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Background. Treatment initiation rapidly kills most drug-susceptible Mycobacterium tuberculosis, but a bacte-
rial subpopulation tolerates prolonged drug exposure. We evaluated drug-tolerant bacilli in human sputum by com-
paring messenger RNA (mRNA) expression of drug-tolerant bacilli that survive the early bactericidal phase with
treatment-naive bacilli.

Methods. M. tuberculosis gene expression was quantified via reverse-transcription polymerase chain reaction in
serial sputa from 17 Ugandans treated for drug-susceptible pulmonary tuberculosis.

Results. Within 4 days, bacterial mRNA abundance declined >98%, indicating rapid killing. Thereafter, the rate of
decline slowed >94%, indicating drug tolerance. After 14 days, 16S ribosomal RNA transcripts/genome declined 96%,
indicating slow growth. Drug-tolerant bacilli displayed marked downregulation of genes associated with growth,
metabolism, and lipid synthesis and upregulation in stress responses and key regulatory categories—including
stress-associated sigma factors, transcription factors, and toxin-antitoxin genes. Drug efflux pumps were upregulated.
The isoniazid stress signature was induced by initial drug exposure, then disappeared after 4 days.

Conclusions. Transcriptional patterns suggest that drug-tolerant bacilli in sputum are in a slow-growing, metabol-
ically and synthetically downregulated state. Absence of the isoniazid stress signature in drug-tolerant bacilli indicates
that physiological state influences drug responsiveness in vivo. These results identify novel drug targets that should aid
in development of novel shorter tuberculosis treatment regimens.

Keywords. gene expression profiling;Mycobacterium tuberculosis/genetics;Mycobacterium tuberculosis/physiol-
ogy; pulmonary/epidemiology; sputum/microbiology; tuberculosis.

Drug-tolerant bacterial phenotypes play a central role in
tuberculosis, a disease that kills 1.5 million people annu-
ally [1]. In patients treated for drug-susceptible tuberculo-
sis, >99% of theMycobacterium tuberculosis population is
killed within the first 3–5 days [2–4].Thereafter, the rate of
killing decreases by >80% [2–4], indicating that surviving
bacilli are drug tolerant. Unlike drug resistance, drug tol-
erance is a reversible phenotypic state that occurs in the
absence of resistance-conferring mutations [5].
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Drug tolerance is a central challenge for drug development
and tuberculosis control. Most forms of tuberculosis require
at least 6 months of treatment to eradicate slowly killed, drug-
tolerant M. tuberculosis populations and minimize risk of re-
lapse [6, 7]. This duration burdens patients and health systems
and contributes to medication nonadherence, enabling further
transmission and acquired drug resistance [8].

Little is known about drug-tolerant M. tuberculosis in
human tuberculosis. Genetically homogeneous bacterial pop-
ulations are hypothesized to include heterogeneous bacterial
phenotypes [9, 10]. Phenotypes that survive prolonged antibi-
otic exposure despite genetic susceptibility have been called
persisters [5].However, it is unknown whether there is a single
M. tuberculosis persister phenotype or a spectrum of drug-tol-
erant phenotypes. Drug tolerance is observed under a variety
of experimental conditions [11–17], but it is unknown wheth-
er these models recapitulate drug-tolerant phenotypes in hu-
mans [5]. There is currently no method of identifying distinct
phenotypes within an isogenic M. tuberculosis population. A
better understanding of the clinically relevant drug-tolerant
population that emerges in tuberculosis patients during treat-
ment is essential to developing novel, shorter-treatment
regimens.

We used multiplex reverse-transcription polymerase chain
reaction (RT-PCR) gene expression profiling to characterize
the metabolic state and adaptive mechanisms of drug-tolerant
M. tuberculosis remaining in sputum after the early bactericidal
phase of treatment. Messenger RNA (mRNA) expression pro-
vides a contemporaneous measure of bacterial physiologic
state because the estimated half-life of M. tuberculosis mRNA
is 9.5 to 50 minutes [18] and mRNA is not detectable from
dead bacilli [19]. To identify the transition from rapid to slow
killing that is the hallmark of a drug-tolerant bacterial popula-
tion, we evaluated change in the abundance of M. tuberculosis
genomic DNA, 16S ribosomal RNA, and mRNA over time. We
analyzed gene expression profiles, identifying change in func-
tional gene categories that reflect the physiologic state of the
drug-tolerant population. We examined the expression of
genes previously associated with drug tolerance, including ef-
flux pumps, drug-activating enzymes, drug targets, and the iso-
niazid stress signature. Finally, we compared M. tuberculosis
expression patterns in tuberculosis patients undergoing treat-
ment with expression patterns in experimental models of
drug tolerance [11, 13, 15–17].

METHODS

Enrollment and Specimen Collection
A random sample of consecutive adults with pulmonary tuber-
culosis were enrolled at Mulago National Referral Hospital in
Kampala, Uganda (details in online Supplementary Materials).
Before tuberculosis treatment (day 0) and after 2, 4, 7, 14, 28,

and 56 days, patients expectorated into a sterile cup containing
guanidine thiocyanate solution for immediate RNA preserva-
tion [20]. Within 2 hours, sputa were needle-sheared, centri-
fuged at 9000 × g, and stored in Trizol at −80°C. Ugandan
and US institutional review boards approved the study. All pa-
tients provided written informed consent.

Expression Profiling
Total RNA was extracted using a phenol/chloroform protocol
described in the Supplementary Materials. After first-strand
complementary DNA (cDNA) synthesis, cDNA underwent
controlled multiplex amplification using M. tuberculosis-
specific flanking primers as previously described [21]. A
total of 2411 M. tuberculosis transcripts were quantified via
multiplex quantitative RT-PCR with a LightCycler 480 (Roche,
Indianapolis, Indiana) using TaqMan primers.

Analysis
We plotted mRNA, 16S ribosomal RNA (rRNA), and DNA
abundance over time relative to pretreatment values. We fitted
change in geometric mean percentage with 95% confidence in-
tervals using saturated linear mixed models. mRNA expression
data were normalized using a minimum-variance data-driven
method [22]. We identified altered gene expression at days 2,
4, 7, and 14 relative to day 0 via paired t tests with Benjami-
ni-Hochberg [23] multiple testing correction using a false
discovery rate of 0.05. To identify highly expressed genes, ex-
pression values for each sample were ranked from 1 (gene
with lowest expression) to 100 (highest expression). The median
percentile rank of each gene at each day was calculated.

To identify bacterial functions that changed with treatment,
we summarized the proportion of genes in previously described
functional categories with significantly increased or decreased
expression from day 0 with an unadjusted P value <.05. A mod-
ified 1-way Fisher exact test [24] was used to identify enriched
functional categories (P-value threshold <.05).

Data from days 28 and 56 were not normalized because of
low transcript detection. To evaluate similarity in expression
across days 14–56, we quantified between-day overlap in the
genes consistently detected in >50% of samples.

Nonspecific changes were defined as genes that were signifi-
cantly induced or suppressed both immediately after drug
exposure (day 2) and at all subsequent time points. Genes sig-
nificantly altered between days 2 and 14 were considered likely
specific to drug-tolerant bacilli. Hierarchical clustering using a
Euclidean distance was performed on the median fold change
from day 0 for tolerance-associated genes. A static tree cut at
height 4 was used to create 5 distinct clusters.

Enrichment of functional gene categories was compared be-
tween sputum and 5 experimental models. For sputum and each
model, the ratio of genes up- and downregulated was calculated
for each functional category and log2 transformed. Pearson’s
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correlation coefficients were calculated between each model pair
using the log2-transformed values. Analysis used the R statisti-
cal suite, version 3.0.1 except as noted in the Supplementary
Materials. Minimum information about a microarray experi-
ment (MIAME)-compliant data are available at http://www.
tbdb.org/rtpcrData.shtml. Supplementary Table 1 shows medi-
an fold-change for all genes assayed.

RESULTS

Seventeen Ugandan adults with drug-susceptible, sputum acid-
fast bacillus smear-positive, culture-positive pulmonary tuberculo-
sis were enrolled (Supplementary Figure 1, Supplementary
Table 2). Nine were human immunodeficiency virus–infected.
All were treated with isoniazid, rifampicin, pyrazinamide, and eth-
ambutol. After 2 months, 4 remained sputum M. tuberculosis-
culture positive. One patient had recurrent tuberculosis 13months
after completing treatment.

Change in Nucleic Acid Abundance
Mycobacterium tuberculosis mRNA abundance declined 0.55
log/day during days 0–4, consistent with rapid killing during
the early bactericidal phase (Figure 1). After day 7, the decline
in mRNA abundance slowed to 0.03 log/day (slowing 94% rel-
ative to day 0–4), consistent with transition to a drug-tolerant
population. 16S rRNA and DNA declined more slowly (Supple-
mentary Figure 2). 16S rRNA transcripts per genome equivalent
of DNA declined 96%–99% from day 0 to days 14 through 56
(Supplementary Table 3), consistent with a slowing of replica-
tion. All samples, including those that were culture negative

after 56 treatment days, had greater than 100 M. tuberculosis
mRNA transcripts detected, indicating the presence of a viable,
but not culturable population, as previously reported [25–28].

M. tuberculosis Transcriptional Alteration During Treatment
Treatment markedly altered the bacterial transcriptome. Rela-
tive to pretreatment expression, 452 (19%) to 741 (31%) tran-
scripts had significantly altered expression on treatment days
2, 4, 7, and 14 (Supplementary Table 4).

Figure 2 shows change in key functional categories during
treatment (categories defined in Supplementary Table 5; change
within each functional category is shown in Supplementary Fig-
ures 3–23). Expression of genes associated with metabolic pro-
cesses was predominantly downregulated. Expression of genes
involved in aerobic respiration, the tricarboxylic acid (TCA)
cycle, and adenosine triphosphate (ATP) synthesis decreased
immediately and remained suppressed through day 14. By con-
trast, expression of genes associated with anaerobic respiration
was not downregulated; expression of narG and frdA increased
significantly by day 14. Genes of the glyoxylate bypass, an alter-
native to the TCA cycle, were downregulated yet remained
among the most highly expressed genes.

Expression of genes coding for ribosomal proteins and other
genes such as translation elongation factor (tuf, Rv0685) was rap-
idly downregulated, suggesting a global decrease in protein trans-
lation. Downregulation of polyketide synthase gene expression
suggested diminished production of cell envelope lipids. Genes
coding for the ESX/Type VII secretion system (ESX), which se-
cretes highly immunogenic virulence factors (including ESAT-6),
were highly expressed prior to treatment but were downregulated
with treatment, particularly at days 7–14. Expression of genes
central to DNA replication, including DNA gyrase subunit A
(gyrA), subunit B (gyrB), and DNA topoisomerase I (topA),
was significantly downregulated during days 7–14.

Genes typically induced by stress had increased expression,
including: oxidative stress response, the immunogenic PE/
PPE genes, and insertion sequences and phages. There was in-
duction of genes for the enduring hypoxic response, a response
induced in vitro by prolonged hypoxia and other stressors. In
contrast, expression of DosR regulon genes that are induced
in vitro by hypoxia and other conditions that inhibit aerobic
respiration was significantly downregulated in sputum on day
14. Expression of the gene for RelA, the regulator of the starva-
tion-associated stringent response, increased significantly on
day 2 but not on subsequent days. The stringent response ex-
pression signature includes induction of specific stress-associat-
ed gene sets and suppression of ribosomal protein mRNA and
other genes [29]. Genes classically induced during the stringent
response did not have significantly increased expression in spu-
tum during days 2–14. By contrast, genes previously described
as suppressed during the stringent response did have signifi-
cantly decreased expression during days 2–14.

Figure 1. Decline in Mycobacterium tuberculosis mRNA abundance
among 17 patients during the first 56 days of tuberculosis treatment.
The solid line represents the geometric mean percentage of mRNA abun-
dance remaining at each day. The shaded area between dotted lines indi-
cates 95% confidence intervals. Abbreviation: mRNA, messenger RNA.
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Three categories of regulators—sigma factors, transcription
factors, and toxin-antitoxin (TA) modules—were markedly al-
tered. Expression of the gene for SigA, the principal growth-
associated sigma factor, was suppressed. Conversely, expression
of genes for stress-associated sigma factors, including SigB,

SigE, SigF, SigH, SigI, and SigJ, increased significantly. Expres-
sion of genes coding for toxins were upregulated—particularly
of the VapBC family, which cleave existing mRNA to rapidly
remodel the transcriptome in response to stress.

Transcriptome analysis after day 14 was limited because
mRNA abundance was insufficient. However, transcripts consis-
tently detected (present in >50% of samples) at days 14, 28, and
56 overlapped almost entirely (Supplementary Figure 21), sug-
gesting a stable expression pattern during the sterilizing phase.

Transcriptional Patterns Specific to the Drug-tolerant
Population
The M. tuberculosis transcriptome is massively altered by drug
exposure. However, expression changes apparent immediately
after treatment initiation (eg, day 2) may represent nonspecific
stress responses rather than adaptations of drug-tolerant popu-
lations [11]. To elucidate drug-tolerant phenotypes that emerge
later in treatment, we distinguished alterations characteristic of
drug-tolerant populations from nonspecific stress responses
based on the following established definitions: Nonspecific re-
sponses were genes significantly induced or suppressed imme-
diately after drug exposure (day 2) with changes sustained at all
subsequent time points. Transcriptional adaptations specific to
drug-tolerant bacilli were genes whose expression changed sig-
nificantly between day 2 and day 14 of drug treatment [11].

Of 104 nonspecific stress-response genes, 64 were consistent-
ly induced and 40 were consistently suppressed. Induced genes
were statistically enriched for the enduring hypoxic response
(P = .003). Suppressed genes were enriched for metabolism
genes involved in the TCA cycle, aerobic respiration, and ATP
synthesis (P = .006).

We identified 82 genes that appeared to be specifically asso-
ciated with emergence of a drug-tolerant population (Figure 3).
Clustering by treatment day showed progressive expression
change with increasing duration of treatment. Days 7 and 14
clustered closely together, suggesting transition to a stable
drug-tolerant phenotype. Clustering of genes over time identi-
fied subsets with similar patterns of expression change, suggest-
ing a coordinated role in development or maintenance of
drug-tolerant bacilli. Clusters A and B (35 genes) demonstrated
little to no change between days 0 and 2, but significant induc-
tion by days 7 and 14. These included triacylglycerol synthases,
and ATP-binding cassette transporter and toxin molecules.
Clusters C and D (9 genes) were strongly induced immediately
following antibiotic exposure (day 2) and were notable for 3
genes in the KAS operon required for mycolic acid synthesis.
Cluster E (38 genes) was significantly downregulated at days 7
and 14; it consisted primarily of ESX and ribosomal genes.

Expression of Antibiotic-associated Genes
We evaluated genes for proteins previously associated with drug
tolerance or resistance, including efflux pumps, drug-activating

Figure 2. Change in expression of selected functional categories of genes
after initiation of tuberculosis treatment. The percentage of genes in each
category significantly up- (yellow) or down- (blue) regulated at each day rel-
ative to pretreatment expression (Day 0) is illustrated. Genes that did not dis-
play statistically significant change are not shown. Categories are ordered
from most upregulated (top) to most downregulated (bottom). Category ref-
erences are provided in the Supplementary Materials, Supplementary
Table 5. Abbreviations: ATP, adenosine triphosphate; EHR, enduring hypoxic
response; ESX, ESX/Type VII secretion system; IS & phages, insertion se-
quences and phage-related genes; TCA, tricarboxcylic acid cycle.
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enzymes, drug targets, and the isoniazid stress signature.
As a category, efflux pump genes were not significantly enriched
following treatment (Supplementary Figure 22). However, a sub-
set of efflux genes shown in vitro to export drugs—including the
Tap protein coded for by Rv1258c, bacA (Rv1819c), and mmr
(Rv3065)—were induced >3-fold during days 7–14.

Decreased expression of genes coding for drug-activating
enzymes—katG (isoniazid), pncA (pyrazinamide), and ethA
(ethionamide)—would be predicted to increase drug tolerance.
However, after 7–14 days’ treatment, expression of these genes
was not suppressed.

Drug tolerance could also result from increased expression of
drug targets. Expression of the gene for rifampicin target DNA-
dependent RNA polymerase (RpoB) was significantly induced
at all intervals after treatment initiation. Expression of the
gene for isoniazid target InhA did not change significantly. In
contrast, genes for DNA gyrase subunits (GyrA, GyrB), which
are targeted by fluoroquinolones (drugs these patients did not
receive), had progressively decreased expression, consistent
with decreased replication. Similarly, expression of the gene
for bedaquiline target AtpE was suppressed at all intervals, con-
sistent with downregulation of aerobic metabolism.

We examined the effects of drug treatment on the isoniazid
stress response—a set of mycolic acid synthesis and stress
response genes previously shown to be induced and inversely
proportional to growth rate during in vitro isoniazid exposure
(Supplementary Table 7) [30–33]. After 2 treatment days, the
isoniazid stress signature was robustly induced in sputum, in-
cluding mycolic acid biosynthesis genes ( fabD, acpM, kasA,
kasB, accD6), an efflux gene (efpA), and an oxidative stress-
response gene (aphC). After 7 days, this signature was no longer
upregulated, consistent with the known poor sterilizing activity
of isoniazid [34].

Comparison With Experimental Models of M. tuberculosis Drug
Tolerance
To test whether existing experimental models recapitulate drug-
tolerant M. tuberculosis in humans, we compared sputum with
5 widely cited models (details in Supplementary Table 8)
[11, 13, 15–17]. Similar to sputum, all models identified down-
regulation of ribosomal proteins and TCA cycle, aerobic respi-
ration, and ATP synthesis genes, indicating metabolic
slowdown (Figure 4). Most found downregulation of ESX
genes. All reported upregulation of the enduring hypoxic re-
sponse, and most found upregulation of oxidative stress re-
sponses. Notably, the oxygen-responsive DosR regulon was
induced in models that applied hypoxic stress [15–17, 35] but
not in sputum, the antibiotic selection model [11], or the nutri-
ent starvation model [13]. The stringent response regulator relA
was induced in the nutrient starvation model [13], the hollow-
fiber granuloma model [32], and the oxygen deprivation model
[16].The initial transient induction of relA at day 2 in sputum is
similar to the antibiotic selection model [11] in which relA
was significantly induced after 1 day but then significantly
downregulated after 7 and 14 days (Supplementary Table 9).
Drug-tolerant M. tuberculosis in sputum had greater upregula-
tion of regulatory genes—TA modules, sigma factors, and tran-
scription factors—than did several models [13, 15, 35]. Sputum
M. tuberculosis also had greater induction of PE/PPE genes and
insertion sequences and phage genes than most models
[11, 15, 16]. Overall, expression in sputum was most similar to
the antibiotic selection model [11] (Pearson correlation coeffi-
cient, 0.73) (Supplementary Table 10).

Figure 3. Heat map of median expression fold-change of 82 genes dif-
ferentially expressed (adjusted P value <.05) between the early bactericidal
phase (Day 2) and sterilizing phase (Day 14). Yellow indicates increased
expression relative to day 0; blue indicates decreased expression. Cluster-
ing by day (row) indicates similarity between expression patterns at differ-
ent days. Clustering by gene (column) identifies 5 clusters of genes (a–e)
with similar expression patterns over time.
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DISCUSSION

This study provides the first direct characterization of drug-
tolerant M. tuberculosis during human tuberculosis treatment,
a refractory population that dictates the components and dura-
tion of tuberculosis treatment. Gene expression of drug-tolerant
bacilli suggests slowing of growth and metabolic and synthetic
downregulation. Nonetheless, the drug-tolerant population is
not transcriptionally dormant. Rather, upregulation of genes
involved in stress responses, drug efflux, and regulatory func-
tions point to mechanisms that enable survival under drug
stress. Understanding the transcriptional state of drug-tolerant
bacilli in vivo should aid development of novel shorter tubercu-
losis treatment regimens.

Several lines of evidence indicate thatM. tuberculosis surviving
in sputum after 14 days of treatment is drug tolerant. In vitro [11]
and human data [36] indicate that 7 days of drug exposure clears
rapidly killed bacilli, leaving a drug-tolerant population. We iden-
tified a biphasic decline of M. tuberculosis mRNA characteristic
of early bactericidal activity studies [2–4]. The slowdown in
killing after the bactericidal phase is the clinical hallmark of
drug-tolerance [2–4].

Whether drug-tolerant M. tuberculosis phenotypes continue
replication or become nonreplicating is intensely debated
[5, 37, 38]. Our gene expression data do not provide a direct
measure of growth rate, but the following observations suggest
decreased replication: 16S rRNA per genome declined 96%–

99% from day 0 to days 14–56, genes coding for ribosomal
proteins were strongly downregulated, and expression of DNA
gyrases and topoisomerases was suppressed. Conversely, the
continued detection of transcripts for ribosomal proteins and

DNA synthesis functions suggests that replication may not
cease entirely.

Drug-tolerant M. tuberculosis are metabolically downregu-
lated but are not transcriptionally dormant. Induction of
multiple stress responses and of genes with regulatory functions
suggest adaptations that enable survival of drug-tolerant
phenotypes. Our data support the role of growth-inhibiting
TA modules in mediating transition to and maintenance of
drug tolerance through posttranscriptional regulation [39, 40].

We evaluatedmechanisms hypothesized to contribute to drug
tolerance. Slow growth decreases drug effectiveness [15–17, 32],
likely because antibiotics generally target replication-associated
functions. Drug-tolerant M. tuberculosis had increased expression
of genes for efflux pumps, which export rifampicin and isonia-
zid [41, 42]. This supports the proposal that pharmacologic
efflux pump inhibition might shorten treatment regimens
[43]. Conversely, drug tolerance is not readily explained by reg-
ulation of drug-activating enzymes. In vitro data suggest that
one tolerance mechanism is suppression of katG expression,
leading to diminished isoniazid activation [37, 44]. We did
not identify downregulation of katG in vivo. However, this
does not rule out the possibility that decreased katG expression
occurs in a subset of drug-tolerant bacilli or fosters the initial
formation of drug tolerance after isoniazid exposure. Drug tol-
erance was not readily explained by altered expression of drug
targets. Induction of rpoB in drug-tolerantM. tuberculosis could
be a compensatory adaptation for rifampicin’s inactivation of
RNA polymerase. Alternatively, it could indicate a general
stress-induced increase in transcriptional reprogramming. In
either case, rpoB overexpression has not been associated with
resistance [45]. Increased expression of the gene for isoniazid

Figure 4. Comparison of enrichment of functional gene categories between drug-tolerantMycobacterium tuberculosis in sputum and selected experimen-
tal models. A, Sputum after 14 days of drug treatment. B, Antibiotic selection model [11].C, Hollow fiber artificial granuloma model [16].D, Nutrient starvation
model [13]. E, Oxygen deprivation nonreplicating persistence model [16], (F ) Multiple-stress model [15]. Abbreviations: ATP, adenosine triphosphate; EHR,
enduring hypoxic response; ESX, ESX/Type VII secretion system; IS & phages, insertion sequences and phage-related genes; TCA, tricarboxcylic acid cycle.
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target InhA causes low-level resistance [34], but, as in experimen-
tal models [11, 13, 30, 46], inhA was not induced in drug-tolerant
M. tuberculosis in sputum. Drug-tolerant M. tuberculosis had
decreased expression of genes for fluoroquinolone targets GyrA
and GyrB and bedaquiline target AtpE. Because patients were
not administered these drugs, this may reflect downregulation of
replication and aerobic metabolism as part of a broader regulatory
program rather than drug-specific responses.

These results have clinical implications. We have shown that
monitoring bacterial physiology during human tuberculosis
treatment is feasible through M. tuberculosis expression profil-
ing. Practical applications—including monitoring response to
novel drugs or as biomarkers predictive of treatment failure
or relapse—should be evaluated [47]. Detection of transcrip-
tionally active bacilli after 2 months of treatment—including
in culture-negative samples—underscores existing evidence
that culture detects a small proportion of viable bacilli [48].
Importantly, our findings indicate that standard doses of
rifampicin—an inhibitor of transcription initiation—fail to
fully interrupt bacterial gene expression. Evidence suggests
higher rifampicin doses may improve killing and shorten
treatment durations [49].

Prior to this study, it was not possible to test whether exper-
imental models that inform current understanding of drug
tolerance successfully recapitulate M. tuberculosis phenotypes
in human tuberculosis. Gene expression of drug-tolerant
M. tuberculosis in sputum was most similar to an in vitro
model of drug tolerance based on antibiotic exposure alone in
the absence of hypoxia or other adverse conditions [11].Drug-
tolerant M. tuberculosis in sputum did not have increased
expression of the DosR regulon that is characteristic of models
that use hypoxia [15, 16, 35] or hypoxic tissue conditions [17].
Genes of the DosR regulon were highly expressed in sputum
prior to drug exposure in our data and in a previous study
[20], but were not further induced by treatment. This indicates
that drug-tolerant bacilli are not necessarily in a more hypoxic
environment than drug-susceptible bacilli. The transient induc-
tion of relA we observed in sputum is consistent with the anti-
biotic selection model but not with nutrient-limited models.
RelA with consequent ppGpp synthesis may direct the initial
formation of drug-tolerant phenotypes. Alternatively, it is
possible that the stringent response is not robustly expressed
in drug-tolerant M. tuberculosis in sputum because antibiotic
exposure may not alter nutrient availability.

Treatment failure and relapse are surmised to result from
drug-tolerant M. tuberculosis persister bacilli. However, there
is no direct evidence or scientific consensus regarding the
nature of the M. tuberculosis persister phenotype [5] or even
whether a single persister phenotype exists [8, 10]. The drug-
tolerant M. tuberculosis population we studied in sputum
meets a proposed functional definition of persisters: bacteria
that survive prolonged antibiotic exposure despite genetic

susceptibility [5]. Nonetheless, because it is not currently
possible to distinguish between bacterial phenotypes or track
individual bacilli in humans, we cannot prove that the drug-
tolerant M. tuberculosis present in sputum represents the
hypothesized persister phenotype.

This study has limitations. The sample size did not permit cor-
relation of bacterial expression with clinical outcomes. Although
phenotypic drug-susceptibility testing was not performed, strains
profiled in this study were likely drug-susceptible because rates of
primary drug resistance in Uganda are low [50]. No rifampicin
resistance–conferring mutations were detected with GeneXpert
MTB/RIF. Our analysis cannot differentiate between transcrip-
tional reprogramming of individual bacilli and alteration in the
M. tuberculosis population structure. A component of the
transcriptional change we observed is likely due to selective
elimination of rapidly growing nontolerant subpopulations.
However, regardless of the relative balance of transcriptional
reprogramming versus population restructuring, transcrip-
tional profiling of the bacilli that survive prolonged drug expo-
sure provides important insights into drug tolerance.

CONCLUSIONS

This first description of the M. tuberculosis transcriptome dur-
ing human tuberculosis treatment suggests a shift to a slowly
replicating, metabolically downregulated phenotype that no
longer displays signals of isoniazid-induced stress. Our findings
reinforce the critical need for novel antituberculosis drugs to
target the recalcitrant drug-tolerant bacterial population, lead-
ing to shorter, more effective drug regimens.
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