32,34,35. The 
deepest origins are most likely to lie in ancestral spe-
cies that were adapted to soil and other environmental 
niches6,14,36. From these primordial roots, several transi-
tions of mycobacteria to animal pathogenesis occurred. 

For M. tuberculosis, this transition began within an STB 
progenitor population18,19. It remains unclear whether 
human pathogens arose in this population (and if so, 
when this happened). From this early population, a suc-
cessful clone emerged to seed the MTBC. The argument 
that this emergence occurred in Africa32 is supported 
by the geographical restriction of M. canettii and other 
STBs to the Horn of Africa, the restriction of M. afri-
canum to West Africa and the occurrence in Africa of 
all seven lineages of human-infecting M. tuberculosis32 
(FIG. 1). A coalescence analysis of genome sequences 
from 259 MTBC strains further supports this hypothesis 
and suggests that the MTBC arose at least 70,000 years 
ago27. From this origin, M. tuberculosis probably spread 
with human migration out of Africa. An analysis of the 
MTBC phylogeny suggests an early dispersal of MTBC 
lineage 1 that is coincident with the initial migration 
of humans out of Africa around the Indian Ocean as 
early as 67,000 years ago. A second dispersal may then 
have occurred ~46,000 years ago, which is coincident 
with the second wave of human migration into the 
Middle East, Europe and Asia27. Early human migra-
tion over the Bering Strait may provide an explanation 
for the archaeological evidence of tuberculosis in the 
ancient Americas (BOX 1). In addition, MTBC lineage 7 
seems to have diverged after the primary migration out 
of Africa. MTBC lineage 7 is so far associated strictly 
with the Horn of Africa37 and may thus have arisen in a 
population that either stayed in or returned to Africa27. 
Sometime during this period, a clone of M. tuber-
culosis that was originally adapted to cause human  
tuberculosis evolved to infect a non-human mammal 
and thus began the transition into non-human ecotypes 
(for example, M. bovis). Such infections then spread to 
other animals, including cattle, goats, oryx and seals38–40. 
The early branching of the M. bovis clade suggests that 
its emergence predates animal domestication, although it 
has been noted that domestication may have contributed 
to the spread to livestock14. After M. tuberculosis emerged 
in Africa, its spread with human migration to early pop-
ulation centres in Western Europe, northern India and 
East Asia would provide an explanation for the early 
emergence of three main lineages of M. tuberculosis and 
for the archaeological evidence of tuberculosis in these 
regions (BOX 1; FIG. 2a). Human population expansion 
could have resulted in a concurrent expansion of these 
three lineages. Consistent with a co-divergence of MTBC 
and modern humans41, a comparison of the MTBC phy-
logeny with a tree constructed from human mitochon-
drial genomes reveals congruence27. Global exploration, 
trade, conquest and migration, coupled with the rapid 
growth in human population in modern times, would 
then have resulted in the worldwide spread of these ini-
tial lineages and led to the current phylogeographical  
distribution of tuberculosis (FIG. 2b).

Many questions remain concerning this hypothesized 
scenario. A recent analysis of 63 M. tuberculosis genomes 
supported the concurrent expansion of the M. tubercu-
losis and human populations but failed to find evidence 
of co-divergence between population structures42. The 
recent isolation of an M. tuberculosis strain from a wild 
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Figure 2 | Hypothesized evolutionary scenario for 
Mycobacterium tuberculosis and selected 
archaeological evidence. a | Early evolutionary 
events are shown. Colour coding for geographical 
locations corresponds to the lineages in FIG. 1. 
Mycobacterium tuberculosis and the M. tuberculosis 
complex (MTBC) arose from a smooth tubercle bacillus 
(STB) progenitor population in Africa through 
infections of early hominids. Mycobacterium africanum 
strains spread to West Africa (green arrow). During this 
period a strain evolved from M. africanum to infect 
non-human mammals. MTBC strains followed human 
migration from Africa to the Middle East and Asia 
(brown, purple, orange, yellow, light blue and dark blue 
arrows), which gave rise to documented archaeological 
evidence (pink circles). Potential migration across the 
Bering Strait may also have spread MTBC to the 
Americas (grey arrows). b | The spread of M. tuberculosis 
during modern times is shown. Human population 
expansions in Western Europe, northern India and  
East Asia gave rise to concurrent expansion of 
M. tuberculosis lineages in these regions. Global 
migration then resulted in the observed geographical 
distribution of these lineages. c | A timeline of 
evolutionary events and archaeological data is shown. 
The location for archaeological evidence is indicated in 
each box and corresponds to the pink circles in part a. 
Boxes outlined in black indicate morphological 
evidence only, whereas boxes outlined in red denote 
both morphological and molecular evidence. A 
complete table of citations of archaeological evidence 
for tuberculosis in the ancient world is provided in 
Supplementary information S1 (table). M. bovis, 
Mycobacterium bovis; MYA, million years ago. Parts a 
and b are modified from REF. 32.

R E V I E W S

312 | MAY 2014 | VOLUME 15  www.nature.com/reviews/genetics

© 2014 Macmillan Publishers Limited. All rights reserved



Multiple-drug resistant
(MDR). Pertaining to 
tuberculosis that is resistant  
to at least the first-line drugs 
isoniazid and rifampicin.

Extensively drug resistant
(XDR). Pertaining to 
tuberculosis that is resistant to 
both isoniazid and rifampicin, 
to a fluoroquinolone and to  
at least one of the three 
injectable second-line drugs 
amikacin, capreomycin or 
kanamycin.

Homoplasy
Identical character states (for 
example, the same nucleotide 
in a DNA sequence) that are 
not the result of common 
ancestry (that is, not 
homologous) but that arose 
independently in different 
ancestors by convergent 
mutations. 

Latent disease
A Mycobacterium tuberculosis 
infection that does not have 
any clinical symptoms.

Reactivated disease
A Mycobacterium tuberculosis 
infection that has progressed 
from latent to active disease.

chimpanzee in Côte d’Ivoire also complicates the pic-
ture43. WGS and phylogenetic analyses indicate that this 
strain clusters most closely with the M. africanum 2 line-
age rather than with the M. bovis clade. However, several 
lines of evidence suggest that this strain in chimpanzees 
was not a result of infection from humans. Moreover, 
two other strains that were adapted to African mongoose 
and hydraxes have also been reported to cluster with the 
M. africanum 2 lineage44,45 but seem to be distinct from 
the strain in chimpanzees43. These interesting strains 
may imply that the earliest MTBC ancestor had a host 
range that was wider than the Homo genus. Alternatively, 
such strains may represent transitions of M. tuberculo-
sis from humans to mammalian hosts that were distinct 
from the M. bovis transition. Further study into the full 
genetic and host diversity of the MTBC is required to 
answer these questions. Their answers, in turn, have 
important implications for understanding the nature 
of the co-evolution of M. tuberculosis and humans, the  
length of time over which this has occurred and  
the nature of M. tuberculosis pathogenesis, and therefore 
for the development of drugs and vaccines. In addition, 
the mechanisms of evolution have an immediate and 
important consequence for understanding the most 
recent evolutionary adaptation of M. tuberculosis: the 
emergence of drug resistance.

Recent evolution and drug resistance
Until ~80 years ago, there was no drug to treat tubercu-
losis. Since then, we have witnessed the emergence of 
single-drug resistant, multiple-drug resistant (MDR) and 
extensively drug resistant (XDR) M. tuberculosis strains. 
Most recently, four different countries have reported 
strains that are resistant to all drugs tested, which are 
known as totally drug resistant (TDR) M. tuberculo-
sis46–49. Drug resistance is a widespread problem in all 
bacterial pathogens and is typically driven by a combi-
nation of LGT, genome rearrangement and nucleotide 
mutation. By contrast, evolution of M. tuberculosis 
seems to be more restricted, which raises challenges for  
understanding resistance in tuberculosis.

Genetic mechanisms and rates of recent evolution. LGT 
has long been considered a ‘driver’ for the evolution of 
new gene functions. In contrast to other bacteria50–54, 
evidence of LGT had been lacking within the MTBC. 
Comparative genomics between M. tuberculosis and 
related mycobacteria have provided strong evidence 
for the role of gene gains and losses in the evolution of 
mycobacterial ancestors55–59, and the progenitor popu-
lation of STBs and M. tuberculosis shows clear signs of 
recombination18,19. However, since the emergence of the 
MTBC from this progenitor population, MTBC evolu-
tion seems to be mostly clonal60,61. Consistent with this, 
only 1% of SNPs in 259 sequenced MTBC strains display 
evidence of homoplasy27. However, a recent comparative 
analysis62 has provided evidence for ongoing recombi-
nation, albeit for short tracts of DNA. Further work is 
needed to confirm these intriguing findings.

Similarly, until recently, large-scale genome rear-
rangements were generally considered to be absent 

from the MTBC. Studies of larger-scale polymorphisms 
reported predominantly deleted sequences of small 
genomic regions that span part of a gene to several 
genes63–66. These data have led to the prevailing view 
that genome-scale evolution in the MTBC has mostly 
occurred by gene loss6. Such a pattern is often assumed 
to be consistent with reductive evolution that is asso-
ciated with an intracellular pathogenic lifestyle36, and a 
similar pattern was observed in M. avium pathogenic 
strains relative to environmental strains67. However, 
two recent studies reveal that large-scale duplications 
are not altogether absent in M. tuberculosis68,69. WGS 
reported multiple large-scale duplications of the same 
genomic region in M. tuberculosis69. Originally identified 
only in the Beijing lineage68, WGS revealed such occur-
rences in multiple lineages with substantially different 
boundaries, which indicates independent originating 
events. The independent duplication of the same large 
genomic region in multiple strains suggests instabil-
ity of this region and/or a selective advantage for these 
duplications. Along with the identification of a smaller 
segmental duplication in the laboratory strain H37Rv, 
these polymorphisms suggest that large-scale duplica-
tion events may be more common than previously con-
sidered. Gene duplication is an evolutionary driver of 
new gene functions50,52,54 and has been linked to both 
drug resistance and virulence in bacteria51,54,70,71. Thus, 
the results in M. tuberculosis warrant further study.

In spite of the evidence above, genome evolu-
tion in M. tuberculosis is thought to be mostly driven 
by sequential chromosomal nucleotide substitutions. 
Understanding the rate of nucleotide mutation in 
M. tuberculosis is thus central to our knowledge of the 
process of drug resistance evolution. To address this 
issue, one study carried out WGS on strains of M. tuber-
culosis isolated from cynomolgus macaques72. By 
sequencing both the infecting strain of M. tuberculosis 
and isolates after various times of infection, the authors 
were able to estimate the mutation rate in monkeys dur-
ing various stages of tuberculosis infection. The estimate 
of 2 × 10−10 mutations per cell division of M. tuberculosis 
for active disease places the mutation rate at the lower 
end of the spectrum for bacteria. More surprisingly, the 
mutation rate per unit time for latent disease, reactivated 
disease and M. tuberculosis grown in vitro was not sig-
nificantly different from that for M. tuberculosis dur-
ing active disease. A subsequent study also confirmed 
that these rates were similar to those estimated from  
the sequencing of human isolates73. The finding that the 
M. tuberculosis per-time mutation rate is similar between 
different stages of tuberculosis is controversial74 because 
much evidence suggests that M. tuberculosis replicates at 
substantially different rates during different stages75,76. 
During active disease, it is thought that bacteria may 
exist in subpopulations with heterogeneous phenotypes 
within a single patient and even within a single granu-
loma3. During latent disease, M. tuberculosis is thought 
to enter a dormant state in which the replication rate is 
substantially slower than that during active growth. In 
many bacteria, mutation rate is linked to errors during 
replication. On the bases of their results and particular 
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Selective sweeps
Reductions in genetic variation 
due to strong selection for 
advantageous alleles.

mutations observed, the authors propose an alternative 
model for M. tuberculosis infection. Mutations during 
latent infection might be explained by oxidative dam-
age in the host. The mutation rate would then be linked  
to the amount of time growing in the host rather than to  
replication rate. The role of oxidative stress in the 
development of drug resistance has also been recently 
described in Escherichia coli77–79.

Implications of mutation rates for the emergence of drug 
resistance. The low mutation rate is consistent with the 
lack of genetic diversity among M. tuberculosis strains 
but is surprising in the face of the rapid emergence of 
multiple-drug resistance and the increasing amount  
of evidence for the diversity of M. tuberculosis in vivo. 
WGS of serial patient isolates has documented that resist-
ance mutations to many drugs are often independently 
acquired several times by different isolates80–83. In the 
case of one patient who was infected with an M. tuber-
culosis Beijing strain82, different drug resistance muta-
tions were found at different times during a nine-year 
period. Moreover, the evidence suggested that multiple 
different resistance mutations transiently existed within 
this patient between selective sweeps. A subsequent study 
confirmed this possibility by using WGS to directly 
characterize the genetic diversity of the M. tuberculosis 
population in individual patients84. Rather than isolating 
single bacterial colonies for sequencing, one study cul-
tured bacteria from sputum samples and sequenced all 
colonies that were present. By sequencing to a high depth 
of coverage, the researchers could identify mutations  
at specific loci that are present only in a proportion of 
the bacteria sequenced. Using this approach, they con-
firmed the surprising heterogeneity of mutations in a 
single patient, albeit in sputa: as many as 4–5 different 
resistance mutations for a single drug could be detected, 
although only one was ultimately fixed in the popula-
tion. Resistance to a single drug can thus arise multiple 
times, even in an individual patient85.

Together, these data have raised the question of 
whether the slow mutation rate of M. tuberculosis is suf-
ficient to provide an explanation for the relatively rapid 
rate of multiple-drug resistance acquisition observed86. 
Several factors may play a part in this question74. One 
factor may be phenotypic: it has been proposed that 
transient hypermutator phenotypes might arise, as 
seen in other bacteria87. In M. tuberculosis, deletion of 
the error-prone DNA polymerase (DnaE2) reduced the 
rate of rifampicin resistance acquisition during treat-
ment in mice88. This led to the suggestion that changes 
in the expression of DnaE2 alter the rate of resistance 
acquisition. Another important factor seems to be the 
genetic diversity in the different M. tuberculosis lineages. 
Experimental and epidemiological evidence has long 
suggested that different strains of M. tuberculosis can 
vary in their propensity to develop drug resistance. In 
particular, the Beijing family of strains that belong to the 
East Asian lineage has been associated with an increased 
rate of acquiring resistance mutations89–92. The relative 
contribution of bacterial genetic background and other 
epidemiological factors to this association has been 

unclear. One study showed that M. tuberculosis strains 
from different lineages differed in their intrinsic muta-
tion rates: strains from the East Asian lineage acquired 
drug resistance in vitro more rapidly than strains from 
the Euro–American lineage73. These differences in 
mutation rates are consistent with known mutations 
in DNA replication and repair genes in strains from 
the East Asian lineage93. These data imply that patients 
infected with strains from different lineages are at dif-
ferent risks for developing drug-resistant disease. Such 
a possibility requires connecting the measured mutation 
rates with observed rates of drug resistance acquisition 
during treatment, and has substantial implications for  
treatment strategies.

In addition to the acquisition of de novo drug resist-
ance, molecular epidemiological studies (BOX 2) have also 
highlighted the importance of the transmission of strains 
that are already resistant (that is, primary resistance). 
The frequency at which resistant strains are transmit-
ted has been a topic of debate94. It was once assumed 
that such strains would suffer a fitness cost relative to 
susceptible strains in the absence of treatment. However, 
several studies revealed that many resistance mutations 
carried no fitness costs and that these are the most com-
mon mutations in clinical isolates95–100. Moreover, the 
fitness cost of deleterious resistance mutations can be 
offset by compensatory mutations95,100. For example, a 
WGS study confirmed that mutations in rpoA and rpoC 
(which encode the α and βʹ subunits of RNA polymerase, 
respectively) seem to offset the fitness cost of mutations 
in rpoB (which encodes the β subunit of RNA poly-
merase) that lead to rifampicin resistance101,102. These 
compensatory mutations are observed in a large pro-
portion of clinical isolates83,101. These data imply that 
resistant strains may persist in the global M. tuberculosis  
population even in the absence of drug treatment.

From genomes to function: systems biology
Beyond mapping genome sequence and structure, 
which is rapidly becoming routine, sequencing-based 
technologies are now also enabling global profiling 
of genome function. The combination of genomics 
with other ‘omics’ technologies — such as proteomics, 
metabolomics and lipidomics — has the ability to assay 
cells with unprecedented breadth and depth, as well as 
across a range of timescales and experimental contexts. 
Thus, there is the potential to develop coherent models 
of the systems themselves that can be used to predict 
and understand dynamic system behaviour in a range 
of contexts.

A recent report described the application of this 
approach for understanding the molecular systems that 
underlie the ability of M. tuberculosis to survive in the 
host103. At the heart of this effort was the use of chroma-
tin immunoprecipitation followed by sequencing (ChIP–
seq)104–107 for the characterization of the genome-wide 
occupancy of M. tuberculosis transcription factors to 
delineate the global transcription factor regulatory net-
work. The Tuberculosis Systems Biology Consortium 
was the first to apply ChIP–seq on a large scale to glob-
ally map transcription factor binding sites in bacteria103. 
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The consortium recently reported a genome-scale map 
of the regulatory interactions of 50 transcription fac-
tors (which constitute 26% of predicted M. tuberculosis 
transcription factors), and many more have since been 
completed (see the Tuberculosis Database).

The M. tuberculosis ChIP–seq data have confirmed 
several surprises that have also emerged from extensive 
ChIP–seq mapping of transcription factors in nearly all 
other organisms107. This confirmation calls into ques-
tion some of the simplifying assumptions about bacterial 
transcriptional regulation, as reviewed elsewhere107,108. 
First, the data are revealing that binding of transcription 
factors in M. tuberculosis occurs in many more diverse 
genomic locations than simply the promoter-proximal 
regions that are expected on the basis of the canonical 
model of regulation. ChIP–seq data from M. tuberculosis 
confirm that binding in upstream intergenic regions is 
enriched over that expected by chance, but this repre-
sents less than 40% of the binding events for any tran-
scription factor. The majority of binding events occur 
outside upstream intergenic regions in either genic or 
converging intergenic regions, which suggests a poten-
tially more complex role for transcription factor bind-
ing107,109. Second, mapping in all organisms has revealed 
many more binding sites even for well-studied regula-
tors109, and this was also true for M. tuberculosis103,107. 
The functions of most of these novel binding sites in all 
organisms remain unknown. In M. tuberculosis these 
novel binding sites are nearly always associated with 
an underlying sequence motif, but not all instances of 
motifs are bound. Depending on the transcription factor, 
less than 40–70% of potential binding sites are occupied 
in vivo. Thus, M. tuberculosis transcription factor bind-
ing is specific to genomic context103. The determinants 
of this specificity remain unknown.

The binding data also suggest that the M. tuberculosis 
regulatory network is far more complex and intercon-
nected than previously assumed. For example, there 
is substantial binding between transcription factors 
(FIG. 3a). This complexity mirrors that seen in regula-
tory networks in other bacteria and eukaryotes110–112, 
and its implications have been the topic of intense 
study. One key finding is that this connectivity results 
in many nested feedback and feedforward loops (known 
as network motifs) that are known to give rise to non-
trivial expression dynamics, including gene expression 
pulses111,113,114. Such dynamics, which are typically invis-
ible to steady-state or single time-point expression meas-
urements107, are essential for understanding complex 
cellular behaviour51,52,70,115,116.

The importance of expression dynamics in M. tuber-
culosis has recently been demonstrated by an investi-
gation of the response of single cells to treatment with 
the antibiotic isoniazid (INH)117. Antibiotic treatment 
of M. tuberculosis and other bacteria typically only kills 
a proportion of cells, and this persistence in the face 
of antibiotics is thought to contribute to the difficul-
ties of effectively treating tuberculosis and possibly to 
the emergence of drug resistance. Using a microfluidic 
device and time-lapse microscopy, one study showed 
that the catalase-peroxidase-peroxynitritase T (KatG) 

gene that activates INH is expressed in stochastic pulses. 
These pulses were only present in a minority of cells.  
Moreover, pulsing was negatively correlated with  
cell survival after treatment with INH. These data  
suggest that infrequent pulsatile expression of KatG 
has a role in allowing M. tuberculosis to adapt to drug 
exposure. The mechanisms that generate KatG pulsing 
are not yet known. The considerations above suggest 
that aspects of the complexity of the regulatory network 
mapped at a global level may well explain this behaviour, 
which is only visible when M. tuberculosis is observed at 
a highly granular level.

The regulatory network map also begins to reveal 
interactions between transcription factors that mediate 
the complex and dynamic responses of M. tuberculosis 
to the host environment (FIG. 3a), such as the hypoxic 
conditions within macrophages. For example, the data 
show an interconnected subnetwork that links hypoxic 
adaptation, lipid and cholesterol degradation, and 
lipid biosynthesis. These processes, which are among 
the most extensively studied in M. tuberculosis, are 
often treated as separate, disconnected phenomena. 
However, they are linked biochemically118, and the 
emerging M. tuberculosis regulatory network reveals 
that they may also be linked in terms of gene regula-
tion (FIG. 3a). Consistently, a systems-level profiling of 
lipids, proteins, metabolites and mRNA in M. tubercu-
losis during a time course of hypoxia and subsequent 
re-aeration in vitro uncovered numerous alterations in 
lipid content, as well as changes in gene expression and 
metabolites in corresponding metabolic pathways103. 
For example, changes in oxygen tension produced rapid 
and reversible changes in the expression of genes that 
are necessary for cholesterol degradation. This was sur-
prising because although cholesterol is present in host 
cells, the culture conditions used for profiling contained  
no cholesterol, and M. tuberculosis is unable to synthesize  
cholesterol de novo. These and other changes suggest 
that changes in oxygen levels evoke a regulatory and 
metabolic programme that results in changes which 
are specifically adapted to the host environment. This 
hypothesis, in turn, is consistent with the emerging pic-
ture of M. tuberculosis as a pathogen that has evolved 
over a substantial period of time to interact specifically 
with the human immune system.

The host–pathogen interaction
A successful M.  tuberculosis infection is a delicate  
balance. On the one hand, M. tuberculosis requires an 
immune response that is adequate to establish a granu-
loma. However, the immune response must not be sub-
stantial enough to lead to complete sterilization. On the 
other hand, inflammation over time must be sufficient 
to promote the eventual breakdown of some granulomas 
for transmission. The growing evidence suggests that 
striking this balance requires a complex programme of 
cellular changes in both the pathogen and the host that is 
partly induced and coordinated by M. tuberculosis.

The mechanisms underlying these changes are many, 
complex and still poorly understood. However, there 
is an increasing amount of evidence that part of the 
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Figure 3 | Host–pathogen interactions. a | Selected regulatory interactions that link responses to stress with changes in 
lipid metabolism are shown. Interactions were identified by chromatin immunoprecipitation followed by sequencing 
(ChIP–seq), transcription factor perturbation and transcriptomics103. Links are represented by arrows, the colours of which 
indicate predicted regulatory effects of the transcription factors on the target genes. b | A simplified model of the 
interactions between Mycobacterium tuberculosis and the host in an infected granuloma is shown. Interactions include 
two hypothesized feedback loops that are mediated partly by the regulatory interactions in part a. Host stresses induce 
metabolic changes in M. tuberculosis, which lead to the catabolism of host lipids (including cholesterol). Degradation of 
cholesterol leads to propionate build-up in the bacterium, which can be alleviated by the assimilation of other host lipids 
into the production of immunomodulatory lipids. Certain immunomodulatory lipids induce the formation of foamy 
macrophages that enclose numerous intracellular lipid-containing bodies. Lipids from these bodies can be accessed by 
M. tuberculosis. Thus, M. tuberculosis responds to the host environment and the digestion of host lipids, leading to the 
production of immunomodulatory lipids that shape the host environment to increase the availability of host lipids.
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Purifying selection
(Also known as negative 
selection). The removal of 
deleterious alleles.

explanation involves interactions that lead to changes 
in lipid metabolism in both the pathogen and the host 
(FIG. 3b). According to this scenario, host stresses119,120 
induce metabolic changes in M.  tuberculosis that 
include a switch to the catabolism of host lipids, par-
ticularly cholesterol119,121–125. Alterations in M. tubercu-
losis lipid metabolism are tightly linked with changes in 
the production of toxic propionate, the detoxification 
of which is central to M. tuberculosis host survival126. 
This programme also results in alterations in immu-
nomodulatory cell wall lipids that can be trafficked 
through macrophages103,127,128 and induce host changes, 
including the conversion of macrophages to foam cells 
that have numerous lipid-containing bodies129,130. The 
lipids in these bodies, which include cholesterol, can be 
accessed by M. tuberculosis. Alterations in M. tubercu-
losis metabolism, including the digestion of host cho-
lesterol, lead to propionate build-up121, which can be 
alleviated in M. tuberculosis by the assimilation of host 
lipids into immunomodulatory cell wall lipids118,131,132. 
This completes the loop through the stimulation of fur-
ther host cell lipid availability. In short, host cells and 
M. tuberculosis may interact partly through positive 
feedback loops, in which responses to the host environ-
ment and the digestion of host lipids lead to the produc-
tion of M. tuberculosis immunomodulatory lipids that 
shape the host environment to increase the availability 
of host lipids. This scenario is consistent with the regu-
latory links discovered in the M. tuberculosis regulatory 
network described above.

These and other interactions characterize M. tuber-
culosis as a pathogen that has evolved specific cellular 
programmes that not only respond to the host environ-
ment but also orchestrate changes to it3,132–136. One of the 
most compelling pieces of evidence that support this 
view was derived from the sequencing of strains span-
ning the genetic diversity of M. tuberculosis described 
above. A common theme for many human pathogens 
is that genes encoding antigens are frequently highly 
variable to allow pathogens to escape detection by the 
immune system. However, an analysis revealed that  
the situation in M. tuberculosis seems to be different26. The 
authors examined the conservation of all genes between 
the sequenced M. tuberculosis strains. As expected, genes 
that are known to be essential were more conserved than 
non-essential genes. Surprisingly, the majority of known 
T cell antigen-encoding genes were also as conserved as 
essential genes. Moreover, the epitope-encoding regions 
within these genes were the most conserved regions of  
these or any genes. This apparent purifying selection  
of T cell antigens has since been confirmed by a com-
parative analysis of sequenced M.  tuberculosis and 
STB strains19. These results do not include data on  
PE–PPE genes, which constitute a highly repetitive anti-
genic gene family that is typically not captured by short-
read sequencing (BOX 2). Moreover, more work is required 
to link specific immune responses to the predicted con-
served antigens. Nonetheless, these remarkable data 
suggest that, unlike other pathogens that seek to avoid 
host immune responses, M. tuberculosis is potentially  
under selective pressure to instigate such a response26.

Conclusions
The reports documented in this Review give rise to a 
picture of M. tuberculosis as a pathogen that is remark-
ably adapted for life in human host cells, and the evo-
lutionary history of this bacterium suggests that this 
adaptation may have evolved over thousands, if not 
millions, of years. This alters our perspective on the 
disease. As previously noted, the formation of a tuber-
culosis granuloma is generally thought to be a response 
of the immune system to the bacterium, whereas break-
down of the granuloma then represents a failure of this 
response3. However, from the perspective of long-term 
evolution of M. tuberculosis with humans, the granu-
loma can also been seen as an adaption of M. tubercu-
losis to enable a persistent infection, which is a likely 
requirement in the face of low human population den-
sities during pre-history3,137. The subsequent expansion 
of the human population has altered this dynamic, and 
more recent evolutionary events may be driving addi-
tional changes. Co-infection with both M. tuberculosis 
and HIV amplifies the impact on the host immune 
system and thus the effects of both tuberculosis and 
AIDS138. The impact of these and other recent events 
(for example, the emergence of diabetes139) on the  
evolution of M. tuberculosis remains to be seen.

This picture of host–pathogen interactions has 
implications for vaccine development efforts. The 
challenge facing immunologists is the development of a 
vaccine against an organism in which infection with the 
entire organism is insufficient to generate protective 
immunity. This challenge is illustrated by the failure 
of vaccination with the attenuated bacille Calmette–
Guérin (BCG) strain to induce lifelong immunity. Such 
a challenge is potentially compounded by the finding 
that many of the antigens being used to develop vac-
cines seem to be under strong purifying selection26. 
As noted by a previous study, this is a double-edged 
sword: the lack of diversity may simplify vaccine devel-
opment, but the possibility that the immune response 
induced by most antigens may have evolved to benefit  
M. tuberculosis complicates efforts26.

Encouragingly, the expanding application of 
genomics is providing new means for combating this 
old foe. Although most antigens seem to be highly con-
served, sequencing has revealed a small subset of anti-
gens that do show variation26. These may thus warrant 
further study in the context of vaccine discovery. The 
widespread sequencing and analyses of M. tuberculosis 
strains are also providing new insights into the ongoing 
evolution of M. tuberculosis during infection, treatment 
and the acquisition of drug resistance85. These results 
can also be used to develop more effective strategies 
for deploying existing drugs, such as by analysing 
drug resistance mutations in patient-derived popula-
tions of M. tuberculosis to predict the drugs that might 
be most clinically effective for a particular patient. 
Finally, systems mapping is uncovering the complex 
regulatory programmes that have evolved to enable the 
organism to survive in the host103. Disruptions of these 
programmes may thus represent new avenues for drug 
discovery.
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