
More than 1 billion people have died of tuberculosis (TB) 
during the past 200 years1. Today, TB remains the num-
ber one cause of human death due to a single infectious 
agent, causing an estimated 10.4 million new cases and 
1.7 million deaths per year2. Furthermore, one-quarter 
of the global human population is latently infected, pro-
viding a large reservoir for future cases of active TB3. 
Global TB control is hampered by the fact that it contin-
ues to largely rely on a 120‑year-old microscopy-based 
diagnostic technique with low sensitivity, a 100‑year-
old vaccine (Bacille Calmette–Guérin; BCG) with 
limited effectiveness and drugs that are between 40 
and 60 years old4. As a result, multiple-drug resistance 
(MDR) and extensive-drug resistance (XDR) are a grow-
ing problem and, together with HIV co‑infection and 
other comorbidities such as type 2 diabetes, are fuel-
ling the TB epidemics4. In addition to outdated control 
tools, progress in the field has been held back by vari-
ous dogmas. One of these is the simplistic notion that 
drug-resistant bacteria are less fit than drug-susceptible 
strains5. Another views TB bacilli as a clone with no 
relevant genotypic and phenotypic variation across 
strains6. Human TB is mainly caused by members of the 
Mycobacterium tuberculosis complex (MTBC), a group 
of closely related (>99% nucleotide sequence identity) 
acid-fast bacilli. As the MTBC has little sequence variation 
compared with other bacteria7, multilocus sequence typing, 
one of the main techniques that is used to study bacterial 
genetic variation, is of limited use, and much of the ecol-
ogy and evolution of the MTBC has therefore remained 

unknown. The recent advances in next-generation 
sequencing overcome these limitations by indexing 
MTBC diversity across the whole genome, thereby ena-
bling detailed analyses of the evolutionary forces driving 
this diversity8.

In this Review, I discuss the latest insights into how 
the MTBC developed from an environmental organism 
into a professional pathogen, when and where this transi-
tion occurred and how the evolution of human-adapted 
MTBC compares with that of the MTBC that infects 
animals. Moreover, I summarize our current under-
standing of how the various phylogenetic lineages of the 
MTBC are distributed around the world, how this relates 
to their epidemiology and what this tells us about the 
ecological niche of these microorganisms. Finally, I out-
line the consequences of strict clonality for the evolution 
of the MTBC within and between individuals, as well as 
for the development of antibiotic resistance.

Mycobacteria phylogeny
The genus Mycobacterium comprises more than 170 
species, most of which are environmental organisms9. 
Traditionally, Mycobacterium species have been divided 
into fast-growers and slow-growers, with the three major 
mycobacterial pathogens of humans (that is, the MTBC, 
Mycobacterium leprae and Mycobacterium ulcerans) 
belonging to the slow-growers group10. In addition, 
several so‑called non-tuberculous mycobacteria 
(NTMs) can cause disease in immune-compromised 
individuals. These include Mycobacterium abscessus 
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Acid-fast bacilli
Mycobacteria that have a 
thick, lipid-rich cell wall that 
retains staining despite acid 
treatment; hence ‘acid-fast’.

Multilocus sequence typing
A standard genotyping method 
based on sequence data from 
approximately seven 
housekeeping genes, which 
together define strain-specific 
sequence types.

Professional pathogen
A pathogen with no 
environmental reservoir 
that has to cause disease to 
transmit from host to host.

Fast-growers
Mycobacteria that form 
colonies in less than 7 days.
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Abstract | Tuberculosis (TB) is the number one cause of human death due to an infectious disease. 
The causative agents of TB are a group of closely related bacteria known as the Mycobacterium 
tuberculosis complex (MTBC). As the MTBC exhibits a clonal population structure with low DNA 
sequence diversity, methods (such as multilocus sequence typing) that are applied to more 
genetically diverse bacteria are uninformative, and much of the ecology and evolution of the 
MTBC has therefore remained unknown. Owing to recent advances in whole-genome 
sequencing and analyses of large collections of MTBC clinical isolates from around the world, 
many new insights have been gained, including a better understanding of the origin of the MTBC 
as an obligate pathogen and its molecular evolution and population genetic characteristics both 
within and between hosts, as well as many aspects related to antibiotic resistance. The purpose of 
this Review is to summarize these recent discoveries and discuss their relevance for developing 
better tools and strategies to control TB.
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Slow-growers
Mycobacteria that form 
colonies in more than 7 days.

PhoPR two-component 
system
Mycobacterial transcription 
factors involved in 
Mycobacterium tuberculosis 
complex virulence.

DosR/S/T regulon
A set of mycobacterial genes 
involved in latent tuberculosis 
infection.

mce-associated genes
Mycobacterial genes originally 
identified as being involved in 
macrophage entry.

ESAT6 secretion
(ESX). A protein secretion 
apparatus that, in the case 
of the Mycobacterium 
tuberculosis complex, exports 
many virulence determinants.

Toxin–antitoxin system 
genes
Regulatory systems comprised 
of two linked genes, one 
encoding the toxin and the 
other encoding the neutralizing 
antitoxin.

Smooth tubercle bacilli
(STB). Organisms that produce 
smooth colonies on agar 
plates, which is in contrast 
to the Mycobacterium 
tuberculosis complex, which 
produces rough colonies.

Distributive conjugal 
transfer
A phage-dependent 
mechanism of DNA transfer 
between bacteria.

Transconjugants
Bacterial variants that have 
incorporated DNA from other 
bacteria through conjugation.

(a fast-grower) and the slow-growers Mycobacterium 
avium, Mycobacterium marinum, Mycobacterium xenopi, 
Mycobacterium gordonae and Mycobacterium kansasii. 
However, the human-adapted MTBC is unique as it is an 
obligate pathogen of humans without any environmental 
or animal reservoir. The MTBC also has to cause disease 
to transmit between individuals11, which is unlike many 
other pathogens where virulence is not directly linked 
to their transmission12. How did the MTBC evolve to 
become such a successful pathogen?

From an environmental organism to a professional 
pathogen. The current view is that the MTBC emerged 
as a professional pathogen from an environmental 
Mycobacterium through step-wise adaptation to an 
intracellular milieu. It has been hypothesized that one 
key step in this process was the ability to survive in 
free-living protozoa (for example, amoebae), which feed 
on environmental bacteria13. This ability might then 
have helped the ancestor of the MTBC to infect and 
multiply within mammalian macrophages, an impor-
tant characteristic of MTBC virulence14. The final cru-
cial step was developing the capacity to directly spread 
from host to host, which in the case of human TB occurs 
exclusively through airborne droplets that are generated 
when infected individuals cough4. A recent theoretical 
study proposed that controlled fire use by early humans 
may have contributed to the evolution of TB transmis-
sion by simultaneously promoting social interaction 
(for example, around camp fires) and smoke-induced 
lung damage15.

What were the genetic changes that enabled the tran-
sition of the MTBC ancestor to a professional patho-
gen? Studies that compared the MTBC genome with 
those of the closely related NTM species M. marinum 
and M. kansasii suggest genome downsizing through 
deletion of genes that are dispensable for a pathogenic 
lifestyle, combined with the acquisition of new genes 
through horizontal gene transfer (HGT)16. With a length 
of 4.4 Mb, the genome of the MTBC is smaller than the 
genomes of M. marinum and M. kansasii (6.6 Mb and 
6.4 Mb, respectively)17,18. At the same time, the MTBC 
ancestor acquired several hundred genes through HGT 
since its divergence from M. marinum and M. kansasii, 
including genes encoding transferases and genes related 
to adaptation to anaerobic conditions19–22. Importantly, 
however, these comparative studies also revealed that 
many of the known virulence factors in the MTBC, 
including the PhoPR two-component system, the DosR/S/T 
regulon, the mce-associated genes and components of 
the ESAT6 secretion (ESX; also known as type VII secre-
tion) system, are present in non-pathogenic NTMs18. 
Similarly, while the proline-glutamic acid (PE) and 
proline-proline-glutamic acid (PPE) protein families 
(protein families of mainly unknown function that 
are characterized by conserved N‑terminal domains 
and highly variable C‑terminal domains)23 are over-
represented in pathogenic mycobacteria, they also occur 
in non-pathogenic NTMs, albeit in fewer numbers24. 
Among the PE and PPE protein families, the subfamily 
of PE_polymorphic guanine-cytosine-rich sequence 

(PE_PGRS) proteins is restricted to pathogenic myco-
bacterial species, including M. leprae, M. marinum, 
M. ulcerans and the MTBC24.

Taken together, these observations indicate that no 
single genomic feature accounts for the full virulence and 
transmission potential of the MTBC in humans. Instead, 
epistatic interactions between many genomic loci and 
their coordinated transcriptional regulation seem to be 
responsible. Interestingly, the MTBC stands out among 
most other bacteria by harbouring a disproportionally 
high number of toxin–antitoxin system genes18,25, some of 
which have been shown to be differentially regulated 
in clinical strains26. Toxin–antitoxin systems have been 
linked to many functions in bacteria. These include the 
regulation of gene expression, growth rate and persis-
tence, supporting the notion that these systems may have 
an important role in regulating the pathogenic life cycle 
of the MTBC25,27.

Insights from comparison with Mycobacterium 
canettii. Insights into the emergence of the MTBC as 
a professional pathogen have also been gained through 
comparisons with M. canettii and other smooth tubercle 
bacilli (STB), which are phylogenetically the closest rela
tives of the MTBC28 (FIG. 1a). Less than 100 STB strains 
have been isolated so far, all from individuals with 
TB that have links to the Horn of Africa, particularly 
Djibouti. No human‑to‑human transmission of STB has 
been documented to date, and little is known about the 
epidemiology of STB, except that a large proportion of 
strains were isolated from European expatriates living in 
Djibouti, among whom children seem to be at increased 
risk of active TB caused by STB29. Taken together, these 
epidemiological findings are consistent with an oppor-
tunistic pathogen living in the environment30. The 
genomes of STB are 10–115 kb larger and much more 
variable in nucleotide sequence diversity than the MTBC 
genome31. For example, MTBC strains differ at most by 
~2,000 SNPs from each other32, whereas STB strains 
can differ by up to ~65,000 SNPs31. Importantly, some 
of the variation in STB is linked to ongoing HGT28,31. 
Hence, similar to other mycobacteria33 but in contrast 
to the MTBC (see below), HGT has an important role 
in the ongoing evolution of the STB. In particular, 
distributive conjugal transfer, a recently reported mechan
ism of HGT resulting in transconjugants with a mosaic 
genomic structure similar to the outcome of eukary-
otic meiosis34, was recently demonstrated in STB35,36. 
Further genomic comparisons between the MTBC, 
STB and NTMs revealed that cobF, a gene predicted 
to be involved in cobalamin (vitamin B12) synthesis, is 
absent from the MTBC but present in STB, M. marinum 
and M. kansasii22, indicating that the MTBC might not 
be able to synthesize vitamin B12 as many other myco
bacteria do, but instead has to scavenge it from its host37. 
Conversely, pe_pgrs33, a gene encoding an exported 
protein with strong immunomodulatory effects38 is 
present in the MTBC but is lacking in STB, M. mari-
num and M. kansasii, thus representing one example of 
a genomic locus that is associated with the pathogenic 
lifestyle of the MTBC22,31. A recent study suggests that 
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Spillover events
The occasional transfer of a 
particular Mycobacterium 
tuberculosis complex variant 
from its primary host species 
into another host species.

recombination between two copies of the polyketide 
synthase pks5 gene led to a remodelling of the myco-
bacterial cell surface that is associated with an increase 
in virulence in the common ancestor of the MTBC39. 
Together, these comparative studies show that in con-
trast to many other bacterial pathogens in which patho
genicity can be linked to a few chromosomal islands 
or virulence plasmids, in the MTBC, the determinants 
of virulence and transmission are more complex and a 
composite of many interacting factors. Moreover, these 
bacterial factors also interact with many host factors27, 
resulting in variable infection and disease outcomes40, 
as well as diverse host preferences among the different 
members of the MTBC.

Host tropism and adaptation
Following the establishment of the MTBC ancestor as a 
professional pathogen, the MTBC evolved further into 
several human-adapted lineages and lineages that are 
adapted to various wild and domestic mammals (FIG. 1a). 

Adaptation here refers to the capacity of the pathogen to 
successfully infect, cause disease and transmit within the 
primary (or maintenance) host species11. This is in con-
trast to occasional spillover events into other host species 
in which the full life cycle, in particular the transmis-
sion to secondary hosts, is not maintained. This distinc-
tion in maintenance versus spillover hosts is important 
when discussing the host tropism of the different MTBC 
members. Human TB is mainly caused by M. tuberculo-
sis sensu stricto and Mycobacterium africanum41. These 
human-adapted members of the MTBC can be further 
divided into seven phylogenetic lineages: L1, L2, L3, L4 
and L7 belong to M. tuberculosis sensu stricto, whereas 
L5 and L6 are traditionally known as M. africanum West 
Africa 1 and 2, respectively (FIG. 1a). The human-adapted 
MTBC exhibits a strong phylogeographical popula-
tion structure, with some lineages occurring globally 
and others showing a strong geographical restriction32 
(FIG. 1b). L2 and L4 are the most widespread globally, with 
L2 dominating in East Asia. L1 and L3 occur mainly in 
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Figure 1 | Global phylogeography of the human-adapted MTBC. a | Genome-based phylogeny of the Mycobacterium 
tuberculosis complex (MTBC) rooted with Mycobacterium canettii based on previously published data65. The MTBC 
comprises seven human-adapted lineages (in colour) and several lineages adapted to various wild and domestic animals 
(in grey). Branches of the main lineages are collapsed to improve clarity (indicated by triangles). M. tuberculosis-specific 
deletion 1 (TBD1) indicates that all lineage 2 (L2), L3 and L4 strains share this genomic deletion57. Similarly, the deletion of 
the region of difference 7 (RD7), RD8, RD9 and RD10 is indicated under the respective branches. The grey dotted line 
leading to Mycobacterium mungi, Mycobacterium suricattae and the dassie bacillus was added based on previously 
published genotypic data48,59 and indicates the most likely phylogenetic relationship of these animal-adapted ecotypes 
with the other members of the MTBC. The phylogenetic position of these animal-adapted MTBC ecotypes has recently 
been confirmed on the basis of whole genomes (unpublished observations, S.G.). The dagger indicates genomes generated 
from ~1,000‑year-old MTBC DNA that was recovered from archaeological human remains in Peru65. Bootstrap confidence 
intervals are indicated. Scale bar represents number of nucleotide substitutions per site. b | The global distribution of the 
seven main human-adapted MTBC lineages. Part a adapted with permission from  REF. 137, Springer.
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Ecotypes
An alternative classification 
of bacterial genotypes that 
incorporates ecological 
characteristics.

regions around the Indian Ocean. L5 and L6 are highly 
restricted to West Africa, whereas L7 is almost exclu-
sively found in Ethiopia. Various factors are thought 
to have contributed to the current phylogeographical 
distribution of human-adapted MTBC members. These 
are discussed below. Among the animal-adapted mem-
bers of the MTBC, some have been known to exist for 
a long time, whereas others have been discovered only 
recently. As a result, our understanding of the ecology, 
host preference and evolution of the animal-adapted 
members of the MTBC, as well as their relationship with 
the human-adapted MTBC, continues to change.

The animal-adapted members of the MTBC. In 1896, 
14 years after the discovery of the human tubercle bacil-
lus by Robert Koch, Theobald Smith showed that the 
causative agent of TB in animals was distinct from 
the human bacillus, leading to the first description of 
Mycobacterium bovis42. Although primarily a pathogen 
of cattle, M. bovis has been isolated from many mam-
malian species, including humans. Yet, how many of 
these species represent spillover hosts is unclear. For 
example, even though M. bovis and Mycobacterium 
caprae (an MTBC member that is adapted to goats and 
sheep) together cause 1–3% of human TB depending 
on the geographical region, they rarely transmit from 
human to human43. Wild badgers, on the other hand, 
are highly susceptible to M. bovis and thus represent 
an important reservoir that complicates the control of 
bovine TB in countries such as the UK and Ireland44. 
Other animal-adapted members of the MTBC include 
Mycobacterium microti (voles), Mycobacterium pinni-
pedii (seal and sea lions), Mycobacterium orygis (ante-
lopes), Mycobacterium mungi (banded mongooses), 
Mycobacterium suricattae (meerkats), the dassie bacil-
lus (hyrax) and the chimpanzee bacillus. Some of these 
microorganisms were given species names according 
to the first animal they were isolated from. However, 
given the close phylogenetic relationship between these 
lineages (FIG. 1a), they might be better considered as 
ecotypes within the MTBC45. Moreover, the actual host 
ranges of some of these ecotypes remain poorly defined, 
partially because of the low numbers of isolates that 
have been studied to date. Similarly, little is known of 
the molecular mechanisms that determine host range 
in the MTBC. One striking feature in this respect is the 
deletion of the genomic region of difference 1 (RD1) that 
independently occurred in the genomes of M. microti, 
M. mungi and the dassie bacillus46–48. RD1 encodes the 
ESX1 secretion system and is required for full virulence 
in M. tuberculosis sensu stricto46. The deletion of RD1 
was first described in BCG49, where it is known to have 
contributed to the attenuation of this live vaccine during 
its decade-long propagation in vitro46.

It has been hypothesized that the convergent deletion 
of RD1 and the accompanying loss of virulence might 
have contributed to adaptation in the case of M. microti, 
M. mungi and the dassie bacillus, as these bacteria pri-
marily infect burrowing host species that live in crowded 
settings with poor ventilation where the potential for 
transmission is high50. Another study explored the 

phenotypic consequences of a mutation in the two-
component regulatory system PhoPR, which is shared 
by all animal-adapted strains and the human-adapted 
MTBC L6 (FIG. 1a). The authors found that this mutation 
leads to a downregulation of the PhoP regulon, resulting 
in the loss of bioactive lipids that are involved in viru-
lence and a reduction in the secretion of ESAT6 (REF. 51). 
However, how these phenotypic differences contribute 
to the low fitness of M. bovis in humans remains unclear. 
Similarly, experimental infections of M. tuberculosis sensu 
stricto in cattle revealed that the human TB bacillus is 
highly attenuated in this host species compared with 
M. bovis52, which is consistent with the sporadic nature 
of reverse zoonotic transmission of M. tuberculosis sensu 
stricto to animals53, but the molecular basis for this host 
preference remains unknown.

The origin of the human-adapted MTBC
As M. bovis has a broader host range than M. tuberculo-
sis sensu stricto, humans were originally thought to have 
acquired TB from domestic animals during the Neolithic 
period54. Later, the availability of the first full bacterial 
genome sequences revealed that M. bovis had a smaller 
genome than M. tuberculosis, indicating that M. tuber-
culosis was unlikely to have evolved from M. bovis55,56. 
Several studies showed that the order of gene loss across 
the various members of the MTBC supported an evo-
lutionary scenario in which humans transmitted TB to 
animals57,58. Recent findings based on whole-genome 
sequences support this scenario as the human-adapted 
members of the MTBC occupy a more ancestral 
phylogenetic position than the animal-adapted forms 
(FIG. 1a). By contrast, all animal-adapted ecotypes were 
initially thought to form a monophyletic group defined 
by deletions in RD7, RD8 and RD10 (REFS. 22,57,58); 
however, more recent data indicate that there might 
be two separate phylogenetic branches leading to the 
animal-adapted MTBC48,59 (FIG. 1a). One of these gave 
rise to the classical animal-adapted ecotypes, includ-
ing M. bovis, M. caprae, M. orygis, M. pinnipedii and 
M.  microti. The other branch includes M.  mungi, 
M. suricattae, the chimpanzee bacillus and the dassie 
bacillus and shares a common ancestor with MTBC L6. 
L6 causes up to 50% of human TB in some West African 
countries60, but because of the close phylogenetic rela-
tionship with the animal-adapted MTBC, an animal 
reservoir for L6 has been hypothesized61; however, no 
such reservoir has yet been discovered, indicating that 
L6 might be primarily human adapted. Hence, consider-
ing the phylogenetic position of L6, multiple host jumps 
might have occurred in the evolution of the RD7–RD8–
R10‑deleted clade, both from humans to animals and 
back41 (FIG. 1a).

The origin of the human-adapted MTBC in space and 
time. Most evidence to date supports an African origin 
for the human-adapted MTBC. Specifically, the STB, 
the closest living relatives of the common ancestor of the 
MTBC, are almost exclusively found in the Horn of 
Africa28,31. Africa is also the only continent that harbours 
all seven human-adapted MTBC lineages, including L5, 
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Sympatric
Host and pathogen variants 
that co‑occur in a given 
geographical setting.

Allopatric
Host and pathogen variants 
that usually occur in 
geographically separate 
settings.

T cell epitopes
Parts of the Mycobacterium 
tuberculosis complex 
proteome (that is, peptides) 
that are recognized by 
T lymphocytes.

L6 and L7, which are restricted to the African continent 
(FIG. 1b). Thus, Africa harbours the largest diversity of 
human-adapted MTBC, and this diversity decreases 
with increasing distance from Africa62. Similarly, vari
ous phylogeographical analyses of MTBC whole-
genome sequences indicate Africa as the most likely 
region of origin63, and most animal-adapted MTBC 
members that infect wild animals are found in Africa 
(FIG. 1a). Unlike its geographical origin, there is currently 
no consensus on the age of the most recent common 
ancestor of the MTBC. Different approaches have been 
used to date MTBC phylogenies, and these have yielded 
different results. One study built on the hypothesis of 
co‑divergence between the MTBC and Homo sapi-
ens since the first out‑of‑Africa migrations of modern 
humans and estimated that the most recent common 
ancestor of the MTBC existed 70,000 years ago63. Two 
other studies have used ancient MTBC DNA extracted 
from ~200‑year-old mummies from Hungary and 
~1,000‑year-old human remains from Peru, respec-
tively, to calibrate the MTBC phylogeny and obtained 
an estimate of less than 6,000 years ago64,65.

These younger age estimates are incompatible with 
evidence from ancient MTBC DNA and cell wall lipids 
associated with TB found in ~11,000‑year-old66 and 
~9,000‑year-old67 human remains in Syria and Israel, 
respectively, as well as from remains of a bison in 
Wyoming dated as ~17,000 years old68. However, the 
authenticity of some of these previous findings has been 

debated65. More generally, it is unclear whether muta-
tion rates obtained from epidemiological studies of con-
temporary MTBC samples69 or relatively recent ancient 
DNA64,65 can be extrapolated to substitution rates over 
longer periods of time70, particularly because not all 
MTBC populations show a clear molecular clock-like 
accumulation of sequence diversity over time in their 
genomes71 and because of our limited understanding 
of the effects of latency in the molecular evolution of 
these organisms72. To be able to explore the evolutionary 
history of the MTBC over millennia, analyses of more 
ancient MTBC genomes will be necessary to establish a 
robust long-term substitution rate for the MTBC.

The ecology of the human-adapted MTBC
The observation that some human-adapted MTBC lin-
eages are geographically restricted (FIG. 1b) has led to 
the hypothesis that these variants might be adapted 
to the local human host populations73. Local adaptation 
refers to the phenomenon in which a pathogen that 
is adapted to one host species has a reduced capacity 
to spread among other host species74. As the human-
adapted MTBC is an obligate pathogen that manipulates 
the human immune system to promote its replication 
and spread27 (BOX 1), local adaptation to the immuno-
logical characteristics of its specific host population 
is expected74. Several features in the epidemiology of 
human TB are consistent with local adaptation, not-
withstanding the possible confounding effects of social 
factors. Specifically, the strong sympatric host–pathogen 
associations in TB (FIG. 1b) are maintained in metropoli-
tan cities75–77, and MTBC strains preferentially transmit 
among their sympatric patient populations in these 
settings78,79. Moreover, these sympatric host–pathogen 
associations are perturbed by HIV co‑infection, as HIV 
co‑infected TB patients are more likely to be infected 
with allopatric MTBC strains, and the likelihood of 
allopatric TB increases with increasing immune defi-
ciency78,79 (BOX 2). Evidence indicating local adaptation 
has also been reported in Ghana; two separate studies 
found that MTBC L5 independently associated with a 
particular patient ethnicity80,81.

Generalists and specialists. From an ecological point 
of view, locally restricted MTBC genotypes represent 
specialists with a narrow niche that corresponds to their 
specific host population82. Conversely, broadly distrib-
uted MTBC lineages (FIG. 1) are generalists capable of 
occupying many different ecological niches. MTBC L4 
is the most widespread cause of human TB globally and 
thus can be viewed as a generalist (FIG. 1b). However, two 
recent whole-genome studies have shown that L4 can 
be further divided into multiple sublineages83,84 (FIG. 2a). 
Subsequent genotyping of 3,366 L4 clinical isolates from 
100 countries revealed that some of these sublineages 
occurred globally, indicating generalists, whereas others 
were geographically restricted specialists84 (FIG. 2b). 
Intriguingly, even though most of the known human 
T cell epitopes of the MTBC are conserved85–88 (BOX 1), 
the L4 generalist sublineages were found to have a larger 
proportion of variable epitopes than the specialists, 

Box 1 | Immune subversion

The Mycobacterium tuberculosis complex (MTBC) is thought to have evolved from a 
Mycobacterium canettii-like ancestor into an obligate pathogen31. Unlike many other 
pathogens where transmission is not directly linked to virulence12, the human-adapted 
MTBC has to cause pulmonary disease to transmit between individuals11. Tuberculosis 
(TB) is mainly a consequence of the host inflammatory immune responses to antigenic 
load, which lead to destruction of the lung tissue and the formation of cavities, thereby 
dramatically increasing the transmission potential of the pathogen27. Recent studies 
have shown that, in contrast to many other pathogens that evade host immunity by 
antigenic variation, the large majority of known human T cell epitopes in the MTBC 
are hyperconserved85–88, including those encoded by pe_pgrs genes that are otherwise 
highly variable130. This suggests that the MTBC has adopted a strategy of immune 
subversion and that the human immune responses that are elicited by the MTBC 
benefit the pathogen by increasing the transmission potential. This notion is supported 
indirectly by the observation that in HIV–TB co‑infected individuals, the frequency of 
lung cavitation is inversely correlated with the number of circulating CD4+ T cells131. 
In other words, HIV–TB co‑infected individuals with low CD4+ T cell counts have on 
average fewer lung cavities, and these individuals are therefore expected to transmit 
less than TB patients who are not infected with HIV (BOX 2). These observations have 
important implications for TB vaccine design, as standard vaccinology tends to target 
antigens that are highly conserved among strains of a pathogen132. Owing to the recent 
clinical failure of the most advanced new TB vaccine candidate133, an alternative 
strategy that focuses on vaccine antigens that are variable (that is, under diversifying 
selection) among MTBC clinical strains might be more promising, as the immune 
responses that are directed to these variable antigens might be more deleterious to the 
pathogen87. An alternative explanation for the high conservation of T cell epitopes in 
the MTBC is that these regions encode proteins that are essential for virulence and thus 
cannot be mutated without a fitness loss in vivo31. However, genes that are essential for 
mycobacterial growth are not generally over-represented in T cell epitopes87, and the 
observation that epitope regions of T cell antigens are more conserved than other 
regions in the same antigens supports a role for the host immune response in the 
hyperconservation of T cell epitopes in the human-adapted MTBC85,87.
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Founder effects
The random introduction of a 
particular bacterial variant into 
a given setting.

Homoplasies
Characters acquired 
independently by two or more 
bacterial variants that do not 
share an immediate common 
ancestor.

possibly indicating interaction with a diverse host popu
lation, immune escape mechanisms or a combination of 
both84. An alternative but not mutually exclusive expla-
nation for the geographical restriction of specific MTBC 
genotypes might be founder effects combined with lim-
ited population mobility since the initial introduction 
of a bacterial variant to a given population. Similarly, 
specialist MTBC genotypes might have emerged more 
recently than generalists and might thus have had 
insufficient time to spread globally. Functional studies 
will be necessary to differentiate between the bio-
logical and sociological factors that determine the 
spread of the various human-adapted MTBC lineages 
and sublineages.

Virulence evolution in the human-adapted MTBC. An 
important feature of human TB is latency, during which 
the TB bacilli are controlled by the host immune system 

until it is weakened by factors such as old age, malnu-
trition or co‑infection with HIV (BOX 2; FIG. 3), leading 
to disease reactivation and onward transmission40. As 
latency can last for decades, it was hypothesized to 
reflect MTBC adaptation to small hunter–gatherer host 
populations, allowing the pathogen to jump generations 
and access new birth cohorts of susceptible hosts89. In 
such a scenario, TB would have exerted little selective 
pressure on humans if active TB occurred mainly later 
in life, that is, after reproduction. Furthermore, eco-
logical theory predicts that a growing host population 
density (for example, that linked to urbanization) selects 
for increased pathogen virulence and shorter latency in 
obligate pathogens such as the MTBC12. This model is 
supported by recent mathematical modelling90 and the 
reported correlation between the duration of urbani-
zation in a given setting and the frequency of human 
genetic variants linked to resistance to intracellular 
pathogens91. The various human-adapted MTBC vari
ants are known to differ in virulence, progression to 
disease and transmission potential32,92, and one could 
therefore hypothesize that these phenotypic differ-
ences reflect the distinct demographic histories of their 
respective human host populations93. Alternatively, 
given the large number of latently infected individuals 
and the comparably small number of TB cases, latent 
TB infection might be seen as a symbiotic relationship 
that partially benefits the host, for example, by provid-
ing immune stimuli that protect the host from other 
diseases or by contributing important micronutrients94.

Consequences of strict clonality
Ongoing HGT is negligible in the MTBC. There has 
been a debate as to whether HGT is still occurring 
between clinical strains of the MTBC or whether this 
phenomenon is limited to STB and other mycobacteria. 
In addition to being of academic interest, this issue has 
important implications for our understanding of anti-
biotic resistance. Most of the evidence to date supports 
the view that ongoing HGT does not occur at detectable 
levels in the MTBC. Specifically, an analysis of mini
satellites distributed around the MTBC genome revealed 
strong linkage disequilibrium (that is, loci carrying par-
ticular minisatellite variants in a given bacterial strain 
are linked and will not be disrupted by recombination)95. 
Moreover, genomic deletions that were used to classify 
MTBC genotypes show no homoplasies57,58,75,78; phylo
genies that were generated using different molecular 
markers are congruent63,93,96,97, and homoplasies at single 
nucleotide sites are extremely rare, except in the case of 
convergent evolution of mutations related to antibiotic 
resistance97–99. Yet, one study has challenged this notion 
and suggested that strains of the MTBC frequently 
exchange small DNA fragments, but because of the 
limited sequence variation, these events would remain 
unnoticed100. Most recently, a co‑culturing approach 
provided strong experimental evidence for the capa
city of STB to undergo HGT, which was, however, not 
observed in the MTBC36. In summary, the available data 
strongly support a clonal population structure for the 
MTBC with little ongoing HGT between strains101.

Box 2 | Impact of HIV on the evolution of the MTBC

HIV co‑infection is a strong and well-known risk factor for the development of active 
tuberculosis (TB)131. However, if and how HIV co‑infection influences the evolution of 
the Mycobacterium tuberculosis complex (MTBC) within and between patients remains 
largely unexplored11. To date, only three studies have been published on the subject. One 
study from Argentina found that HIV co‑infection had no effect on the mutation rate of 
the MTBC and was also not associated with faster de novo development of drug 
resistance in individuals134. Moreover, HIV co‑infection did not affect the transmission 
potential of these individuals. However, most of these individuals were on antiretroviral 
treatment, and because CD4+ T cell counts were not available, the degree of immune 
deficiency could not be controlled for in this analysis131. A second study from South Africa 
found that HIV co‑infection had no effect on the overall population structure of the 
MTBC circulating in the area, but HIV exerted weak selection on human MTBC T cell 
epitopes135 (BOX 1). In a third study, an M. tuberculosis strain was serially passaged in 
immune-competent and T cell-deficient mice, with the latter mimicking the environment 
within severely immune-supressed patients136. The authors found overall strong evidence 
for purifying selection of the MTBC, supporting the notion that the MTBC is highly 
adapted to live inside mammalian hosts. Moreover, the bacterial populations 
accumulated slightly more mutations in the presence of T cells, suggesting a role of T cell 
immunity in driving MTBC sequence diversity. HIV co-infection affects many aspects of 
the life cycle of the MTBC both within and between individuals. These effects are also a 
function of the level of immune suppression, as measured by the number of circulating 
CD4+ T cells in individuals with HIV–TB co-infection (see the figure). Some of the most 
important effects of HIV co-infection are an accelerated progression to disease (that is, 
reduced latency); a shorter period of infectiousness, as HIV–TB co‑infected individuals 
tend to have a lower life expectancy than individuals who have TB but are not infected 
with HIV, particularly in the absence of antiretroviral treatment; a higher proportion of 
extrapulmonary disease; and reduced formation of lung cavities131, all of which lead to a 
reduced potential for TB transmission.
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Selective sweeps
Positive selection that leads to 
the fixation of a new beneficial 
mutation.

Background selection
Selection against a deleterious 
mutation that leads to the 
elimination of any mutation 
linked to the target of 
selection.

Purifying selection
Selection against detrimental 
mutations.

Transmission bottlenecks
A type of population 
bottleneck in which only a 
subset of the bacterial diversity 
present in one host is 
transmitted to the next.

The balance between natural selection and genetic 
drift. Strict clonality, combined with the obligatory 
pathogenic lifestyle, has important consequences for 
the molecular evolution of the MTBC, in particular by 
influencing the balance between natural selection and 
selectively neutral mechanisms such as random genetic 
drift61,102. In the MTBC, selective sweeps and background 
selection are mechanisms linked to the action of natural 
selection, which together lead to a reduction in genetic 
diversity. In a selective sweep, a positively selected locus 
(for example, a drug-resistance-conferring mutation) 
reaches fixation, and because of strong linkage, the 
entire chromosome achieves fixation by association, 
leading to a reduction in diversity103. A striking example 
of this phenomenon was recently reported in an indi-
vidual who developed XDR-TB during treatment104. 
Background selection refers to the converse phenom-
enon, where a deleterious mutation is selected against, 
leading to the removal of all chromosomal variation 
linked to this locus105. One of the features of MTBC 
population genetics is the high proportion of low-
frequency genetic variants, particularly singletons (that 
is, mutations that occur in only one strain)86,93,106,107. This 
phenomenon has been proposed to reflect the effect of 
background selection86,106. Alternatively, a high pro-
portion of low-frequency mutations is also compatible 
with recent population expansion, similar to what has 
been observed in human populations108. Changes in 
human demography are expected to be reflected in the 
population structure of the human-adapted MTBC41, 
and studies have detected signals of population expan-
sion in the MTBC that coincide with human popu
lation increases during the Neolithic age and the 
Industrial Revolution63,86,109,110. Importantly, however, 
the bias towards low-frequency bacterial variants is 
also observed within individuals with TB107, suggest-
ing that purifying and background selection might be 
common features of MTBC evolution both within and 
between patients. Further examples of purifying selection 
acting within individuals have recently been reported in 
a study of MTBC strains that were isolated from indi-
viduals who died prior to the initiation of treatment111. 
Another study followed the population dynamics of the 
MTBC during treatment and found a stronger signal 
of purifying selection in individuals receiving effective 
drugs than in patients receiving suboptimal antibiotic 
treatment107. In summary, purifying selection seems to 
be an important feature of MTBC evolution, and most 
new mutations arising in these bacteria are likely to be 
deleterious, likely reflecting the fact that the human-
adapted MTBC is already well adapted to live in and 
spread between humans41 (FIG. 3a).

Population bottlenecks, structured populations and the 
effect of genetic drift. In addition to purifying selection, 
population bottlenecks can also lead to a reduction in 
diversity, as most bacterial variation emerging de novo 
within patients is lost each time MTBC transmits to a 
new host (FIG. 3b). There are experimental data show-
ing that a new TB infection can be established by a 
single bacterial colony-forming unit112, although the 

actual infectious dose in human TB remains unknown. 
Moreover, MTBC populations are divided into subpopu
lations: within individuals111, between patients and geo-
graphically (FIG. 1b). Transmission bottlenecks, population 
substructuring and clonality all lead to a reduction in the 
effective population size113. An important consequence of 
a small population size is that natural selection is less effi-
cient and the effect of random genetic drift is comparably 
increased. The notion that genetic drift has an evolution-
ary role in the MTBC is supported by the observation 
that, in contrast to STB and NTMs, about two-thirds of 
SNPs are non-synonymous, including those fixed in dif-
ferent MTBC lineages, and a large proportion of these are 
predicted to affect gene function26,93.

In summary, the available data indicate that strict 
clonality in the MTBC leads to a reduction in diver-
sity through the combined effects of selective sweeps, 
purifying selection and background selection as well as 
transmission bottlenecks. While the effect of purifying 
selection is more readily detected (BOX 1), the role of 
genetic drift in the molecular evolution of the MTBC 
needs to be explored further. An improved understand-
ing of the role of these evolutionary forces is required to 
better predict the impact of future interventions into the 
evolutionary trajectory of the MTBC.

Drug resistance
An illustrative example of positive selection acting on 
the MTBC is the emergence of MDR‑TB and XDR-TB4. 
The mutation rate of the MTBC in clinical settings has 
been estimated at 0.3–0.5 substitutions per genome per 
year, which is orders of magnitude lower than in most 
other clinically relevant bacteria, likely reflecting the 
long generation time of TB bacilli in vivo114. Yet, despite 
this low mutation rate and the lack of ongoing HGT 
and resistance plasmids, antibiotic resistance in the 
MTBC can arise quickly104,115 (FIG. 3d). This is because 
the frequency of resistance-conferring mutations is a 
function of the inherent mutation rate in addition to the 
mutational target size for resistance, the fitness effects of 
these resistance mutations and the bacterial population 
size within individuals116. The bacterial population size 
can be very large, particularly in individuals who are 
failing to respond to treatment. Mutational target sizes 
are related to the mechanism of resistance and thus 

Figure 2 | MTBC L4 can be separated into specialists and 
generalists. Mycobacterium tuberculosis complex (MTBC) 
lineage 4 (L4) is geographically the most widespread cause 
of human tuberculosis (FIG. 1b). a | Genome-based 
phylogeny showing that L4 can be further subdivided into 
at least ten sublineages. Branches of the main lineages and 
sublineages are collapsed to improve clarity (indicated by 
triangles). Bootstrap confidence intervals are indicated. 
b | Genotypic screening of 3,366 L4 isolates from 100 
countries revealed that some of these L4 sublineages are 
geographically restricted, corresponding to ecological 
specialists, and others are globally distributed (generalists). 
Percentages correspond to the proportion of the respective 
L4 sublineage in a given country. LAM, Latin American-
Mediterranean. PGG3, principle genotypic group 3. Figure 
adapted from REF. 84, Macmillan Publishers Limited. 

▶

R E V I E W S

208 | APRIL 2018 | VOLUME 16	 www.nature.com/nrmicro

©
 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



Nature Reviews | Microbiology

b   Specialists Generalists

15.1–20%

20.1–25%

25.1–30%

30.1–35%

0%

0.1–5%

5.1–10%

10.1–15%

35.1–40%

40.1–50%

50.1–100%

L4.5

L4.6.1/Uganda

L4.6.2/Cameroon

L4.1.2/Haarlem

L4.3/LAM

L4.10/PGG3

M. canettii

L2

L3

L4

L7

L11

1

1

1

1
1

0.76
1 1

1
1

1

1

1

1

1
1

0.97

1
1

1 1

1

1
1

L4.1.1/X

L4.1.2/Haarlem

L4.1.3/Ghana

L4.2

L4.4

L4.3/LAM

L4.5
L4.6.1/Uganda

L4.6.2/Cameroon

L4.10/PGG3

L5

L6

Animal strains

0.99

1

a

R E V I E W S

NATURE REVIEWS | MICROBIOLOGY	  VOLUME 16 | APRIL 2018 | 209

©
 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2018

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



vary depending on the antibiotic that is administered116. 
These mechanisms of resistance and the various health 
system factors that drive TB drug resistance in clinical 
settings are generally well understood (for compre-
hensive reviews see REFS 116,117). By contrast, the eco-
logical and evolutionary aspects of drug resistance are 
only gradually being elucidated. Studies in the 1950s 
showed that some drug-resistant MTBC clinical strains 

were attenuated in animal models118. Hence, in the past, 
when a universal fitness cost was assumed, the prob-
lem of drug-resistant TB was primarily attributed to 
the de novo development of resistance linked to patient 
non-adherence and other problems inherent to poor 
TB control5. However, it has now become clear that the 
global epidemics of MDR‑TB and XDR‑TB are driven 
by a combination of de novo development and direct 
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Figure 3 | The role of natural selection and genetic drift in the evolution of the MTBC and the emergence of drug 
resistance. a | The within-host evolution of the Mycobacterium tuberculosis complex (MTBC) is characterized by purifying 
selection as most mutations that emerge de novo in individual patients are lost107. This is illustrated here by the large blue dot 
that represents the dominant bacterial clone, from which new variants emerge that are being removed by purifying selection 
(small grey dots). This reflects the fact that the human-adapted MTBC is already well adapted to its human host, and most new 
mutations are thus likely to be deleterious. b | This is in contrast to a scenario in which opportunistic pathogens such as 
Pseudomonas aeruginosa or Burkholderia dolosa in individuals with cystic fibrosis develop many de novo host adaptations 
in bacterial subpopulations that evolve separately in individual patients over years (many small different coloured dots). 
c | As MTBC transmits between individuals, it undergoes a population bottleneck at each transmission event. This leads to a 
reduction in bacterial diversity, a reduction in the effective population size and an increase in the effect of random genetic 
drift. This is illustrated here with differently coloured dots that represent bacterial variants emerging through micro-evolution 
within patients. The difference in the size of these dots illustrates differences in fitness, with smaller dots having a reduced 
fitness compared with that of larger dots. Increased genetic drift during transmission could lead to chance events in which a 
low-fitness variant gets transmitted (the solid arrow in the first transmission event). Depending on the environmental 
conditions, for example, in the presence of antibiotics, a fitter variant can be transmitted (the dashed arrow in the second 
transmission event). d | This graph illustrates the gain of additional resistance determinants during patient treatment, which is 
also referred to as amplification of drug resistance. When individuals infected with MTBC are under ineffective treatment, they 
are more likely to acquire additional resistance mutations107. In this example, an individual with TB was originally infected with 
an MTBC strain that was already resistant to seven drugs. The red dot indicates that 100% sequencing reads detected 
resistance alleles for these seven drugs at the time of diagnosis115. Thus, highly drug-resistant strains can also be transmitted, 
either by chance or because of increased fitness as discussed in part c. During treatment of this single patient, which lasted a 
total of 5 years, the bacteria acquired resistance to several additional drugs, including the two new anti‑TB drug candidates 
bedaquiline and delamanid (illustrated as drug 8 in blue and drug 9 in pink). Some of these new drug-resistant variants reached 
fixation, corresponding to a selective sweep102. Multiple independent drug-resistant subpopulations can emerge during the 
process, with some taking over and others becoming lost again over time (resistance to drug 9 variant A versus variant B). 
e | The likelihood of successful transmission of the bacterial variants with amplified resistance will depend on the inherent 
fitness of these variants (FIG. 4) and on chance, that is, genetic drift (part c). This is illustrated here with a dotted arrow 
(high fitness) and a solid arrow (low fitness) in line with part c. In summary, the emergence, amplification and transmission of 
drug resistance in TB is governed by multiple selective and neutral evolutionary forces acting concomitantly on the MTBC both 
within and between patients. However, little is known on the relative importance of these forces in different epidemiological 
settings (indicated by the question mark).
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transmission of drug-resistant strains119 (FIG. 3c–e). 
Even though drug-resistance-conferring mutations 
in the MTBC are often associated with a fitness cost in 
the absence of the drug, some mutations show little 
or no cost, and these tend to be preferentially selected 
for in clinical settings120,121. Moreover, compensatory 
evolution can overcome initial fitness deficits that are 
linked to particular resistance mutations98,122 (FIG. 4). 
For example, secondary mutations in various subunits 
of the mycobacterial RNA polymerase (RNAP) restore 
transcriptional activity in strains carrying rifampicin-
resistance-conferring mutations in the RNAP genes123 
and are associated with increased transmission and 
acquisition of additional resistance98,124. Moreover, 
epistatic interactions between mutations causing 
resistance to different drugs can lead to a reduction in 
the fitness cost that is associated with each individual 
mutation125. Finally, the genetic background of a strain 
can also influence the pathway to resistance (FIG. 4), for 
example, by modulating the level of resistance that is 
caused by a particular mutation126. The Beijing fam-
ily of strains, which is part of MTBC L2 (FIG. 1a), has 
repeatedly been associated with multidrug resistance for 
reasons that remain unclear127. A higher inherent muta-
tion rate has been suggested, but experimental studies 
addressing this hypothesis have produced conflicting 
results128,129. A recent study revealed that the ongoing 
MDR‑TB epidemics in many former Soviet republics2 
were caused by just a few highly resistant clones of the 
Beijing family110. The success of these clones might 
be due to random genetic drift; that is, being in the 
right place at the right time69 (FIG. 3b). Alternatively, as 
some Beijing family strains have been associated with 
increased virulence and increased transmission32,92, they 
might have more opportunities to develop resistance 
and/or better tolerate the burden of carrying multiple 
resistance determinants127. In summary, epistatic inter-
actions between drug-resistance-conferring mutations, 
compensatory mutations and the genetic background 
of the strain affect the biology and epidemiology of 
drug-resistant TB (FIG. 4). Improving our understand-
ing of these interactions will be crucial for improved 
surveillance of antibiotic resistance when introducing 
novel treatment regimens for TB4.

Conclusions
Many new insights have been gained during recent 
years into the origin, ecology and evolution of human 
TB, but much work remains to be done8. We know that 
the MTBC developed into a professional pathogen from 
an environmental organism through the acquisition and 
loss of genes. However, no single genomic feature in the 
MTBC can account for the obligate pathogenic lifestyle 
of these organisms or the different host preferences of 
the various MTBC ecotypes. Comparing host tropisms 
across these ecotypes might help us to understand the 
bacterial and host determinants of pathogenicity and 
transmission, potentially leading to the development of 
novel antibiotics and vaccines for the control of TB. We 
also know that the transition to a professional pathogen 
most likely occurred in Africa, but the age of the MTBC 

remains unknown. More studies of ancient DNA will 
help to date the origin of MTBC. The human-adapted 
MTBC exhibits a specific phylogeographical population 
structure, which is consistent with an ecological separa-
tion into specialists and generalists, but whether these 
patterns reflect adaptive strategies as opposed to random 
founder effects or mere social factors remains unclear. 
Functional studies should be carried out to answer these 
questions, given their relevance for the design of uni-
versally effective vaccines (BOX 1). Current evidence sup-
ports a clonal population structure for the MTBC with 
negligible ongoing HGT. Strict clonality, combined 
with serial transmission bottlenecks and population sub-
divisions, affect the balance between natural selection 
and random genetic drift, but more work is needed to 
better understand the various evolutionary forces acting 
within and between patients and how these forces differ 
from those that act on other pathogens. Finally, epistatic 
interactions between drug-resistance-conferring muta-
tions, compensatory mutations and the strain genetic 
background influence the ecology and evolution of 
antibiotic-resistant TB. These phenomena need to be 
studied further, as a broader understanding of the role 
of epistasis in antibiotic resistance will help preserve cur-
rent and future treatment options against TB and other 
bacterial infections.
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Figure 4 | The role of epistasis in the evolution of 
multidrug-resistant tuberculosis. The epistatic 
interactions between different drug resistance mutations, 
fitness compensatory mutations and the genetic 
background of the strain influence various aspects of 
drug resistance evolution in tuberculosis. For example, 
mycobacteria carrying a mutation in DNA-directed RNA 
polymerase subunit-β (RpoB), which causes resistance to 
rifampicin, and a fluoroquinolone-resistance-conferring 
mutation in DNA gyrase subunit A (GyrA) can have a higher 
competitive fitness than strains carrying only one of these 
mutations125. Strains carrying an RpoB mutation and a 
compensatory mutation in DNA-directed RNA polymerase 
subunit-βʹ (RpoC) have a higher fitness than strains 
carrying only the RpoB mutation98,123,124,138 and are also 
more likely to acquire additional resistance mutations (that 
is, amplification of resistance)124. The minimum inhibitory 
concentration (MIC) associated with mutations conferring 
resistance to isoniazid can differ depending on the specific 
strain background these mutations arise in126. Whether 
similar epistatic interactions also impact clinical outcome 
remains to be determined. Figure adapted from Gygli, S. M., 
Borrell, S., Trauner, A. & Gagneux, S. Antimicrobial 
resistance in Mycobacterium tuberculosis: mechanistic 
and evolutionary perspectives. FEMS Microbiol. Rev. 41, 
354–373 (2017), by permission of Oxford University 
Press (REF. 116).
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