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Abstract

Tuberculosis claims more human lives than any other bacterial infectious
disease and represents a clear and present danger to global health as new
tools for vaccination, treatment, and interruption of transmission have been
slow to emerge. Additionally, tuberculosis presents with notable clinical het-
erogeneity, which complicates diagnosis, treatment, and the establishment
of nonrelapsing cure. How this heterogeneity is driven by the diversity of
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clinical isolates of the causative agent, Mycobacterium tuberculosis, has recently garnered attention.
Herein, we review advances in the understanding of how naturally occurring variation in clin-
ical isolates affects transmissibility, pathogenesis, immune modulation, and drug resistance. We
also summarize how specific changes in transcriptional responses can modulate infection or dis-
ease outcome, together with strain-specific effects on gene essentiality. Further understanding of
how this diversity of M. tuberculosis isolates affects disease and treatment outcomes will enable the
development of more effective therapeutic options and vaccines for this dreaded disease.

INTRODUCTION

Tuberculosis (TB) is an infectious respiratory disease caused by Mycobacterium tuberculosis, which
spreads through infectious droplets that are expectorated by a diseased individual during the pro-
cess of coughing, sneezing, singing, or even tidal breathing. It primarily affects the lungs and can
lead to severe tissue damage resulting in chronic coughing, night sweats, weight loss, and malaise.
In addition to the lungs, tubercle bacteria can also spread to the brain (causing TB meningitis),
liver, spleen, and bones. These symptoms occur in a relatively small number of infected indi-
viduals, roughly 10%, whilst the majority of individuals carry tubercle bacteria with no symp-
toms but retain the potential to develop symptomatic disease. Regrettably, humanity has battled
TB since before recorded history, and in the last two centuries, this disease is estimated to have
caused more than a billion deaths, twice the number caused by malaria, small pox, the plague,
cholera, influenza, and acquired immunodeficiency syndrome (AIDS) combined (57). This grow-
ing public health threat was met with a declaration of a state of emergency in 1993 by the World
Health Organization, and the resulting programmatic efforts have saved millions of lives (45, 134).
This has, however, been insufficient to turn the tide of the pandemic, as numerous socioeconomic
drivers, concomitant human immunodeficiency virus (HIV) infection, and the emergence of drug
resistance have thwarted elimination efforts globally. As a result, there is growing comprehension
that focusing only on treatment or treatment outcomes will not eliminate TB. Rather, attention
needs to be given to other aspects that drive high TB incidence, including poverty, overcrowd-
ing, malnutrition, continued transmission, and weak health systems (84). Recent efforts directed at
identifying host immune biomarkers of protection, disease progression, treatment response, and
disease recurrence suggest that the study of human genetic determinants of TB infection outcome
holds promise for new vaccines and therapeutic options (see the sidebar titled TB Infection Resis-
tance). This, combined with the improved protective efficacy reported in the recent M72/ASO1E
and Bacille Calmette-Guérin (BCG) revaccination clinical trials (85, 116, 124), has bolstered en-
thusiasm for the development of a new TB vaccine. In contrast, the identification of bacterial
biomarkers that drive TB infection and disease outcomes is largely lacking.

TB INFECTION RESISTANCE

The existence of individuals who are exposed to Mycobacterium tuberculosis but never develop an infection (termed
the resistor phenotype) has been well documented, in addition to those individuals who get infected and do not
progress to full-blown TB disease (Figure 3). These phenomena confirm that, in addition to bacterial genetic
determinants, host genetics most likely play a central role in modulating infection resistance and disease outcome.
These genetic factors are now the focus of intense study, as they hold the key to identifying correlates of protection
that can be used to develop new vaccines or host-adjunctive therapies to accelerate bacterial clearance and reduce
lung damage (127).
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M. tuberculosis is an intracellular pathogen, and a multiplicity of factors relating to its fun-
damental metabolism and physiology can be associated with ultimate transmission potential,
virulence, and pathogenesis. Studies that have described these aspects of microbial physiology
have used laboratory strains of the tubercle bacillus characterized by limited genetic variability.
However, the introduction of various molecular typing and whole-genome sequencing (WGS)
techniques has revealed that the global TB epidemic is driven by a heterogeneous collection
of M. tuberculosis strains that have phylogeographically evolved with certain populations. How
this diversity in strain type contributes to the heterogeneous presentation of infection and
disease in the clinical setting, or whether any potential bacterial biomarkers exist within these
distinct isolates, remains relatively unexplored. In this review of selected literature, we describe
the genetic heterogeneity in M. tuberculosis strains; explore how particular clinical isolates are
able to modulate immune responses, pathogenesis, and disease outcome; and describe how host
metabolism is modulated by epigenetic mechanisms in the tubercle bacillus.

PHYLOGENY OF MYCOBACTERIUM TUBERCULOSIS

The genomes of the members of the M. ruberculosis complex (MTBC), including M. tuberculo-
sis, Mycobacterium bovis, Mycobacterium caprae, Mycobacterium pinnipedii, Mycobacterium microti, and
Mycobacterium africanum, were previously thought to be highly conserved, suggesting that the oc-
currence of any variation would be of no clinical significance (31). However, guinea pig infection
studies as early as 1960 demonstrated that strains obtained from India were less virulent than
strains obtained from the United Kingdom (69). These early studies highlighted strain-specific
effects on transmissibility, immunogenicity, and virulence, thus providing evidence that the ge-
netic variation of the MTBC was of clinical relevance. The progenitor of the human-adapted lin-
eages are hypothesized to have evolved in Africa approximately 70,000 years ago and subsequently
moved out of Africa due to pastoral migration (30, 41). Over time, the progenitor evolved into at
least eight different lineages described to date (Figure 1), possibly due to geographical isolation
in different human populations. Following the European discovery of the Americas, members of
these lineages became dispersed to reflect the current global population structure of the MTBC
13).

Phylogenetic studies have made use of unambiguous, unique, and irreversible genetic markers
to classify M. tuberculosis strains into principal genetic groups (PGGs). Five major global phy-
logenetic classification studies have grouped genetically related classes of mycobacterial strains
(Figure 1). One of the earliest phylogenetic studies used single nucleotide polymorphism (SNP)
analysis of structural genes to group M. ruberculosis into three principal genetic groups using syn-
onymous and nonsynonymous SNPs (111). Analysis of long sequence polymorphs (LSPs) was
used to classify 875 strains into four lineages that were initially defined by Baker et al. (8) using
SNP analysis of drug resistance genes. Furthermore, two additional lineages were observed, which
are traditionally referred to as M. africanum (42).

Using an in silico approach, Gutacker et al. (52) screened 5,069 isolates for 36 SNPs, yielding
a classification of 9 genetic clusters, all of which were congruent with 2 previous classifications
(Figure 1) (8, 111). A PCR-based reverse hybridization technique that assesses the diversity of
the direct repeat loci was evaluated using spoligotyping, revealing six major lineages that were
congruent with previously described groupings. These studies are well summarized by Gagneux
& Small (43), and the general theme emerging is that the phylogenetic classification of isolates
is generally conserved regardless of the method used. The phylogenetic framework laid by these
early studies paved the way for WGS technologies that have enabled comprehensive evaluation
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WGS: whole-genome
sequencing

Phylogeographically:
describes geographic
distribution of genetic
traits or distinguishing
markers in individuals
and particular bacterial
strains

Mycobacterium
tuberculosis complex
(MTBC): genetically
related bacterial
species comprising
numerous pathogens
that cause TB disease
in humans and animals

Lineages: comprise a
classification system
that further delineates
principal genetic
groups into eight
subgroups based on
differences in long
sequence
polymorphisms

Principal genetic
groups (PGGs):

a classification system
for mycobacterial
strains that is based on
single nucleotide
polymorphisms in
distinct structural
genes in mycobacteria

Single nucleotide
polymorphism
(SNP): the mutation
of a single nucleotide
in DNA

Large sequence
polymorphism
(LSP): large changes
in genetic material,
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Figure 1

Evolution and phylogeny of Mycobacterium tuberculosis clinical isolates. Current circulating strains of M. tuberculosis comprise a
heterogeneous distribution of strains with distinct genetic differences that allow for the classification of most strains into three principal
genetic groups (PGGs; blue boxes) and lineages 1-8 (green boxes). This classification is based on regions of difference (RDs) or specific
changes in certain loci, both shown as dashed lines. Shown also is the common ancestor of modern-day tubercle bacteria and
Mycobacterium canettii, which has a smooth colony morphology compared to the characteristic surface cording seen on M. tuberculosis
colonies. Lineage 4 has members of both PGG2 and PGGS3. Strains can also be classified based into five sublineages based on copy
number or the expression of their pe/ppe genes (purple box).
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of strain diversity, capturing discreet changes at the single-nucleotide level in the genome. The
publication of the whole-genome sequence of the laboratory strain M. tuberculosis H37Rv has
become the blueprint for the resequencing of clinical isolates (28).

Human disease is primarily caused by lineages 1-8, each lineage being composed of multiple
sublineages (4, 86). Among the human-adapted MTBC lineages, some occur globally and others
are geographically restricted, suggesting generalist and specialist phenotypes (31, 112). Lineages
5 and 6 are geographically limited to West Africa (M. africanum) (135). Lineage 4 is primarily
found in Latin America and Europe, whereas lineage 2 is the predominant genotype in East Asia
(17, 109). Lineage 2 (Beijing strain family) has been intensely studied, given its importance in
driving the TB epidemic in Asia, Russia, and South Africa. It has been strongly linked to increased
virulence, increased transmissibility, and drug resistance (53, 102). This lineage is thought to have

Peters et al.



evolved 6,600 years ago and can be classified into 7 different clonal complexes (sublineages) (53,
82, 112). How this genetic diversity, and that seen in other lineages, impacts disease outcome is an
important area of research, and key studies are summarized below, and in Figure 2, in the context

of TB infection and pathogenesis.
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(Caption appears on following page)
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Figure 2 (Figure appears on preceding page)

Phenotypic and genotypic traits of Mycobacterium tuberculosis lineages. Where available, phenotypic traits for clinical isolates are shown,
followed by associated possible genetic determinants. Lineages 5 and 6 (green) represent lineages where differential phenotypic traits or
bacterial determinants of said traits have not been intensively studied; however, host determinants have been investigated and are noted
(asterisk). Lineages 1, 3, and 4 (pink, purple, and orange, respectively) represent those strains where notable phenotypic differences have
been described but the genetic basis of these in tubercle bacteria have not been studied in detail. The most well-studied is lineage 2
(blue), with multiple clinical observations compared to other strains and multiple links to bacterial genetic determinants. Within the
boxes, arrows pointing up denote an increase in a particular trait or gene expression. Examples of pe/ppe lineages, and proteins within
those lineages, that have a bearing on infectiousness, pathogenicity, virulence, and possible course of infection are shown in yellow.
Abbreviations: CAS, Central Asian strain; DR, drug resistance; EAI, East African Indian; KZN, KwaZulu Natal; LAM, Latin
American—Mediterranean; M.afri, Mycobacterium africanum; M.th, Mycobacterium tuberculosis; SA, South Africa; ZWE, Zimbabwe.
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TB INFECTION AND PATHOGENESIS

TB infection occurs through the sharing of air containing aerosolized M. tuberculosis between
diseased and uninfected susceptible hosts, leading to a number of scenarios. Infection can be con-
tained in an asymptomatic state or followed by incipient TB characterized by an evolving immune
biomarker signature that is predictive of progression from infection to disease (37). If further
immunological containment is lost, radiologically and/or microbiologically detectable subclinical
disease occurs, and progression from this state ultimately results in the establishment of full-blown
TB disease. Subsequent chemotherapy can lead to nonrelapsing cure, cure followed by disease re-
currence, or treatment failure associated with drug resistance (Figure 3). Bacterial biomarkers or
genetic determinants that allow for distinguishing these clinical phenomena are poorly described.
However, there is evidence that points to salient features of the tubercle bacillus that enable suc-
cessful transmission and colonization of the human host.

As an example, M. africanum, also a causative agent of a substantive amount of TB in West
Africa, has equivalent transmissibility as M. tuberculosis; however, progression to active disease was
significantly lower for the former (32). In contrast, severity of disease was significantly worse for
M. africanum-associated disease, suggestive of the presence of host genetic drivers that modulate
disease outcome. In this regard, it was shown in a Ghanaian population that the G57E variant
of the mannose-binding lectin confers a protective role only to disease caused by M. africanum
and not by M. ruberculosis (118). In a separate study, X-rays showed that individuals infected with
Euro-American lineages (LAM) presented with more consolidations when compared to other
lineages, while individuals with Beijing strains had significantly more cavitation. Furthermore,
disease caused by the Beijing strains prior to treatment initiation was associated with a shorter
duration to presentation, meningitis, and drug resistance at the commencement of therapy (117).
Other distinctive strain-specific effects are summarized in Table 1 and discussed in further detail
hereafter.

GENETIC EVOLUTION OF PATHOGENICITY

M. tuberculosis lacks the classic virulence factors that other organisms encode to enable the inva-
sion of host tissues, such as pili, flagella, fimbriae, and classic toxins (18). In order to understand
the genetic determinants of M. tuberculosis infection outcomes, it is important to map out the evo-
lutionary history of the genome. This allows for the identification of genes involved in the emer-
gence of virulence and those genetic elements that contribute to pathogenicity, wherein variation
is likely to affect the outcome of infection. The emergence of pathogenic mycobacteria has been
described as a biphasic evolutionary process involving the acquisition of genetic material, gene
duplication, and, finally, reductive evolution as the organism settled into a restricted niche (100,
129). However, careful scrutiny of the MTBC suggests that no recent horizontal gene transfer has
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Figure 3 (Figure appears on preceding page)

Transmission and pathogenesis of Mycobacterium tuberculosis. Shown is a spectrum of infected and diseased states that may possibly
prevail upon exposure of a susceptible host to tubercle bacteria. During the cycle of pathogenesis and granulomatous disease, a
multiplicity of cytokines are required. Those shown in boxes have been demonstrated to be differentially modulated by clinical isolates,
thereby influencing the outcome of disease. Abbreviation: TB, tuberculosis.

Region of difference
(RD): a large section
of DNA that has been
lost or changed
through the evolution
of mycobacterial
strains

pe/ppe genes: a group
of genes that encode
proteins containing
the proline-glutamine
(PE) motif at the N
terminus

occurred, hence genomic islands that are exclusive to the MTBC most likely represent ancient
acquisitions from a-, -, and y-proteobacteria (100).

The MTBC evolved as a single clonal group from a pool of recombinogenic mycobacterial
ancestors that resembled Mycobacterium canettii, the closest neighbor to the MTBC (88, 114).
M. canertii is an opportunistic species exhibiting complete genomic isolation from the MTBC but
sharing 98% sequence identity. This allows for investigation of how virulence emerged and iden-
tification of genes that are relevant for the transition from an emerging opportunistic pathogen
to an obligate intracellular pathogen. M. canertii harbors up to 366 genes that are absent from the
MTBC and lacks 51 genes, including whole operons, that are present in the MTBC. Missing genes
in M. canettii mostly include those involved in lipid metabolism, protein transport, and proteins
of unknown function. In addition, differences in genes related to lipooligosaccharide metabolism
could explain the formation of smooth colonies in M. canettii as opposed to the cording phenotype
observed for colonies produced by members of the MTBC (12, 115).

Analysis of the regions of difference (RDs) (Figure 1) used to classify M. tuberculosis into dif-
ferent lineages possibly provides clues to the basis of phenotypic attenuation of some strains. For
example, loss of RD1 in M. bovis BCG strains results in severe attenuation, hence its usefulness as
a vaccine strain. RD1 encodes the ESX-1 secretion system, which is used to secrete proteins such
as CFP10, ESAT-6, and other virulence determinants into the cytosol of macrophages, enabling
the escape of the pathogen from the phagosome (56, 72). The demonstrated essentiality of RD for
the virulence of M. tuberculosis represents an important example of evolutionary loss of genomic
regions affecting virulence.

SELECT GENETIC DETERMINANTS THAT MODULATE
TRANSMISSION AND DISEASE OUTCOME

Distinctive genomic features of M. tuberculosis (or MTBC), which are absent in other organisms,
are likely mediators of the pathogenic process, including members of the pe/ppe and pe_pgrs gene
families. While the function of most of these proteins remains unknown, emerging evidence sug-
gests that they are required for epitope variation to enable host evasion (40, 105). For a comprehen-
sive summary of the pe/ppe genes, the reader is referred to previous literature (14, 81, 105). Of par-
ticular note, McEvoy etal. (81) demonstrated that nonsynonymous SNPs occur more frequently in
pe/ppe genomic regions when compared to other regions, suggesting plasticity within the genome
that allows for the ability to quickly adapt. In-depth analysis of whole-genome sequences of mem-
bers of the MTBC has highlighted that T cell epitopes are highly conserved, suggesting evolu-
tionary pressure on these genomic regions (29). Similarly, genomic regions encoding components
in cell wall biosynthesis, transcriptional regulation, and DNA repair pathways were shown to be
under convergent positive selection in M. tuberculosis (26, 87). With regard to the ability of tubercle
bacilli to adopt a dormant state, duplication of the dormancy regulon (dos) in lineage 2 and lineage 4
isolates of the MTBC has been reported, although the biological advantage of this duplication
and its role in disease phenotype are not fully understood (36, 133). Figure 2 contains a summary
of these and other lineage-specific genetic differences that have been associated with outcomes.
Collectively, these observations suggest a host-induced unidirectional evolutionary process, which
allows the pathogen to adapt to changing microenvironments encountered during pathogenesis.
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Table 1 Genes/molecules contributing to strain-specific differences in tuberculosis infection and disease

Possible effect on tuberculosis

Gene/protein/lipid Strains compared infection or disease Reference(s)
Pgl, Rv2952 CDCI1551 and HN878 Decrease in inflammatory response; 59,122
differences in virulence, bacterial load,
TNF-a production, necrosis, and rate
of bacterial clearance in CSF
a-crystallin, bsp55, PstP1, 47KDa Beijing, F23, and H37Rv Increased expression of a-crystallin and 92
antigen decreased expression of Hsp65, PstS1,
and the 47-kDa protein in Beijing
compared to the other strains
Rv1160 (rmutT2), Rv3908 (mutT4), LAM, Beijing, Mycobacterium | M. bovis—pyrazinamide resistance, 16
ogt37 bovis LAM10-isoniazid resistance,
Beijing-multidrug resistance
accES, kdpD, UT205, 1ESX-1, Lineage 4 LAM strains Increased activation of virulence systems 7
tmbt, tmoa UT127 and UT205 such as the ESX-1, polyacyltrehalose,
and sulfolipids in UT205; increased
expression of genes involved in DNA
replication, cell division, and lipid
biosynthesis in UT127
Rv0178 D150E, Rv0759c-Rv0760c | Lineage 2 Beijing strains Strain H112 exhibits significantly better 95
2-bp deletions affecting phoP H54 and H112 intracellular survivability and lower
regulation levels of TNF-a
sigG, pksS, pks7, mce-Ib, Fad26,virS | Lineage 2 and lineage 4 Nonsynonymous mutations in lineage 2 68
strains (sigG, pks5, pks7) and lineage 4
strains (mce-1b, Fad26, virS) affect
virulence and transmission
dosR, dosT (Rv3130c, Rv3133c), Beijing and H37Rv Increased DosR regulon in Beijing; 99
hspX, Rv203 1c, fdxA, Rv2007c, differential acetylation of DosR;
narX accumulation of triacylglycerides in
aerobic culture
S219L (PhoP), A219E (MazQG), H37Rv and H37Ra Attenuation of H37Ra 62
1228M (EspK)
Deletion of pe35, ppe68, esxB, esxA M. bovis; M. bovis BCG; Attenuation of animal isolates in human 62
Mycobacterium microti; hosts
Mycobacterium africanumn;
M. tuberculosis H37Rv;
H37Ra, and six M.
tuberculosis clinical isolates
glgP, linB M. tuberculosis K strain versus | Differences in macrophage activation 103
H37Rv and M. bovis
eccD32 76 S—N, eccD3 95 A—"T, Lineage 2 versus lineage 3,4, | Nonsynonymous SNPs in lineage 2 62
mmpL10 408 T— A, pleA 446 and 6 and animal strains strains, absent from lineage 3, 4, 6, and
T—A, mbtB 674 V—L, ppsA 8 that are located in known virulence
1194 liters— R, a5 2005 T—P, genes that have been validated across
Rv2952 176 G—R, kefB 102 other lineage 2 strains as having an
T—A, lipF 233 R—C, papA2 effect on the invasion of host cells,
466 P—L, fadD23 422 E—Q, evasion of immune responses, and
espK 44 D—N, espK 660 E—A, bacterial proliferation
eccC2 650 D—G
T cell cluster 9 epitopes Lineage 2 versus lineage 3,4, | Loss of antigens in the lineage 2 strains 62

(0579, 0591, 1737, 1829)

and 6 and animal strains

resulting in the evasion of the immune
response

Abbreviations: BCG, Bacille Calmette-Guérin; CSE, cerebrospinal fluid; LAM, Euro-American lineages; pgl, phenolic glycolipid; SNP, single nucleotide

polymorphism; TNF-a, tumor necrosis factor-a.
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INSERTION ELEMENTS AND GENOMIC VARIATION

Analysis of insertion sites for insertion sequence 6110 (IS6110), a natural transposon in M. tu-
berculosis, has also been used to identify essential genes in a total of 161 clinical isolates (140). A
genome-wide survey characterizing the precise base-specific insertion sites of this naturally occur-
ring transposable element demonstrated that 180 insertions were intragenic, affecting 100 open
reading frames. The number of genes carrying a disruptive insertion of IS6110 in clinical strains is
much lower when compared to laboratory strains, thus suggesting that relatively few genes (<300)
can readily accept an IS6110 insertion in the clinical setting. Hence, more genes appear to be es-
sential in vivo in clinical strains compared to laboratory strains, consistent with the notion that
repeated human-human passage likely exerts substantial selective pressure to retain genes required
for fitness, transmission, and persistence (140). Similarly, Gonzalo-Asensio et al. (51) assessed the
dynamic distribution of IS6110 between MTBC lineages by genetic and IS6110 messenger RNA
(mRNA) analysis of 2,236 clinical isolates. This study reported that modern M. tuberculosis lineages
(Beijing, CAS, LAM, and T) are more widespread globally and associated with high transmissibil-
ity, drug resistance, and virulence. These strains carry high copy numbers of the IS6110 element
in comparison to ancient strains (M. africanum, East African Indian (EAT), X-strains, and M. bovis).

The potential of IS6110 elements to drive virulence is further demonstrated through an
outbreak of virulent M. bovis, which can infect but is normally unable to transmit in immune-
competent human hosts. This strain carried an IS6110 element upstream of the phoPR operon
acting as an exogenous promoter and increasing virulence (50). Beijing strains have the highest
copy number of the IS6110 transposon element inserted in their genomes, possibly contributing to
aspects such as host immune evasion. Consistent with this notion, these strains carry IS6110 inser-
tions in ppe38-71, resulting in the lack of secretion of several PE_PGRS and PPE-MPTR proteins
(51). Notably, 80 PE_PGRS and PPE-MPTR proteins that are secreted by the ESX-V secretion
system are affected by this deletion, including PE_PGRS30, PE_PGRS33, and PE_PGRS47 that
have all been experimentally shown to be involved in virulence in animal models (3, 5, 6, 60, 104).

Gene expression studies of the IS6110 element revealed that a transcriptionally active IS6110
derivative (pIS6110-FS) exhibited 20-times-higher transposition rates than the wild-type IS6110,
which was more pronounced during stationary phase and starvation (51). Furthermore, compari-
son of mRNA quantities of IS6110 between MTBC members showed that M. tuberculosis strains
exhibit higher IS6110 expression than M. bovis strains (51). The expression of IS6110 was upreg-
ulated in murine macrophage models, indicating a potential role of IS6110 in adaptation to the

host (51).

GENETIC BASIS FOR THE SUCCESS OF LINEAGE 2/BEIJING STRAINS

Since their identification by van Soolingen et al. (126), Beijing strains have been widely associated
with a number of phenotypes epidemiologically, clinically, and experimentally, including high
frequency of transmission, poor treatment outcome, severe host immune modulation, higher
propensity to develop drug resistance, higher bacterial load, severe histopathology, and extra-
pulmonary presentations (54). Epidemiologically, Beijing strains are the most widespread strains
globally, indicating that this lineage may have evolved unique properties allowing effective spread.
Beijing strains demonstrate high adaptability to different human populations; for example, Beijing
strains that are found in Peru are unique to Peru, suggesting that they emerged as a distinct
endemic clone to that host population (61). Beijing strains are identified by several genetic
markers, including the deletion of spoligotype spacers 1-34 and the IS6110 insertion between
the dnaA and the dnaN genes (125). These crude strain identifiers are unlikely to lead to specific
phenotypes; however, other unique molecular identifiers of the Beijing lineage exist and are likely
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to result in subtle or major phenotypic variations. These include the deletion of several RDs
(e.g., 207, 105, 181, 150, and 142), deletion of individual genes (e.g., Rv0729¢ and Rv0927¢), and
mutation of genes (e.g., Rv2629, Rv1160, and Rv3908) (54). However, the effects of these genetic
changes in TB infection and disease outcome have not been firmly established.

Evidence of hypervirulence of the Beijing lineage has previously been assessed in vitro and in
animal models by assessing cytokine production, mortality, rate of proliferation, in vivo growth
using competition assays, extent of lung damage, and dissemination (10, 78). While hyperviru-
lence has been associated with the Beijing lineage in general, it is not ubiquitous to all Beijing
strains. Rather, this lineage exhibits a series of phenotypes from hypo- to hypervirulent as evi-
denced by a number of epidemiological studies on outbreaks of different Beijing isolates (33, 53).
Molecular mechanisms that underpin the success of the Beijing strains can be divided into geneti-
cally encoded discrepancies, epigenetic modifications, and natural variations in protein expression.
Furthermore, differential immune modulation by Beijing strains is possibly associated with disease
progression and infection outcome.

The THI1 immune response is predominantly driven by the proinflammatory cytokines tumor
necrosis factor-a (TNF-a) and interferon-y (IFN-y), which restrict MTBC growth using reactive
oxygen/nitrogen intermediates and autophagy. In contrast, TH2 cytokines such as transforming
growth factor-p (TGF-B) result in an anti-inflammatory immune response as they are associated
with a decrease in activated CD#4 cells and failure to restrict M. tuberculosis growth. The balance
between pro- and anti-inflammatory cytokines results in granuloma formation (Figure 3). Some
lineage 2 strains have been associated with a dampened proinflammatory immune response driven
by a phenolic glycolipid, resulting in extensive dissemination of the pathogen. Furthermore, dif-
ferences in monocyte activation have been identified as a mechanism of differential virulence, il-
lustrated by the fact that the CDCI1551 outbreak strain induced higher levels of proinflammatory
THI1 (IL-10/B) cytokines. In contrast, analysis of another outbreak Beijing strain HN878 revealed
induction of higher levels of IL3 and IL4 that are characteristic of TH2-type immunity (98). This
phenotype was subsequently genetically linked to the pksI-15 loci (98). Phenolic glycolipids, en-
coded by the pks gene cluster, form part of the surface lipid repertoire, and studies have shown that
these specific lipids are used by M. tuberculosis to engage the host by enhancing the recruitment
of growth-permissive macrophages. However, further studies have shown that this surface lipid
is not present in all hypervirulent Beijing strains (99). For example, a comparison of an outbreak
Beijing strain to a nonoutbreak Beijing strain in California identified a 7-bp frameshift mutation
on the pks gene in the outbreak strain, while the nonoutbreak strain had an intact pks gene cluster
that is typical of other virulent Beijing strains (19).

The strain-specific repertoire of induced cytokines likely helps to determine whether or not a
strain will be successful, but currently no specific cytokines have been consistently associated with
particular strains and outbreaks. Furthermore, there are some inconsistencies in the immunolog-
ical profiles, even with subspecies of the same strain. In this regard, modern and ancient lineages
of the Beijing genotype differ distinctly in their induction of proinflammatory cytokines, with an-
cient lineages inducing significantly higher levels of IL-1b, IL-6, IL-8, IL-10, GM-CSFE, TNF-q,
GRO-a, and RANTES signatures (22). These observations may be the result of the differences in
the RDs in these two groups, where ancient sublineages have intact RD181, RD150, and RD142.

In an attempt to link specific genes in Beijing strains to differences in outcome of infection
within the lineage, comparison of previously published sequences of 1,082 strains from the ancient
and modern lineages were analyzed post hoc (76). Nineteen nonsynonymous SNPs were reported
in conservative codons with significant enrichment for the category of regulatory networks (pknA,
Rv0452, Rv0890c, Rv2488c, and Rv3173c). Three of the SNPs were located in promoter regions
and were verified to alter gene expression (Rv0603, Rv3713, and Rv0308). Furthermore, four of
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the genes had frameshift mutations as a result of deletions or premature stop codons (Rv1730c,
Rv2147¢, Rv2148¢, and Rv2180c). Such differences between members of the same lineage may
provide clues to explain the molecular mechanisms of success for particular clinical isolates, but
further work is required.

STRAIN-SPECIFIC ASSOCIATIONS WITH HIV COINFECTION

TB and HIV occur in lethal synergy, particularly in Southern Africa, due to a number of reasons
including socioeconomic and molecular aspects of the two infections that allow them to drive
each other, as described in the literature (39, 121). Very few studies have sought to determine
whether specific M. tuberculosis genotypes are associated with HIV infection. Rather, associations
between HIV status and lineages are mostly secondary observations of larger studies, the results
of which are dependent on the design of the parent study. An analysis of an HIV-positive co-
hort in a Vietnamese population revealed that 49% of the isolates were Beijing strains and 35%
were Indo-Oceanic strains (80). However, this observation more likely represents the phyloge-
netic structure of the bacterial population rather than an inclination of Beijing strains to infect
HIV-positive individuals. In a pediatric cohort in Kampala, there were no significant associations
between lineages and HIV status. It should be noted that a single strain (lineage 4_U; Uganda
strain) is predominant in the study population, possibly resulting in a bias (131). In contrast, a re-
cent study by Konstantynovska et al. (66) reported that a Beijing strain was significantly associated
with HIV status in Ukraine, despite the fact that Beijing strains represent the minority of sampled
strains in the study. Another study in Mozambique also demonstrated a significant association be-
tween HIV serostatus and Beijing strains when compared to non-Beijing strains in a multivariable
analysis adjusted for age, sex, and province (130). The correlation of specific M. tuberculosis strains
with HIV status may be associated with a particular outbreak rather than the whole lineage. The
lineage 4 LAM4/KZN outbreak DR strain in Durban, South Africa, was significantly associated
with HIV coinfection (44). In contrast, in a study in Panama, the most prevalent strain was found
to be the LAMY, with 78% of these strains being drug resistant and 75% of the sample population
being HIV negative (70).

Fenner et al. (39) revealed that HIV coinfection with TB disrupts the normal sympatric host-
pathogen evolutionary coexistence that tubercle bacteria have with humans, leading to an al-
lopatric relationship between the pathogen and host. In this case, a sympatric infection was defined
as a combination of a particular strain lineage and its corresponding natural host population, such
as a Euro-American lineage infecting a Euro-American host. Thus, an allopatric infection would
be exemplified by an East Asian lineage infecting a Euro-American host. Using a second validation
set of 1,642 isolates belonging to lineages 1-6 obtained in Switzerland from 1991 to 2011, it was
observed that the proportion of HIV infection was 4.5 times higher in patients with an allopatric
strain compared to patients with a sympatric strain. These findings support a model where the sta-
ble relationship between the human host and its locally adapted M. tuberculosis lineage is disrupted
by the differential selective pressure exerted by the evolutionary newcomer in the form of HIV
infection (39). Similarly, different strain types of M. tuberculosis have been observed to perturb the
HIV infection process, as evidenced by CDC1551, which induces greater HIV replication when
compared to HN878 in coinfected peripheral blood mononuclear cells (97).

STRAIN-SPECIFIC DIFFERENCES IN THE MYCOBACTERIAL
CELL ENVELOPE

Mycolic acids (MAs) are highly hydrophobic wax-like fatty acids that occur in the cell wall of
mycobacteria (128). These a-alkyl B-hydroxy fatty acids constitute a major component of the
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mycobacterial cell envelope, giving it structure and providing protection against detergents,
antibiotics, and dehydration. MAs are heterogeneous in their chemical structure, forming distinct
classes that are composed of fatty acids of different lengths and variable side chains. Three major
classes of MAs are described in the literature and include the a-, methoxy-, and keto-MAs, which
vary in the number of cyclopropane rings as well as their configuration (cis or trans) (94, 96).
The relative representation of each of these classes varies between strains and also seems to
directly influence virulence. An in vitro study by Vander Beken et al. (128) investigated synthetic
purified single monomers to study the variations in the immune responses of different MAs in
a mouse model. The a-MA appeared to be inert, whereas keto-MA with cyclopropane rings in
the ¢is orientation elicited mild inflammatory responses, and oxygenated methoxy-MA resulted
in strong immune responses (128). This differential perturbation of the immune system by
variant MAs provides a mechanism for different strains of M. ruberculosis to affect the outcome
of infection (128). A subsequent mass spectrometry-based study assessed the relative abundance
of 80 MAs across 36 clinical isolates covering 4 phylogenetic lineages (94). Significant variations
were observed between the MA content of ancient and modern lineages, with significantly lower
amounts of a-MAs among lineage 6 isolates and an inversion of the methoxy:keto mycolates
ratio in lineage 1 isolates. Furthermore, the ratio of oxygenated MA and a-MA was found to be
significantly higher for lineage 6 compared to modern lineages and lineage 1 strains (Figure 4).
WGS of these isolates identified relevant SNPs that may be responsible for the differences in
the MA content. A total of 97 SNPs in the MA pathway were observed across all four lineages
studied, of which 17 were nonsynonymous and observed in a single lineage. Three of these
nonsynonymous SNPs were shared by two modern lineages, with lineages 3 and 4 displaying
lineage-specific SNPs. Nine SNPs were predicted to have an effect on protein function [Rv0642¢
(F95L), Rv0644c (R114L), Rv0904c (G158E), Rv1348 (A653T), Rv1484 (V78A), Rv1686¢c
(V20F), Rv1687c (D102N), Rv3800c (A523G), and Rv3082c (L316R)], and they were only
found in the ancient lineages (94). The functional consequences of these findings require further
study.

DRUG RESISTANCE AND DISEASE PROGRESSION OR OUTCOME

Early studies on the population structure of M. tuberculosis revealed that drug resistance was more
commonly associated with Beijing strains, suggesting lineage-specific mechanisms of adaptation
to chemotherapeutics (77, 119, 120). Mutations in DNA repair genes can result in increased muta-
genesis, and consistent with this, analysis of Beijing isolates revealed mutations in mut T2, mut T4,
and ogt, suggesting that these may drive mutagenesis. However, subsequent studies reported that
the spontaneous mutation rate in the Beijing family is not significantly different from that of non-
Beijing strains, suggesting that while certain mutations in DNA metabolism genes are unique to
the Beijing strains, they do not directly cause drug resistance (38, 71).

Using H37Rv as a reference genome, a recent study identified 12,802 previously undescribed
nucleotide variations in strains from India, of which 38 were located in genes known to be as-
sociated with drug resistance (2). Mutations in 7poB (S450L) and k2rG (S3157T) were dominant
in patients presenting with multidrug resistance. A cluster of SNPs associated with ethambutol
resistance on the emb genes was also identified, among which two were previously undescribed
(embB G406A, M306I). The study also identified some co-occurring mutations, such as the 7poC
(A172V) that occurred with the 7poB (S450L) mutation in up to 74% of the isolates from northern
India. Some co-occurring mutations were found only in specific lineages; for example, the D229G
mutation in the Rv2247 (accD6) gene occurred with k2tG R463L in all Beijing multidrug-resistant
(MDR) and pre-extensively drug-resistant (XDR) isolates. Furthermore, the gid E92D SNP was
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Figure 4 (Figure appears on preceding page)

Epigenetic effects and other determinants in Mycobacterium tuberculosis that affect pathogenesis. Epigenetic changes include
glycosylation, methylation, and RNA silencing. DNA can be methylated and acetylated. Possible changes in the cell envelope and efflux
pumps can also affect metabolism and resistance. Abbreviations: a-MAs, a-mycolic acids; IFN-v, interferon y; L, lineage; miRNA,
microRNA; nsSNPs, nonsynonymous single nucleotide polymorphisms.

observed to occur concurrently with the K43R 7psL mutation in East Asian Beijing genotypes of
MDR and pre-XDR isolates (2).

Potentially important phenotypic differences between clinical strains are also likely associated
with strain-specific transcriptional responses. Colangeli et al. (27) profiled drug-sensitive clinical
M. tuberculosis strains and found that patients infected with pretreatment isolates exhibiting ap-
proximately twofold lower minimum inhibitory concentrations (MICs) in isoniazid and rifampicin
were significantly more likely to cure following standard therapy. Notably, these subresistance-
breakpoint differences in MIC were as predictive of cure versus relapse as all other standard clinical
demographics combined but could not be associated with point mutations in genes that had been
previously associated with conferring resistance to the drugs profiled (27). These subtle shifts in
MIC could potentially be linked to M. tuberculosis lineage-dependent induction of drug tolerance
during host infection, which could contribute to differential treatment response in vivo (1).

Another potential contribution to subresistance-breakpoint MIC shifts between strains might
be the strain-specific gene essentiality differences that have been identified using transposon inser-
tion sequencing (Tn-seq) profiling (20). Among the genes conferring strain-specific fitness costs is
the katG gene, which catalyzes the conversion of isoniazid into its active form. Notably, the degree
of fitness defect associated with k4tG disruption in different clinical strains was not correlated to
katG SNPs but was associated with the degree to which the strains were susceptible to isoniazid
(20). Collectively, these phenotypic differences between strains, in the absence of obvious func-
tional SNP differences in the directly relevant genes, suggest that strain-specific differences in
transcriptional responses could contribute to these phenotypes.

STRAIN-SPECIFIC TRANSCRIPTIONAL RESPONSES

Several studies have reported strain-specific differential transcriptional responses in clinical

strains during exposure to stresses, including drug treatment and host infection (49, 67, 123).

Comparing 17 M. tuberculosis strains from 5 different phylogenetic lineages, Homolka and col-

leagues (58) found that the strains elicited transcriptional profiles that clustered by lineage, during

both log-phase growth in broth culture and infection in bone marrow—derived macrophages

(BMDMs). Among the hundreds of genes that exhibited lineage-specific expression patterns were  Minimum inhibitory
lipid utilization and cell wall biosynthesis genes. For example, strains from the Indo-Oceanic  concentration

lineage had lower levels of mymA operon genes, which modify MA components of the cell wall, ~(MIC): the lowest
concentration of drug
required to prevent
growth of bacteria

and strains from the West African lineage 6 had lower expression of sulfolipid biosynthesis and
phthiocerol dimycocerosate (PDIM) biosynthesis genes (58). The differential expression of genes
in these pathways could modulate remodeling of the mycobacterial cell wall and thus contribute
to the decreased fitness observed in these strains during BMDM infection. Lipid metabolism
genes were also found to be differentially expressed when comparing BMDM infection responses

Transposon insertion
sequencing (Tn-seq):
saturating transposon
between the hypervirulent East Asian lineage 2 (Beijing) strain, HN878, and the immunogenic  mutagenesis followed

Euro-American lineage 4 strain, CDC1551 (67). Interestingly, the strain-specific pathogen by whole-genome

regulation of lipid metabolism is coupled to differential expression of host lipid metabolism  sequencing to map
transposon msertion

genes, which respond in a strain-specific way (67). sites

Evidence suggests that strain-specific activities of transcriptional regulators as well as strain-
specific differences in transcriptional start site sequences and epigenetic modifications could
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potentially contribute to these differential phenotypes (24, 25). Based on genome-wide SNP and
indel data from a set of 219 MTBC strains, Chiner-Oms et al. (25) identified 28 transcription
factors annotated in H37Rv as either missing or harboring a dysfunctional mutation in one or
more of these strains. For example, the deletion of RD743 and RD715 in West African lineage
5 strains affects the transcription factors Rv1994c and Rv2478c, which may in turn affect the
expression of associated genes (25). Other studies have identified strain-specific differences in
sequence and expression of stress-responsive regulators, including dosRS and phoPR (15, 34, 35).
SNPs in the phoP promoter and in the phoR kinase, which have been associated with West African
lineages 5 and 6 strains, could potentially explain the reduced expression of sulfolipid and PDIM
biosynthesis genes observed during macrophage infection, as these genes are regulated by phoP
(15, 58). Other studies have found strain-specific differences in dosR expression under log-phase
broth culture and during macrophage infection and have also reported differential overall
transcriptional response during exposure to hypoxia in vitro (34, 35). Some of this strain-specific
differential regulation could arise from strain-specific rewiring of regulatory subnetworks (24).
For example, the dosR-associated overexpression in some East Asian lineage 2 (Beijing) strains
can be associated with a point mutation upstream of the gene, which creates a novel sig4 recog-
nition motif (24). Collectively, these data suggest that M. tuberculosis harnesses a broad range of
mechanisms to coordinate gene expression, many of which exhibit strain-specific diversification.

EPIGENETICS AND POSTTRANSLATIONAL MODIFICATIONS

Epigenetics has gained much attention as a major contributor to the shaping of host-pathogen
interactions through changes in gene expression arising from mechanisms independent of the un-
derlying DNA sequence (47, 65). These epigenetic changes influence cellular functions and are
highly complex, occurring through various modification mechanisms, including the formation
of secondary structures (e.g., G-quadruplexes), noncoding RNA, and posttranslational modifica-
tions of proteins [acetylation, phosphorylation, and changes in histone-like proteins (90, 101)]
(Figure 4). Additionally, DNA methylation of M. tuberculosis has received considerable attention
since the discovery of a critical methyltransferase, MamA (108). M. tuberculosis-driven epigenetic
processes can affect the expression of both bacterial and host genes and are summarized in Table 2.
Regulation of gene expression by methylation in TB has been demonstrated to be essential
for survival in vivo. The DNA methyltransferase MamA attaches to a 6-bp recognition sequence
in approximately 2,000 mycobacterial genes and, in doing so, possibly regulates the expression of
over half of the M. tuberculosis genome (108). Mutants of mamA were shown to grow normally
in vitro; however, they were attenuated under hypoxic conditions, suggesting that methylation is
required for survival under stringent conditions. Several genes had reduced expression upon muta-
tion of mamA, including whiB7, Rv0102, Rv0142, and corA. In light of the differences in virulence
and outcomes of infection among different lineages of M. ruberculosis, the sequence of mamA was
assessed across different lineages. It was observed that Euro-American lineages contain a func-
tional mamA gene, while Beijing strains have a point mutation that renders the protein inactive.
However, Beijing strains have another functional methyltransferase, HsdM, which is inactivated
by a point mutation in Euro-American lineages (108). It remains to be clarified whether these two
methyltransferases have different methylation capacities with different effects on virulence.
Phelan et al. (93) characterized the methylome of M. tuberculosis using 16 samples that include
strains from lineages 1, 2, 4, 5, and 6, revealing three methylated motifs that were detected
across most of the isolates irrespective of lineage (93). They also identified partner methylation
motifs on both the forward and reverse strands as well as single methylation motifs for which
no partner was found. To further investigate differences in methylation patterns, mutations in
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Table 2 Epigenetic effects contributing to tuberculosis infection and pathogenesis

Nature of Possible effect on tuberculosis
modification Target in host Bacterial effector infection or disease Reference(s)
Methylation Hypermethylation of CpG Not identified Dysregulation of gene expression, 65,136

islands of various strain-dependent changes in
regulatory regions methylation of inflammatory
genes, differential ethnic-based
susceptibility
Methylation Histone 3K4 ESAT-6 Reduction of IFN-y H3K4 65,136
methylation
Methylation Histone 3R42 Rv1988 (mycobacterial Repression of NOX1 and NOX4, 65,136
methyltransferase) increased bacterial load
Methylation 5-Methylcytosine-specific Rv2966¢ Repression of host grk5 gene 107
DNA methyltransferase impairing inflammatory cells
binding to histone 3 and from migrating to the site of
histone 4 infection
Acetylation Histone 3K5 ESAT-6 Reduction of CIITA pI loci of 63
H3K4 acetylation
Acetylation DUSP16 and free histones FEis protein Suppresses the host immune 63
response, increased intracellular
survival of bacteria
Deacetylation | Histone 3 hypoacetylation Not identified Suppression of TH1 responses, 21
knockdown of essential
transcriptional regulators,
inhibiting crucial protein kinases
required for regulating HDACI,
increased bacterial proliferation
Deacetylation | Histone 2 MHC2TA and 19-kDa lipoprotein Reduction of antigen presentation 63
CIITA2 to T cells, immune evasion
microRINA
NA IFN-y, TNF-a, IL-6,IL-12 | miRNA 29, 144, 155, Reduced IFN-y and TNF-a, 55,63
99b, 125b, 147, 21 modulation of IL-6 and TL-12
NA CAC-NA2D3 miRNA 27a Downregulation of calcium 75
signaling, inhibition of
autophagosome formation
NA NF-«B miRNA 27b Suppression of NF-kf expression, 73
increase in p53 dependent
apoptosis thus enabling bacterial
containment
NA IRAK 4 miRNA 27a Reduction in levels if IRAK 4, 132
dampened immune response
NA UVRAG, N-WASP, miRNA 125a, 142-3p, Dysregulates autophagy, impairs 9

FOXO1

582 5p

phagocytosis, promotes
pathogen survival

Abbreviations: IFN-y, interferon-y; miRNA, microRNA; NA, not applicable; NOX, NADPH oxidase; TNF-a, tumor necrosis factor-a.

www.annualreviews.org » Diversity in Mycobacterium tuberculosis Isolates 527



methyltransferase genes associated with each motif (GATN4RTAC: hsdS.1, hsdM, and bsdS;
CTCCAG: mamA; CACGCAG: mamB), which could putatively explain the loss of function,
were identified (93). Three mutations were found for the GATN4RTAC motif in the isolates that
lacked methylation, including hsdM P306L, hsdM G173D, and hsdS L119R. Three isolates did not
exhibit any methylation at the CTCCAG sites, and the mutations associated with this were mamA
E270A, which resulted in a frameshift at position 1257 and a novel A460T mutation. The lack
of methylation of the CACGCAG motif was associated with a mutation in the mamB gene that
resulted in a major truncation. The study also revealed lineage-specific methylation effects, possi-
bly related to SNPs, such as a unique mutation S253L in the mzamB gene in lineage 1 (93). Using
lineage 1 and lineage 4 strains, methylation status has been experimentally shown to have a role
in transcription, resulting in differential gene expression. A total of 44 genes were differentially
expressed based on their methylation status in lineage 4 strains, while this was not observed with
lineage 1 strains (48). How this translates to differences in the virulence and transmissibility of
these epidemiologically distinct strains remains to be unraveled. While it may be plausible that the
methylation status is responsible for these different transcription levels, more recently, mutations
in transcription start sites have also been identified as a likely cause for these differences (24).
The role of epigenetics in TB has been recently reviewed by Kathirvel et al. (63). M. ruberculosis
exports a methyltransferase (Rv1988) which methylates arginine at position 42 of histone 3, thus
modulating the transcription of a number of host genes, most of which are involved in evading or
dampening host immune responses. These genes include NOX1, NOX4, and NOS, which play
a major role in the production of reactive oxygen and nitrogen species. Rv1988 is exclusive to
pathogenic M. tuberculosis strains; hence, a mutant of Mycobacterium smegmatis engineered to carry
Rv1988 displayed increased survival in the mice, with high bacterial loads thus confirming this
gene as a virulence factor (65, 139). Another methyl transferase (Rv2966¢) methylates cytosines of
specific DNA sequences in the nucleus in a phosphorylation-dependent manner. Phosphorylation
of Rv2966¢ was demonstrated to strengthen DNA binding capability, as well as significantly in-
creasing methyltransferase activity. Localization experiments confirmed the secretion of Rv2966¢
into the nucleus of macrophages with specific C-terminal residues required for the nuclear lo-
calization. Interaction studies demonstrated that Rv2966¢ interacts with histone 3, histone 4, and
nucleophosmin 1, a histone chaperone used to transcriptionally regulate several genes (107).
Posttranslational modifications of proteins also play a major role in determining the viru-
lence of M. tuberculosis. Inhibition of glycosylation via the mutation of genes responsible for
O-mannosylation in M. tuberculosis resulted in the strong attenuation of pathogenicity in mouse
models (74). In a recent study, Su et al. (113) demonstrated that the overexpression of Rv1016c,
a mannosylated M. tuberculosis protein, in M. bovis BCG resulted in the loss of protection and
increased virulence of the recombinant vaccine strain in mouse and zebrafish models by decreas-
ing the production of IL-2, IL-12-p70, TGF-, and IL-6, which reduce the protective immune
response. Glycosylation patterns across isolates of different lineages have recently been assessed
by Birnhanu et al. (11). This study identified over 2,500 glycosylation events in 1,325 proteins
that were enriched for cell envelope biosynthesis, fatty acid and lipid metabolism, two-component
systems and host—pathogen-interacting molecules. Further analysis revealed that 67 proteins es-
sential for survival in the host are differentially glycosylated among different lineages, suggesting
that these may contribute to phenotypic variability among the different lineages (11).
Acetylation status is another posttranslational modification that allows for strain-specific
effects. The total acetylome of different lineages of M. tuberculosis revealed that lineage 4 and
lineage 7 strains displayed differential acetylation in 165 proteins, with lineage 7 exhibiting
hypoacetylation in 161 proteins involved in virulence, host interaction, and stress response (46).
Comparison of the global acetylation status of M. tuberculosis under normal oxygen and hypoxic
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conditions revealed that the acetylation of 269 proteins changed during hypoxia. Of particular
note, the DosR regulator was deacetylated at position K182, which was subsequently followed
by the transcription of the DosR target genes. This highlights deacetylation as an important
epigenetic mechanism for the regulation of the dormancy regulon. Further experiments using
mouse models demonstrated that defective acetylation of DosR results in lower bacterial counts
and reduced pathology, confirming that epigenetic modifications impact the outcome of infection
(137). M. tuberculosis infection results in the dysregulation of several microRNAs in the serum of
TB patients, as well as within human macrophages; some of these are summarized in Table 2.
However, their association with outcomes, and any strain-specific effects, have not been clearly
described.

CONCLUSION AND FUTURE OUTLOOK

For decades, researchers assumed that differences in M. tuberculosis clinical strains were negligible.
In recent years, systems biology tools have helped to reveal meaningful molecular and phenotypic
differences between strains that result in functional consequences for infection progression and
treatment outcome (see the sidebar titled Phenotypic Heterogeneity in Tubercle Bacteria). These
insights collectively suggest that, to be maximally effective, the development of antitubercular
interventions (both drugs and vaccines) will need to account for interstrain differences. There
are several strategies to address strain-specific differences in response to interventions. First, drug
and vaccine development efforts could prioritize targeting processes that promote pathogen clear-
ance consistently across bacterial strains. This would call for expanded strain-specific testing dur-
ing the discovery phase, exploiting experimental tools including strain-specific Tn-seq profiling
(20). Computational models that predict core essential genes and pathways, together with strain-
specific response differences, could potentially help streamline the discovery process by inform-
ing the selection of representative reference strains. Recent efforts at modeling condition-specific
and strain-specific responses in M. tuberculosis and other pathogens based on genomic, transcrip-
tomic, and metabolomic data suggest the potential utility of these computational tools (79, 83, 89,
91, 106). Secondly, the development of molecular and functional biomarkers that could rapidly
predict strain-specific drug responses could help tailor the application of existing interventions
to optimize outcomes. The observation that pretreatment drug susceptibilities correlate signifi-
cantly to treatment outcome in drug-sensitive strains suggests the potential utility of this as an
indicator for whether patients should receive longer therapy (27). These phenotypic biomarkers,
paired with genotypic or transcriptional biomarkers reporting on bacterial drug resistance pat-
terns or treatment progression, could help inform regimen selection and duration of treatment
while accounting for strain-specific differences (64, 110, 138, 141). The combined effect of these
approaches will optimize treatment outcomes.

PHENOTYPIC HETEROGENEITY IN TUBERCLE BACTERIA

microRINA: small
noncoding RNA that
regulates gene
expression

Transcriptional
biomarkers:

a collection of
transcriptional
patterns that provide a
predictive indicator of
the progression of
disease, treatment
response, or risk of
disease recurrence

In addition to the genetic variability of circulating bacterial strains, a single strain of the tubercle bacillus has the

ability to adopt numerous phenotypically distinct drug-tolerant or nonreplicative states. This is best illustrated by
the description of differentially culturable tubercle bacteria (DCTB) that have been identified in the sputum of
treatment-naive individuals (23). These bacteria are unable to form colonies on agar plates but can be recovered
in liquid media supplemented with growth factors. It has been demonstrated that sputum resident DCTB display
differential reliance on growth factors, and when combined with the genetic variability in strains, these observations

underscore a remarkable degree of heterogeneity and adaptability in tubercle bacteria.
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. Tuberculosis (T'B) disease in humans is primarily caused by a diversity of Mycobacterium

tuberculosis strains that can be classified into nine distinct lineages, some of which occur
globally, while others are confined to particular geographic regions.

. The M. tuberculosis complex of disease-causing bacteria evolved from a pool of ancestral

bacterial strains resembling Mycobacterium canettii, with ancient acquisitions of genomic
islands from a-, B-, and y-proteobacteria. Insertion elements and the selective loss of
regions of difference contribute to the current variation seen in mycobacterial strains.

. Lineage 2 (Beijing) strains appear to be associated with significantly severe disease

pathology, shorter duration to presentation, meningitis, high frequency of transmission,
poor treatment outcomes, higher propensity to develop drug resistance, and extrapul-
monary presentations.

. Numerous genetic determinants in pathogenic mycobacteria have been the subject of

positive selection, including, but not limited to, pe/ppe and pe_pgrs genes, T cell epitopes,
genes associated with cell wall biosynthesis, transcriptional regulation, and DNA repair.

. Coinfection of TB-infected/diseased individuals with HIV perturbs the well-established

sympatric host-pathogen relationship that tubercle bacteria have with humans, leading
to an allopatric association.

. Strain-specific virulence, transmissibility, and pathogenic properties are most likely as-

sociated with differential activities of transcriptional regulators, differences in transcrip-
tional start site sequences, and epigenetic modifications in both the host and infecting
bacteria.

. While the genetic variability in globally circulating M. tuberculosis strains has been rec-

ognized, how does this diversity contribute to transmission, infection, and disease out-
come? Moreover, are there strain-specific biomarkers that differentially predict disease
progression, treatment response, and risk of disease recurrence?

. Whatare the genetic factors that distinguish successful M. ruberculosis strains versus those

that display less penetrance in the human population, and how can these be used to design
effective vaccination and treatment strategies?

. Do current animal model systems allow for the dissection of strain-specific effects on

pathogenesis, or can these questions only be addressed by studying disease presentation
in humans?

. Given that several successful clinical isolates demonstrate differences in antigen content

and the ability to vary T cell epitopes, will a single vaccine be sufficiently protective
against all circulating isolates or should strain-specific vaccines be developed for deploy-
ment based on geographical distribution of strain types?

. Are specific M. tuberculosis strain types preferentially associated with HIV coinfection,

which is a major driver of TB in endemic regions?
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