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ABSTRACT Mpycobacterium tuberculosis encounters numerous stress conditions within
the host, but how it is able to mount a coupled stress response remains unknown.
Growing evidence suggests that under acidic pH, M. tuberculosis modulates redox home-
ostasis. In an attempt to dissect the mechanistic details of responses to multiple stress
conditions, here we studied the significance of connectivity of extracytoplasmic sigma
factors with PhoP. We show that PhoP impacts the mycothiol redox state, and the
H37Rv AphoP deletion mutant strain displays a significantly higher susceptibility to re-
dox stress than the wild-type bacilli. To probe how the two regulators PhoP and redox-
active sigma factor SigH contribute to redox homeostasis, we show that SigH controls
expression of redox-active thioredoxin genes, a major mycobacterial antioxidant system,
and under redox stress, SigH, but not PhoP, is recruited at the target promoters.
Consistent with these results, interaction between PhoP and SigH fails to impact redox-
dependent gene expression. This is in striking contrast to our previous results showing
PhoP-dependent SigE recruitment within acid-inducible mycobacterial promoters to
maintain pH homeostasis. Our subsequent results demonstrate reduced PhoP-SigH inter-
action in the presence of diamide and enhanced PhoP-SigE interaction under low pH.
These contrasting results uncover the underlying mechanism of the mycobacterial
adaptive program, coupling low pH with maintenance of redox homeostasis.

IMPORTANCE M. tuberculosis encounters reductive stress under acidic pH. To investi-
gate the mechanism of coupled stress response, we show that PhoP plays a major
role in mycobacterial redox stress response. We observed a strong correlation of
phoP-dependent redox-active expression of thioredoxin genes, a major mycobacterial
antioxidant system. Further probing of functioning of regulators revealed that while
PhoP controls pH homeostasis via its interaction with SigE, direct recruitment of
SigH, but not PhoP-SigH interaction, controls expression of thioredoxin genes. These
strikingly contrasting results showing enhanced PhoP-SigE interaction under acidic
pH and reduced PhoP-SigH interaction under redox conditions uncover the underly-
ing novel mechanism of the mycobacterial adaptive program, coupling low pH with
maintenance of redox homeostasis.
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tion of the bacillus, much work is still needed to understand how M. tuberculosis copes
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with the various environments it encounters in the course of an infection. Adaptations
to such conditions must require a complex regulatory mechanism of gene expression.

Mycobacterial gene expression in response to acidic pH significantly overlaps with
the PhoP regulon (1). In keeping with this, a large subset of low-pH-inducible genes,
which are also regulated by PhoPR system, are induced immediately following M. tu-
berculosis phagocytosis and remain induced during macrophage infection (2-5). These
include genes involved in biosynthesis of cell envelope lipids, which contribute to
arresting phagosomal maturation (6), indicating a major shift in anabolic metabolism
under acidic pH. PhoPR, in addition, controls major virulence factors central to tubercu-
losis (TB) pathogenesis, including ESX-1-dependent secretion of ESAT-6 (7-9), which
interferes with phagosomal maturation, neutralizes the phagosome, and modulates
carbon source availability in the mycobacterial cytoplasm from the fatty acids and cho-
lesterol of the phagosome (10). Thus, during onset of macrophage infection, PhoPR
activation is linked to acidic pH and the available carbon source, suggesting a physio-
logical link between pH, carbon source, and macrophage pathogenesis.

Under acidic pH, M. tuberculosis overexpresses redox-active proteins, including
thioredoxins, alkyl hydroxy-peroxidase reductase, and the regulatory protein WhiB3.
PhoPR-dependent WhiB3 regulation (11) is known to control synthesis of lipids, such
as sulfolipids, poly- and di-acyl trehaloses, and phthiocerol dimycoserosates (PDIM)
(12). Thus, WhiB3-controlled lipid synthesis functions as a reductive sink to maintain re-
dox homeostasis during hypoxia (12) and macrophage infection (13). These results sug-
gest that under acidic pH, M. tuberculosis encounters reductive stress, a phenomenon
in which cells are unable to replenish oxidized cofactors like NAD*/NADP™, resulting in
accumulation of NADH and NADPH (14). In keeping with this, mycobacteria display a
reduced cytoplasmic potential under acidic pH (10). Thus, acidic pH appears to pro-
mote reductive stress, and a network of responses controlled by major regulators like
PhoPR and WhiB3 function to mitigate reductive stress (for a review, see reference 15).
In a paradoxical situation, cells encountering reductive stress might face elevated oxi-
dative stress as metabolic adaptations needed to oxidize NADH/NADPH often result in
the generation of reactive oxygen species (ROS). In fact, elevated ROS level and altered
sensitivity to thiol oxidative stress have been reported in mycobacteria at acidic pH rel-
ative to neutral conditions (16).

Previous work from our laboratory has shown that out of a total of 13 mycobacterial
sigma factors, PhoP interacts with two extracytoplasmic sigma factors, Sige and SigH
(17), implicated in numerous stress responses. At the transcriptional level, SigH activity
is requlated by autoregulation of the sigH promoter. However, at the posttranslational
level, SigH activity is regulated via its interaction with the cognate anti-sigma factor
RshA (18). Under oxidizing conditions, RshA-SigH interaction is disrupted, enabling
SigH to bind to the core RNA polymerase (RNAP) and activate transcription. It has been
shown that phosphorylation of RshA by an essential serine-threonine protein kinase,
PknB, inhibits SigH-RshA interaction, leading to decreased inhibition of SigH function
(19). However, when cells encounter SDS-induced surface stress, heat stress, or pro-
longed nutrient starvation or upon infection of macrophages, the mRNA level of sigE is
elevated (20-22). Thus, the SigE regulon comprises genes involved in mycobacterial
stress induced by SDS and genes coding for different transcription regulators and
enzymes involved in fatty acid degradation, as well as expression of heat shock proteins
(23). Similar to the SigH-RshA interaction, SigE activity is controlled by the RseA-SigE
interaction (24), and PknB-dependent phosphorylation and subsequent degradation of
RseA regulate SigE activity (25). Together, these results elegantly elaborate functioning
of SigE and SigH in mycobacterial stress response.

We have previously shown that PhoP-SigE interaction plays a critical role in mycobacte-
rial pH homeostasis. However, the physiological significance of the PhoP-SigH interaction
remained unknown. Having shown that both PhoP and SigH function as regulators of
mycobacterial redox response (10, 26, 27), we sought to investigate whether PhoP-SigH
interaction controls integration of pH stress and reductive stress to govern metabolic
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plasticity of mycobacteria (10, 13, 15). We found that a mutant M. tuberculosis H37Rv strain
lacking phoP is significantly more susceptible to redox stress than the wild-type (WT) ba-
cilli. Using a mycothiol-specific reporter sensitive to a redox environment, we provide bio-
chemical correlation of the above results suggesting that PhoP impacts mycothiol redox
stress under both low-pH conditions and under redox stress. Consistent with these results,
we found a significant correlation of phoP-dependent and redox-specific expression of
mycobacterial thioredoxin genes. On probing the functioning of regulators, we suggest a
model that provides new biological insights into the metabolic events necessary to main-
tain mycobacterial thiol redox homeostasis. Although PhoP controls pH homeostasis via
its interaction with SigE (17), here we demonstrate that direct recruitment of SigH alone,
but not PhoP-SigH interaction, regulates expression of mycobacterial thioredoxin genes.
Together, these results uncover the underlying mechanism of an adaptive program that
couples mycobacterial thiol redox homeostasis with low-pH conditions.

RESULTS

Mycobacterial response to oxidative stress is controlled by PhoP. To carry out a
systematic investigation on the role of PhoP in redox stress and in mounting stress
response, we first investigated the impact of PhoP deletion on susceptibility of M. tu-
berculosis to redox stress. To this end, WT H37Rv, the phoP::Kan" phoP deletion mutant
strain, and the phoP::Kan" mutant complemented strain were grown in the presence of
increasing concentrations of diamide, a thiol-specific oxidant. Mycobacterial metabolic
activity was monitored by microplate-based assays using alamarBlue, an oxidation-
reduction indicator (see Fig. S1A in the supplemental material). In this assay, change of
a nonfluorescent blue to a fluorescent pink is directly linked to bacterial metabolic ac-
tivity. Although Fig. ST1A suggested a MIC value of WT H37Rv as ~10 mM, whereas the
MIC of the mutant was ~5 mM, indicating an approximately 2-fold difference in dia-
mide sensitivity between the two strains, our assessment of difference in sensitivity,
however, is based on the Fig. S1A-derived quantification of 5 mM diamide data (shown
in Fig. S1B). In this piece of data, we considered the fluorescence intensity of WT
H37Rv (incubated in the presence of 5 mM diamide) as 100%, and the mutant, under
identical conditions, displayed approximately ~10% of the intensity of WT H37Rv.
Based on these values, we suggested an ~10-fold difference in diamide sensitivity
between the two strains. For the phoP::Kan" strain, a significantly lower metabolic activ-
ity (<10%) relative to WT bacilli in the presence of diamide suggests a role of PhoP as
a regulator of the mycobacterial redox stress response (Fig. S1B). Importantly, the met-
abolic activity of the mutant in the presence of diamide could be restored by stable
expression of a copy of the phoP gene (as described in Materials and Methods) (Fig.
S1A). We also evaluated survival of the WT and phoP:Kan' strains when subjected to
5 mM diamide for 48 h; survival was determined by enumerating CFU values (Fig. 1A).
In the presence of diamide, the phoP::Kan" strain displayed a significantly stronger
growth inhibition (4.5 = 2-fold) relative to WT H37Rv. More importantly, stable PhoP
expression could significantly restore diamide-dependent growth inhibition of the
phoP:Kan' strain, suggesting that PhoP plays a major role in detoxifying redox stress.
We also observed a significantly enhanced sensitivity of the phoP::Kan' strain to 50 uM
cumene hydrogen peroxide (CHP) relative to WT H37Rv, indicating that the sensitivity
of the mutant was not to any specific oxidant per se (Fig. 1B). Here, again, complemen-
tation of the phoP:Kan" mutant completely rescued sensitivity of the mutant bacilli to
CHP. Together, these results conclusively demonstrate a specific role of PhoP in detoxi-
fying thiol-oxidizing stress.

We next grew the WT H37Rv and phoP:Kan' strains in the presence of 5 mM dia-
mide to investigate redox-dependent change in mycothiol redox state (Fig. 1C). Most
eukaryotes and a large number of prokaryotes utilize glutathione to maintain their re-
dox balance (28, 29). However, the glutathione system is lacking in M. tuberculosis (30),
and mycothiol (MSH) is considered the substitute for glutathione. The nonprotein thiol
MSH, which is produced in millimolar concentrations in cells (31), is capable of
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FIG 1 phoP plays a major role in mycobacterial redox stress response. (A and B) The WT H37Rv and
phoP:Kan" strains were grown in the presence of either 5 mM diamide for 48 h or 50 uM cumene
hydroperoxide (CHP) for 24 h, and CFU values were enumerated. For each strain, the percentage of
bacterial survival was determined relative to growth of the corresponding strain in the presence of
carryover DMSO. The growth experiments were performed in biological duplicates, each with two
technical repeats. (C and D) To examine whether phoP is linked to mycobacterial redox potential, we
compared the intramycobacterial mycothiol redox states of the WT and phoP:Kan" strains grown
either (C) in the presence of 5 mM diamide or (D) under low-pH conditions. In this experiment, we
used plasmid Mrx1-roGPF2, where mycoredoxin is fused to redox-sensitive GFP, enabling real-time
measurement of the mycothiol redox state by analysis of fluorescence emission at 510 nm after
excitation of the samples at 405 and 488 nm (see Materials and Methods). The results show average
values from biological triplicates, each with two technical repeats (*, P = 0.05; **, P = 0.01).

reducing oxidized cysteine residues of proteins by mycoredoxin (31-34). In keeping
with this, mshB and mshD mutants of M. tuberculosis are more susceptible to cumene
hydroperoxide (CHP) and H,0,, respectively (35, 36), than WT bacilli. Importantly, de-
velopment of a green fluorescence-based sensor (with roGFP2 as the fluorescent
probe) in which mycoredoxin is fused to redox-sensitive green fluorescent protein
(roGFP) has enabled real-time measurement of the mycothiol redox state in mycobac-
teria (37). Singh and coworkers have utilized this probe to demonstrate that acidic pH
inside phagosomes induces reductive stress in M. tuberculosis cells residing within macro-
phages (13). This probe was chosen because of its largest dynamic range, pH insensitivity,
additional brightness, and resistance to photoswitching (37, 38). Also, it is noteworthy that
by determining the ratio of fluorescence intensities as a measure of the redox state of the
cell or compartment where it is expressed, the errors due to variation of roGFP2 under dif-
ferent growth phases are significantly reduced. Using this probe, we observed that myco-
thiol redox state of WT H37Rv remains significantly higher (or more oxidizing) than that of
the phoP:Kan' strain even when grown under normal conditions. This suggests that PhoP
contributes to mycobacterial thiol redox homeostasis even under the unstressed condition
(Fig. 1C). When subjected to oxidative stress by growth in 5 mM diamide, the difference in
the redox states was further enhanced, with WT H37Rv showing a significant increase in
mycothiol redox state relative to the unstressed condition (1.7 = 0.02-fold) (Fig. 1C). This
was in contrast to the phoP:Kan" mutant, which showed a smaller change (1.3 = 0.03-fold)
in the mycothiol redox state in cells grown under oxidative stress relative to normal condi-
tions. In this experiment, we used plasmid Mrx1-roGPF2, in which mycoredoxin is fused to
roGFP, allowing real-time measurement of the mycothiol redox state by analysis of fluores-
cence emission at 510 nm after excitation of the samples at 405 and 488 nm. This differ-
ence is highly significant since even a minor change in ratios of fluorescence intensities
reflects a significant change in the intracellular redox state of mycobacteria (13, 39-41).
Thus, because the phoP:Kan' strain displayed a significantly lower intramycobacterial
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mycothiol redox state than WT H37Rv under normal conditions as well as under redox
stress, we conclude that PhoP also plays a role in mycobacterial thiol redox homeostasis.

We also measured the intramycobacterial mycothiol redox state of the WT and phoP::
Kanr strains grown under low-pH conditions (Fig. 1D), where cells have been reported to
experience a reductive stress. For the WT bacilli, we observed a significantly (1.3 = 0.1-
fold) lower mycothiol redox state under low-pH conditions than the bacilli grown under
normal conditions (pH 7.0), as was expected (13, 16). In contrast, the phoP::Kan" strain
under identical conditions showed a 1.5 = 0.04-fold-lower mycothiol redox state than
the mutant grown under normal pH (pH 7.0). These results demonstrate the importance
of PhoP on maintaining mycobacterial redox homeostasis not only under normal condi-
tions, but also under both oxidative stress conditions as well as low pH or reductive
stress conditions. Together, these findings underline the critical role played by PhoP in
redox modulation in mycobacteria.

Deletion of sigH impacts mycobacterial growth under redox stress. Previous
studies have established that SigH plays a role in mycobacterial oxidative stress regula-
tion (27, 42). However, it was important for us to examine a possible role of other
mycobacterial sigma factors because sigma factors are central to much of the success
of M. tuberculosis at adapting to various host environments through complex transcrip-
tional programs. To carry out this comprehensive analysis, we performed a detailed
study using global gene expression analysis of cells exposed to 5 mM diamide. Our
results identified 25 significantly upregulated (>3.5-fold; P < 0.01) genes (Fig. 2A;
Table S1 [Excel spreadsheet]). Most of these belong to either heat stress response (hsp,
Rv2466¢, and Rv3054c) or oxidative stress response (trxB1, trxB2, sigk, and sigH). When
we compared global expression profiles of sigma factors for bacterial cells grown with
or without 5 mM diamide (Fig. 2B), the two sigma factors SigE and SigH showed an
approximately ~30- to 50-fold redox-inducible activation of expression. Under identi-
cal conditions, we could establish that no other sigma factor-encoding genes displayed
such a significant difference in their expression (26, 42).

We next investigated the impact of deletion of SigH on susceptibility to redox
stress. Thus, the WT H37Rv and sigH::Kan" mutant strains were grown in the presence
of increasing concentrations of diamide, and metabolic activity was monitored by
using the microplate-based alamarBlue assay (Fig. S2) as described above. To deter-
mine the fold difference in susceptibility of the WT and the mutant bacilli to diamide,
we quantified and plotted the fluorescence data (Fig. 2C). We observed that while
sigH::Kan™ and WT bacilli grew comparably well under normal conditions of growth,
sigH:Kan" bacilli showed a significant reduction in metabolic activity (>10-fold) com-
pared to the WT bacilli in the presence of 2.5 mM diamide. This difference in growth
was solely due to the absence of SigH since stable expression of SigH in the mutant
bacteria could rescue the redox-dependent growth defect. As SigH was important for
redox stress response, we also measured the impact of loss of SigH on intramycobacte-
rial mycothiol redox level (Fig. 2D). We observed that the sigH deletion mutant showed
a significantly lower mycothiol redox state than WT bacilli both under normal condi-
tions and in the presence of 5 mM diamide. When this was examined under conditions
of low-pH-induced reductive stress, we observed that even under low pH, the sigH:
Kan' strain displayed a lower mycothiol redox state (Fig. 2E). These observations are in
agreement with decades of elegant research establishing the critical importance of
SigH for mycobacterial survival under oxidative stress (18, 26, 27).

Repression of genes associated with thiol redox homeostasis depends on the
phoP locus. M. tuberculosis PhoP has been implicated in numerous functions, including
complex lipid biosynthesis and virulence regulation of mycobacteria (3, 5, 6, 8, 9). More
recently, it has been shown that under low-pH conditions, mycobacteria encounter
reductive stress, and maintenance of redox homeostasis involves the phoPR regulatory
system (10, 15). Considering a higher susceptibility of the phoP::Kan" mutant to 5 mM
diamide (relative to the WT bacilli) (Fig. 1), we were interested to see if PhoP also had a
role in expression of redox-relevant genes. We carried out global transcriptional profil-
ing by RNA sequencing using WT H37Rv and phoP:Kan" mutant cells grown in the
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FIG 2 Redox stress-inducible mycobacterial genes. (A) RNA-seq-derived heat map of WT H37Rv treated with 5 mM diamide
versus WT H37Rv exposed to carryover DMSO. The data show a list of significantly induced genes (=3.5-fold; P < 0.01), most
of which belong to the SigH regulon. (B) To investigate redox-active sigma factors, expression of 13 mycobacterial sigma
factor-encoding genes was compared by RT-qPCR using WT H37Rv grown in absence or presence of 5 mM diamide (compare
empty and filled columns) as described in Materials and Methods. The results show average values from biological duplicates,
each with two technical repeats (**, P = 0.01). Nonsignificant difference is not indicated. (C) To compare the metabolic
activity of the sigH:Kan" mutant with WT H37Rv, cells were grown in the presence of increasing concentrations of diamide,
and alamarBlue assays were carried out as described in Materials and Methods. Bacterial metabolic activity under normal
conditions (in the presence of carryover DMSO concentrations) and in the presence of 2.5 mM diamide was assessed by
comparing the data from the mutant relative to those from the corresponding WT H37Rv cultures (considered 100%). (D and
E) To examine if SigH contributes to mycothiol redox potential, we compared the intramycobacterial mycothiol redox states
of the WT H37Rv and sigH::Kan" strains grown (D) under normal conditions versus in the presence of 5 mM diamide and (E) at
pH 7.0 versus acidic pH (pH 4.5). Mycothiol redox state was determined as described in the legends to Fig. 1C and D.

presence of 5 mM diamide (Fig. 3). Importantly, we observed that several redox-active
genes that include genes coding for thioredoxins (trxB7 and trxB2), lipid synthesis
(papA4), cysteine synthesis (cysM), and several predicted oxidoreductases (Rv2454C and
Rv3463) belong to the top 15 genes (>2-fold; P < 0.05) that show the highest level of
expression in response to redox stress (Fig. 3A; Table S2 [Excel spreadsheet]). This piece
of data strongly suggests that PhoP has a role in regulating genes involved in thiol ho-
meostasis and has a major role in the thiol-associated stress response. What was sur-
prising, however, was that while the phoP:Kan™ mutation led to the induction of
expression of genes such as those coding for thioredoxins that tackle the oxidative
stress response, the phoP:Kan™ mutant was actually more sensitive to oxidative stress
rather than resistant.

We thus decided to investigate expression of thioredoxin genes, which belong to
the PhoP regulon, more carefully (Fig. 3A). The mycobacterial thioredoxin system, is
one of the antioxidant systems dedicated to ensuring growth and survival of the bacilli
within the host (30, 43). Although bacterial thioredoxin reductases have been shown
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FIG 3 PhoP regulates expression of redox-inducible genes associated with the SigH regulon. (A) RNA-seg-
derived heat-map of upregulated (=2.0-fold; P < 0.05) genes in the WT H37Rv and phoP:Kan" mutant
strains incubated in the presence of 5 mM diamide relative to their expression levels under normal
conditions of growth. (Only the top 15 genes are shown.) The data show a list of significantly induced
genes, most of which belong to the SigH regulon. Notably, thioredoxin (trx) genes representing one of
the major mycobacterial antioxidant systems are found to be part of the redox-active PhoP regulon. (B
and C) Expression of redox-active thioredoxin genes in the WT, phoP:Kan", and complemented phoP:Kan"
strains, grown (B) in the presence of 5 mM diamide or (C) under acidic pH conditions, were investigated
by RT-gPCR measurements, and fold differences in expression levels with standard deviations from
replicate experiments were determined from at least three independent RNA preparations (*, P < 0.05;
** P < 0.01).

as drug targets (44, 45), the mechanism of regulation of thioredoxin gene expression
remains largely unknown. In quantitative real-time PCR (RT-qPCR) experiments, we
observed that the phoP:Kan™ mutant showed a significantly higher expression of thio-
redoxin genes, particularly trxB1 and trxC, in the presence of 5 mM diamide (Fig. 3B).
Although we observed an a24-fold change in expression level of trxC in RT-qPCR meas-
urements, the differential expression was insignificant in RNA-seq data (Table S2 [Excel
spreadsheet]). Furthermore, stable phoP expression in the complemented mutant
could effectively decrease expression of these genes to WT levels. Interestingly, under
normal conditions of growth, the thioredoxin genes in the mutant displayed a largely
comparable expression to that of the WT bacilli (Fig. S3A). These results suggest that
PhoP functions as a stress-specific repressor of trx genes, which control many impor-
tant cellular processes. Since PhoPR is activated under acidic pH, a condition that
causes reductive stress in mycobacteria (10, 13, 15), we also examined the expression
profile of thioredoxin genes in the WT H37Rv and phoP:Kan™ mutant strains grown
under low-pH conditions (Fig. 3C). Here, again, under acidic pH or reductive stress, thi-
oredoxin promoters showed significantly higher expression in phoP:Kan" bacilli than in
WT bacilli. Thus, both oxidative and reductive stress conditions were leading to the
induction of thioredoxin genes in the phoP:Kan' strain. From these results, we con-
clude that PhoP is a redox stress-specific repressor of mycobacterial thioredoxin genes.

SigH and SigE were both very strongly induced under conditions of redox stress
(Fig. 2A and B). To evaluate their role in the regulation of the redox-active genes, we
examined regulation of thioredoxin genes in strains with either the SigH or SigE gene
deleted. In the case of SigH, which has previously been shown to regulate redox-active
transcriptome of mycobacteria (26, 27, 42), we observed that thioredoxin genes
showed a significantly reduced expression in the sigH:Kan™ mutant relative to the WT
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FIG 4 Redox stress-specific recruitment of SigH within thioredoxin promoters. In vivo recruitment of
(A) SigH and (B) PhoP within thioredoxin promoters was examined by ChIP-qPCR using WT H37Rv
grown under normal conditions and in the presence of 5 mM diamide. FLAG-tagged SigH or PhoP
was expressed in WT-H37Rv, and immunoprecipitation was carried out with anti-FLAG antibody to
determine fold PCR enrichment due to binding of regulators, as described in Materials and Methods.
“trxC ORF” refers to a part of the trxB2 gene that remains adjacent to trxC, and “espAup” refers to the
upstream regulatory region (positions —957 to —580 relative to the transcription start site of espA
[Rv3616¢]) comprising PhoP binding site (9). Each piece of data collected in duplicate qPCR
measurements (technical repeats) using biological duplicates was normalized relative to ChIP samples
from cells grown under normal conditions (*, P = 0.05; **, P = 0.01). To examine PhoP recruitment
within espAup (as a positive control), IP samples from cells grown under redox stress were normalized
to 1.

bacilli under redox stress, and stable expression of SigH in the sigH:Kan" mutant could
partly restore gene expression (Fig. S3B). Likewise, thioredoxin genes showed a
reduced level of expression in the sigH:Kan" strain even under low pH (Fig. S3C), but
not under normal conditions of growth (Fig. S3D). These studies, in agreement with
previous reports, conclusively demonstrate the critical role of SigH in mycobacterial re-
dox stress.

Because PhoP was also shown to be critical for the regulation of redox regulation,
we examined the overlap between the genes that were being regulated by PhoP, as
seen under conditions of oxidative stress (diamide treatment), with those regulated by
SigH. Figure S3E highlights the overlap of redox-inducible genes belonging to the
PhoP and SigH regulons, respectively (Table S3 [Excel spreadsheet]). While the thiore-
doxin promoters under redox stress showed a significantly lower level in the sigH::Kan"
mutant (Fig. S3B), these genes showed a noticeable induction in the phoP:Kan" mutant
(Fig. 3B). In agreement with the redox-dependent activation by SigH, under low-pH
conditions, we also found a reproducible activation of thioredoxin genes by SigH (Fig.
S30Q). In the case of SigE, we observed that expression of thioredoxin genes in the WT
H37Rv and sigE::Hyg" strains grown under normal conditions (Fig. S3F) as well as under
stress (Fig. S3G and H) showed no significant difference, thus eliminating any role for
SigE in the regulation of the trx genes.

Redox stress-specific SigH recruitment accounts for activation of thioredoxin
promoters. To investigate SigH recruitment within target promoters, we next expressed
FLAG-tagged SigH in WT-H37Rv, and performed chromatin immunoprecipitation (ChIP)
followed by qPCR measurements (Fig. 4A). Our results demonstrate that under redox
stress, SigH is effectively recruited within thioredoxin promoters. However, no significant
SigH recruitment was obtained within the identical promoters under normal conditions
of growth (compare empty and filled columns in Fig. 4A). From these results, we con-
clude that redox stress-specific SigH recruitment within thioredoxin promoters maintains
mycobacterial thiol redox homeostasis. In contrast, under an identical experimental
setup, we were unable to detect PhoP recruitment within the target promoters under ei-
ther condition of mycobacterial growth (Fig. 4B). However, as a positive control (9), the
upstream regulatory region of espA (espAup) showed a considerable PhoP recruitment
under normal conditions. Together, these results suggest that induction of redox-active
thioredoxin promoter activity is attributable to direct recruitment of SigH within these
promoters, and the role of PhoP appears indirect in redox-dependent promoter
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activation. It should be noted that ChIP data showing no significant recruitment of PhoP
or SigH within these promoters under normal conditions are consistent with a lack of
regulatory expression of thioredoxin genes by these regulators under normal conditions
of growth (Fig. S3A and D, respectively).

While expression of these genes under redox stress was noticeably activated in the
phoP:Kan' strain (Fig. 3B), under identical conditions, these genes showed a significant
lack of activation in the sigH::Kan" strain (Fig. S3B). To understand a possible molecular
connectivity between PhoP and SigH, we sought to investigate whether either of the
two regulators controls expression of the other. Thus, we compared sigH expression in
the phoP:Kan' strain and phoP expression in the sigH:Kan' strain (Fig. S4A and C,
respectively). In RT-gPCR experiments, under normal conditions SigH expression
remains insignificantly higher in the phoP:Kan' strain than in WT H37Rv (Fig. S4A). In
contrast, phoP expression is significantly induced in the sigH::Kan™ mutant relative to
WT H37Rv, both under normal conditions and under redox stress (Fig. S4C; Tables S9
and S10 [Excel spreadsheet]). More importantly, stable SigH expression in the sigH:
Kan' strain complemented PhoP expression, suggesting that SigH appears to function
as a repressor of PhoP expression. We also compared phoP expression in WT H37Rv
under normal conditions of growth and redox stress (Fig. S4E). Our results showed that
phoP expression was significantly reduced under redox stress relative to that in myco-
bacterial cells grown under normal conditions. However, the fold difference in expres-
sion remained insignificant. Together, a significant activation of sigH expression
coupled with a decrease in (or insignificant alteration) of phoP expression likely
accounts for a strongly reduced PhoP-SigH interaction under redox stress.

The C-terminal domain of PhoP interacts with SigH and the N-terminal domain
with SigE. We previously showed that PhoP interacts with both SigE and SigH (17), the
redox-active sigma factors. While PhoP-SigE interactions have been implicated in pH
homeostasis (17), the physiological consequence of PhoP-SigH interaction remains
unknown. The ability of PhoP to repress several redox-active genes and the demonstra-
tion that SigH can activate the same subset of genes suggest cross talk between the
two proteins, but these findings do not shed significant light on the reasons why the two
proteins might also be physically interacting. Towards a better understanding, we wanted
to investigate whether PhoP utilizes the same interaction interface with both the regula-
tors. Thus, we expressed different domains of PhoP in M. smegmatis along with SigE and
SigH independently, and interactions between the mycobacterial regulators were exam-
ined by M-PFC (mycobacterial protein fragment complementation assay) (Fig. 5) as
described previously (46). In this assay, the interacting proteins upon expression in M.
smegmatis reconstitute functional dihydrofolate reductase (DHFR), and therefore, bacteria
coexpressing interacting proteins can now grow on trimethoprim (Trim) plates. Our M-PFC
results show that while the C-terminal domain of PhoP (PhoPC), interacts with SigH (Fig.
5A), it is the N-terminal domain of PhoP (PhoPN) that interacts with SigE (Fig. 5B). To inves-
tigate the role of phosphorylation of PhoP in PhoP-SigE/SigH interactions, we designed M-
PFC experiments using a mutant, PhoPD71N, which is unable to be phosphorylated at
Asp71 (47). (Fig. 5C and D). Our results demonstrate that unlike PhoP, under identical con-
ditions, M. smegmatis cells coexpressing PhoPD71N/SigH (Fig. 5C) and PhoPD71N/SigE
(Fig. 5D) pairs fail to grow in plates containing Trim, suggesting that phosphorylation of
PhoP is necessary for PhoP-SigE/SigH interactions.

To further validate the results, we performed in vitro pulldown assays (Fig. S5A and
B). In this experiment, we immobilized glutathione S-transferase (GST)-tagged PhoP
domains (PhoPN or PhoPC) on glutathione-Sepharose, and incubated it with purified
His-tagged SigH (Fig. S5A) or SigE (Fig. S5B) proteins. GST tag alone and glutathione
Sepharose beads were used as controls. Importantly, the results from pulldown assays
are in agreement with M-PFC data showing that N- and C-terminal domains of PhoP
interact with SigE and SigH, respectively. These results suggest that the same molecule
of PhoP has the ability to interact with both SigE and SigH simultaneously. Next, we
assessed interactions between PhoPD71N and SigE/SigH proteins using in vitro pull-
down assays (Fig. S5C and D). Consistent with the M-PFC data, our results demonstrate

June 2022 Volume 204 lIssue 6

Journal of Bacteriology

10.1128/jb.00110-22

9


https://journals.asm.org/journal/jb
https://doi.org/10.1128/jb.00110-22

Mycobacterial pH Stress and Redox Stress Response

pUABA400-phoPN
pUAB300-sigH
pUAB400-phoPC
pUAB300-sigH

pUAB400-phoP
3 | pUAB300

d

pUAB400
4 | pUAB300-sigH
pUAB400-phoP
5 | pUAB300-sigH

] | pUAB400-phoPN
pUAB300-sigE

pUAB400-phoPC
pUAB300-sigE

pUAB400-phoP
3 | pUAB300

pUAB400
4 | pUAB300-sigE

PUAB400-phoP
5 | pUAB300-sigE

1 ‘ pUAB400-phoPD71N
pUAB300-sigH
PUAB400-phoPD71N

2 | pUAB300
pUAB400

3 | PUAB300-sigH
PUAB400-phoP

4 ‘ pUAB300-sigH

1 | PUABA00-phoPD71N
pUAB300-sigE

PUAB400-phoPD71N
2 | pUAB300
PUAB400
3 | pUAB300-sigE
pUAB400-phoP
4 | pUAB300-sigE

FIG 5 Probing the SigE/SigH-interacting domains of PhoP. (A and B) In M-PFC experiments, M. smegmatis
cells coexpressing M. tuberculosis PhoP or its indicated domains and SigH (A) and SigE (B) were grown on
7H10/Hyg/Kan plates in the presence or absence of Trim. Likewise, in panels C and D, M. smegmatis cells
coexpressing M. tuberculosis PhoPD71N and SigH (C) or SigE (D) were grown on 7H10/Hyg/Kan plates in
the presence or absence of Trim. Coexpression fusion plasmids pUAB400-phoP/pUAB300 and pUAB400/
pUAB300-sigH or pUAB400-phoP/pUAB300 and pUAB400/pUAB300-sigE (expressing WT and mutant phoP
genes, as indicated on the figure) were used as the respective empty vector controls. As positive controls,
coexpression plasmids pUAB400-phoP/pUAB300-sigH or pUAB400-phoP/pUAB300-sigE encoding PhoP/SigH
or PhoP/SigE pairs, respectively, showed M. smegmatis growth in the presence of Trim. All of the strains
grew well in the absence of Trim.

that PhoPD71N, but not PhoP, fails to coelute with SigH (Fig. S5C) and SigE (Fig. S5D).
Although we do not know the extent of phosphorylation of M. tuberculosis PhoP when
expressed in Mycobacterium smegmatis, from the above results, we conclude that
phosphorylation of PhoP appears to play a major role in PhoP-SigE/SigH interactions.
The fact that PhoPD71N fails to interact with SigE and SigH under the conditions where
PhoP interacts with both the sigma factors effectively further suggests that the
observed phosphorylation-dependent interactions are unlikely to be due to overex-
pression of the regulator and, therefore, remain physiologically relevant. Notably, pre-
vious studies from our laboratory had shown effective DNA binding by PhoPD71N
comparable to that of unphosphorylated PhoP (48), despite its inability to function as a
transcriptional activator (6).

Contrasting mode of stress-dependent PhoP-sigma factor interactions. We have
shown above that SigH is recruited within thioredoxin promoters in a redox-dependent
manner (Fig. 4A). However, under identical conditions, recruitment of PhoP was undetect-
able (Fig. 4B). Mechanistically, this is in striking contrast to our previous results showing
SigE recruitment within low-pH-inducible promoters in a PhoP-dependent manner (17),
where we showed recruitment of both PhoP and SigE within acid-inducible promoters
during low-pH-dependent mycobacterial adaptation. Therefore, it was of interest to inves-
tigate the PhoP-SigH interaction in vivo under stress conditions. In a phoP:Kan" back-
ground, we expressed a His-tagged PhoP under the control of the 19-kDa antigen
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FIG 6 In vivo interactions of PhoP and extracytoplasmic sigma factors. To investigate stress-specific
interactions of PhoP and sigma factors (SigE and SigH), the phoP:Kan™ mutant, expressing a His-tagged
PhoP under the control of 19-kDa mycobacterial antigen promoter in p19Kpro (49), was grown (A) under
normal conditions and in the presence of 5 mM diamide or (B) at pH 7.0 and acidic pH (pH 4.5),
respectively. The cell lysates with comparable amounts of total protein were incubated with Ni-NTA, and
bound proteins were eluted. Panels A and B display immunoblots of eluents (lanes 1 and 2) and the
corresponding cell lysates (lanes 3 and 4) detecting SigH (top panel), SigE (middle panel), and PhoP
(bottom panel) in Western blots using antibodies directed against the corresponding purified proteins. (C)
To examine the effect of PhoP on SigH-dependent activation of the trxBT promoter, M. smegmatis strains
harboring transcriptional fusion of the trxB1 regulatory region upstream of lacZ and the indicated
constructs expressing SigH or other regulators were grown under normal conditions, and S-galactosidase
activity was measured as described in Materials and Methods. In each case, average promoter activity was
determined from two biological repeats, each with two technical repeats (*, P < 0.05; **, P < 0.01). Note
that in the reporter assays described above, PhoP and SigH were expressed from pUAB400-phoP and
PUAB300-sigH, respectively (as described in the legend to Fig. 5).

promoter in mycobacterial expression vector p19Kpro (49). These cells were grown under
normal and stress conditions (under low pH and in the presence of 5 mM diamide, respec-
tively). The whole-cell lysates with a comparable amount of total protein were incubated
with Ni-nitrilotriacetic acid (NTA), and His-tagged PhoP was eluted to examine for the
presence of an association with either SigH or SigE (Fig. 6A and B). For cells grown under
normal conditions, the eluent revealed the clear presence of SigH, suggesting in vivo
interaction between PhoP and SigH (lane 1, top panel, Fig. 6A). In striking contrast, we
noted an almost undetectable signal of SigH in the eluent using cell lysates of the same
strain, grown in the presence of 5 mM diamide (lane 2, top panel, Fig. 6A). This was de-
spite the fact that SigH was present in mycobacterial cell lysates, grown under normal
conditions and in the presence of diamide (lanes 3 and 4, top panel, Fig. 6A). However,
SigE was found to be associated with PhoP under both normal conditions as well as in
the presence of 5 mM diamide (compare lanes 1 and 2, middle panel, Fig. 6A). These
studies indicate that while PhoP interacts with SigE both under normal conditions and
under redox stress, in the case of SigH, this interaction occurs only under normal condi-
tions and is significantly lower in cells grown in the presence of diamide.
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Since mycobacteria under low pH encounter reductive stress, we next compared
PhoP-SigH interactions in mycobacterial cells grown under pH 7.0 and acidic pH.
Interestingly, under normal growth conditions and conditions of low pH or reductive
stress, PhoP continued to interact with SigH (compare lane 1 and lane 2, top panel, Fig. 6B).
This indicates that PhoP-SigH interactions are disrupted only under oxidative stress and not
under normal or even reductive (low-pH) conditions. However, in the case of SigE, we
observed a striking stimulation of PhoP-SigE interaction under acidic pH relative to normal
conditions of growth (compare lane 1 and lane 2, middle panel, Fig. 6B). In all cases, the lev-
els of PhoP were comparable in the eluents, as well as in the cell lysates, for cells grown
under normal conditions, redox stress, and low-pH conditions, respectively. These results
provide two novel and key insights into the PhoP-dependent regulation of target pro-
moters: (i) PhoP-independent redox-specific SigH recruitment within thioredoxin promoters
and (ii) PhoP-dependent low-pH-inducible SigE recruitment within acid-inducible mycobac-
terial promoters of the PhoP regulon. Furthermore, the fact that PhoP has different domains
for its interaction with SigH and SigE suggests that the physical interactions between PhoP
and the two sigma factors would enable very rapid responses to redox stress and allow the
titration of different proteins to maintain a delicate balance during the stress response. This
also brings in an additional layer of regulation upon redox stress. Thus, the stress-specific
recruitment of extracytoplasmic sigma factors (Sigk or SigH), controlled by PhoP-SigE/SigH
interactions or lack thereof, mitigates stress response, regulates mycobacterial physiology
under various conditions of the host environment, and enables intracellular survival of the
bacilli.

To investigate the physiological significance of PhoP-SigH interactions under nor-
mal conditions of mycobacterial growth and to compare relative efficiencies of PhoP
and RshA, we studied SigH-dependent activation of trxB1, a representative promoter
(referred to as trxBTup). Note that in the reporter assays described above, PhoP and
SigH were expressed from pUAB400-phoP and pUAB300-sigH, respectively (as
described in the legend to Fig. 5). As expected, expression of SigH in reporter assays
using M. smegmatis showed a significant activation of trxB1 relative to empty vector
control (Fig. 6C). However, upon simultaneous expression of PhoP, we observed a strik-
ing inhibition of SigH-dependent activation of the promoter, suggesting that PhoP sig-
nificantly inhibits SigH-dependent activation of trxBT expression. Notably, RshA, which
is known to function as an anti-sigma factor of SigH (18, 50), under identical conditions
displayed a strong inhibition of SigH-dependent trxB1 promoter activation. However,
as a negative control, under identical conditions, CFP-10 was unable to inhibit SigH-de-
pendent activation of trxB1 expression. These results confirm that (i) PhoP under nor-
mal conditions binds to SigH (Fig. 5; Fig. S5) and inhibits SigH-dependent activation of
thioredoxin genes, and (ii) PhoP appears to be as effective as RshA at inhibiting SigH-
dependent activation of trxB1 promoter activity. The fact that the levels of efficiency of
inhibition of SigH-dependent promoter activity by both PhoP and RshA remain largely
comparable further suggests that the functional effect of PhoP-mediated inhibition is
quite robust and, therefore, unlikely to be of little or no physiological significance. A
possible mechanism would be that under normal conditions, perhaps there is interaction
between PhoP, SigH, and RshA that effectively maintains the basal level of redox-active
gene expression via blocking of SigH-dependent activation. However, under redox stress,
dissociation of RhsA destabilizes the PhoP-SigH interaction, leading to release of SigH to
activate redox-inducible gene expression. Clearly, more experiments are required to assess
the relative affinities of RshA and PhoP for SigH, especially in the presence of other rele-
vant regulators at physiological concentrations.

DISCUSSION

Endogenous oxidative stress represents a significant challenge to survival and growth of
microbes adapted to an aerobic lifestyle (51). However, intracellular pathogens like M. tuber-
culosis also encounter exogenous oxidative stress generated by the host (52). Expectedly, M.
tuberculosis is equipped with a number of dedicated antioxidant systems to ensure survival
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and growth within the host macrophages (53-58). Among these, the thioredoxin system
controls many important cellular processes, such as antioxidant pathways, DNA and protein
repair enzymes, and activation of redox-sensitive transcription factors (30, 43). Furthermore,
depletion of thioredoxin reductase (TrxB2) causes lytic death of mycobacteria and is essen-
tial for growth and survival in vitro and in mice (44, 59-61). Since mycobacteria under acidic
pH accumulate NADH/NADPH and generate redox stress, as part of an adaptive response,
reactive oxygen species (ROS) are generated as a metabolic requirement to oxidize these
cofactors. Along this line, M. tuberculosis under acidic pH displays increased ROS synthesis,
higher sensitivity to thiol stress, and a lower cytoplasmic redox potential than at normal pH
(13, 16). Abramovitch and coworkers showed that a reductive thiol environment was gener-
ated upon microbial growth using reduced carbon sources under low pH with a greater
reduction in cytoplasm for a phoP mutant than for WT bacilli (10). Further supporting an
adaptive shift of redox poise under acidic pH, WT H37Rv displayed a lower mycothiol redox
state under acid stress (13). However, the mechanism that couples pH stress with modula-
tion of redox homeostasis remains obscure.

During its life cycle within the human host, M. tuberculosis encounters numerous
stress conditions, such as hypoxia in animal models like mice, rabbit, guinea pigs, and
nonhuman primates (62-64), and increased levels of glutathione (GSH) inside lung
granulomas of guinea pigs (65). Because of inhibition of respiration by NO or hypoxia
(52), the NADH/NAD™ ratio goes up within the bacilli and M. tuberculosis encounters
reductive stress (66). Previous studies have established correlation of inducible NO syn-
thase expression with infection with M. tuberculosis in surgically resected lungs of
human TB patients (63) and in a murine model of TB (64). Likewise, there are reports of
elevated expression of HO-1 (which degrades heme molecules to release CO) in (i)
lungs of M. tuberculosis-infected mice (relative to uninfected animals) (67) and (ii)
plasma of untreated HIV-1 coinfected TB patients that undergoes substantial reduction
with anti-TB treatment (68). These results suggest that despite tight regulation of host
metabolic pathways, intracellular M. tuberculosis modulates its metabolic plasticity for
survival and persistence (69). In this study, we explored the possibility of whether
PhoP-SigH interaction contributes to mycobacterial redox homeostasis for the follow-
ing reasons. First, coupling of pH stress and reductive stress has been shown to involve
the phoPR regulatory system (10, 15). Second, SigH has been implicated in regulating
expression of thioredoxin genes, a major mycobacterial antioxidant system (42). Third,
global expression profiling of mycobacterial sigma factors under redox stress reveals a
striking induction of SigH expression among all 13 sigma factors (Fig. 2).

Although the sigE:Hyg" mutant displayed significantly lower expression of pH-inducible
genes under low pH with a direct involvement of SigE in mycobacterial pH homeostasis
(17), here we show that the sigH:Kan" strain is significantly more susceptible to diamide
(oxidative stress) than WT H37Rv (Fig. 2C). Consistent with its role as a redox-active sigma
factor activating mycobacterial thioredoxin genes (see Fig. S3B and C in the supplemental
material), SigH is recruited within the thioredoxin promoters in a redox stress-dependent
manner (Fig. 4A), just as for low-pH-driven recruitment of SigE within acid-inducible M. tu-
berculosis promoters (17). However, the most novel insight is derived from the findings
that mycobacterial responses to acidic pH stress and redox stress, which remain somewhat
connected (10, 13, 15), are controlled by the same regulator, PhoP, interacting with two
specific extracytoplasmic sigma factors, Sigk and SigH. Interestingly, PhoP shares the C-ter-
minal domain to interact with SigH and the N-terminal domain to interact with SigE (Fig. 5A
and B; Fig. 5SA and B). However, while the acidic condition of bacterial growth significantly
promotes PhoP-SigE interactions, the in vivo PhoP-SigH interaction is strikingly reduced
under redox stress relative to normal conditions of growth (Fig. 6), thereby facilitating SigH-
dependent redox-active transcription of target genes. In a nutshell, our results showing
stress-specific activation of low-pH and redox stress-inducible genes, which rely on strikingly
elevated PhoP-SigE interactions and significantly reduced PhoP-SigH interactions (sharing
two different interaction interfaces of PhoP), respectively, facilitate an integrated view of our
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FIG 7 Schematic model depicting low-pH- and redox-inducible mycobacterial gene expression. While PhoP restricts redox-inducible expression of
mycobacterial thioredoxin genes under normal conditions, SigH is an activator of these genes under redox stress. Thus, under redox stress, the PhoP-SigH
interaction is of no physiological consequence. Under normal conditions, thioredoxin genes are not influenced by either of the two regulators (PhoP or
SigH). We propose that under normal conditions, perhaps there is interaction between PhoP, SigH, and RshA that effectively maintains the basal level of
redox-active gene expression via blocking of SigH-dependent activation. However, under redox stress, dissociation of RhsA destabilizes the PhoP-SigH
interaction, leading to release of SigH to activate redox-inducible gene expression. However, under acidic pH conditions, due to enhanced PhoP-SigE
interaction, both PhoP and SigE are recruited within low-pH-inducible promoters of mycobacteria, and the transcription initiation promotes activation of
acid-inducible genes. In summary, the PhoP-SigE interaction under acid stress contributes to pH homeostasis, whereas the reduced PhoP-SigH interaction

under redox stress contributes to mycobacterial thiol redox homeostasis.

results and most likely remain central to the mechanism of the coupled stress response in
mycobacteria.

Also, our finding that SigH appears to function as a repressor of PhoP expression
(Fig. S4C; Tables S9 and S10 [Excel spreadsheet]) accounts for both SigH-dependent
activation and PhoP-dependent repression of thioredoxin genes. Coupled with a lower
expression of phoP under redox stress (relative to normal conditions of growth) (Fig.
S4E), it is conceivable that under redox stress with a striking overexpression of sigH, a
significantly reduced level of PhoP is available to interact with SigH, and as a result,
most of the cellular SigH pool will remain available to transcribe thioredoxin genes.
However, it is speculative that this is one of the physiologically relevant reasons
because the effect is relatively weaker (and also less significant), and there is no direct
evidence that links lowering the PhoP concentration to activation of thioredoxin
genes.

The above results are now summarized in a schematic model (Fig. 7). According to
this model, under normal conditions, the PhoP-SigH interaction might be limiting the
availability of SigH, with PhoP functioning like an anti-sigma factor. Therefore, possibly
due to lower availability of free SigH, a functional SigH-bound RNAP is not formed,
thereby maintaining the basal expression levels of redox-responsive genes. Thus, under
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normal conditions, there is no detectable SigH recruitment within redox-inducible thio-
redoxin promoters. In contrast, under redox stress, SigH expression is strongly induced,
and PhoP-SigH interaction is significantly interrupted. As a result, SigH-loaded RNAP
transcribes thioredoxin genes, and stress-specific SigH recruitment strongly induces
expression of these genes to effectively mitigate oxidative stress. On the other hand, dur-
ing low pH, mycobacteria encounter reductive stress, thereby allowing SigE-loaded
RNAP to transcribe PhoP-dependent acid-inducible genes. However, interaction between
PhoP and SigH involves only a fraction of a free cellular pool of SigH, while a consider-
able part of free SigH remains available to mitigate reductive stress. Although we cannot
rule out the possibility that downregulation of thioredoxin genes by PhoP and upregula-
tion by SigH are two independent and unrelated phenomena, at present, we consider
this an unnecessary complexity and thus favor a more integrated view of the results sug-
gesting that PhoP-SigH interactions, or lack thereof, contribute to the context-dependent
regulation of thioredoxin gene expression.

Because PhoP shares different interaction interfaces with SigE and SigH (Fig. 5; Fig. S5),
our model further accommodates functioning of both of the sigma factors under normal
conditions of mycobacterial growth. Given the fact that PhoP plays an indirect role in regulat-
ing expression of the major antioxidant system, we are unable to explain how a mutant M.
tuberculosis H37Rv strain lacking phoP is significantly sensitive to redox stress. We believe
that many other PhoPR-regulated redox-active genes contribute to mycobacterial redox
stress response and account for the mutant’s susceptibility to redox stress. As a large number
of redox-active overlapping genes (regulated by both PhoP and SigH) include essential
genes involved in metabolic pathways, respiration, and expression of transcription regulators
(Fig. S3E), most likely a strongly reduced PhoP-SigH interaction is physiologically relevant
when mycobacteria encounter redox stress. However, under normal conditions, interaction
between the two regulators prevents unnecessary activation of the SigH regulon, consisting
of ~39 genes (27), which would otherwise be energy demanding, and therefore, a second
molecular control mechanism (in addition to RshA-SigH) would be in place to precisely limit
SigH activation to only under the most appropriate stress conditions. These results are con-
sistent with a significant activation of mycobacterial heat shock-inducible genes (Rv2466¢
and Rv3054¢) in the phoP:Kan™ mutant under normal conditions (26, 70). We consider the
possibility that under normal conditions, perhaps there is interaction between PhoP, SigH,
and RshA, which effectively maintains a basal level of redox-active gene expression via
blocking of SigH-dependent activation. However, under redox stress, dissociation of
RhsA destabilizes the PhoP-SigH interaction, leading to release of SigH to activate redox-
inducible gene expression.

We argue that a strong induction of SigH (Fig. 2) coupled with a striking decline in
the PhoP-SigH in vivo interaction (Fig. 6A) under redox stress would be necessary for
the induction of redox proteins for the following reasons. First, a very significant reduc-
tion (>10-fold, based on limits of detection in these assays) in PhoP-SigH interaction
during redox stress compared to normal conditions of growth strongly suggests that
the effect appears to be robust. It should be noted that the fold difference in reduction
of PhoP-SigH in vivo interaction (Fig. 6A) is somewhat comparable to a low-pH-induced
in vivo activation of PhoP-SigE interaction (Fig. 6B). Second, the other convincing evi-
dence is derived from regulation of gene expression data as determined by RT-gPCR
measurements (Fig. 3B and C; Fig. S3B-C). Note that neither PhoP (Fig. S3A) nor SigH
(Fig. S3D) shows an impact on expression of thioredoxin genes under normal condi-
tions, when they interact in vivo (Fig. 6). In contrast, both of these regulators signifi-
cantly impact expression of thioredoxin genes under redox stress (Fig. 3B; Fig. S3B)
when they fail to interact in vivo (Fig. 6A). Third, we provide evidence to show that
PhoP functions as a specific inhibitor of SigH-dependent activation of thioredoxin
gene expression (Fig. 6C), further suggesting the physiological significance of PhoP-
SigH interactions under normal conditions.

Thus, the results reported here argue for a novel and unexpected mode of regulation
on top of an already complex regulatory mechanism, which distinguishes regulators like
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PhoP from other members of the family. It would be worth investigating whether such
sigma factor-dependent control of transcriptional regulators contributing to mycobacte-
rial physiology remains a general feature involving several other sigma factors and regu-
lators. Given the nature of the complex lifestyle of pathogenic mycobacteria within the
continuously changing complex physiology of the host, perhaps these subtle features
are related to the need for multiple regulatory functions during establishment and main-
tenance of infection.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Escherichia coli DH5« was used for routine subcloning,
and the E. coli BL21 A(DE3) strain was utilized for expression of recombinant proteins. M. tuberculosis
H37Rv strains and M. smegmatis mc?155, an electroporation-efficient mutant strain of mc26 (71), were
grown at 37°C in Middlebrook 7H9 broth (Difco) containing 0.2% glycerol, 0.05% Tween 80, and 10%
Middlebrook ADC (albumin-dextrose-catalase) or on 7H10 agar medium (Difco) containing 0.5% glycerol
and 10% OADC (oleic acid-albumin-dextrose-catalase) enrichment, unless mentioned otherwise, and
transformed by electroporation as described previously (9).

Construction of the sigE:Hyg" (sigk deletion mutant) and sigH:Kan" (sigH deletion mutant) strains
and complementation of the mutants were described previously (23, 27). Deletion mutants were con-
structed by disrupting sigk and sigH via insertion of a Hyg" cassette into a unique Bglll site and a Kan"
cassette into a unique Kpnl site of sigf and sigH, respectively. Likewise, the phoP deletion mutant was
generated by disrupting phoP via insertion of a Kan" cassette into a unique EcoRV site within the gene
(3). The disrupted DNA fragments were then cloned into a suicide vector, pPSM270 (23, 72). Next, these
constructs were transformed into M. tuberculosis H37Rv (3). After 4 weeks of incubation, Kan/Hyg", and
sucrose-resistant colonies were selected. Southern blot analyses were performed using chromosomal
DNA of the mycobacterial strains to confirm gene disruption in the corresponding mutants. To comple-
ment M. tuberculosis mutants, PCR fragments comprising open reading frames (ORFs) encompassing
2.04-kb sigE, 2.02-kb sigH, and 3.6-kb phoP-phoR were cloned in the multicloning site of integrative plas-
mids pSM316 (Kan"), pYUB413 (Hyg"), and pMV306 (Hyg"), respectively.

For acid stress, cells at an optical density at 600 nm (ODy,,) of 0.4 to 0.6 were pelleted, washed twice
with 7H9 medium buffered with 100 mM morpholinepropanesulfonic acid (MOPS) or 1 N HCl at pH 7.0
or pH 4.5, respectively, finally resuspended in medium of the indicated pH, and further grown for the
indicated times at 37°C. For redox stress, mycobacterial strains were grown to mid-log phase (OD,, of
~0.4 to 0.6) and exposed to 5 mM diamide for the indicated times at 37°C. To evaluate susceptibility of
M. tuberculosis to the indicated stress conditions, mycobacterial strains were grown to mid-log phase
(ODgy, Of 0.4) in 7H9-ADS (albumin-dextrose-sodium chloride), and cells were collected by centrifugation
and washed twice with phosphate-buffered saline (PBS) containing 0.05% Tween 80 (PBST). For diamide
stress, cells were inoculated into fresh 7H9-ADS medium containing 5 mM diamide (Sigma) or carryover
dimethyl sulfoxide (DMSO) at an OD,,, of ~0.05 and further grown for 48 h at 37°C. For CHP treatment,
freshly inoculated cells at an ODg,, of ~0.05 were grown to an ODy,, of ~0.2, CHP (Sigma) was added to
a final concentration of 50 «M, and cells were further grown for 24 h at 37°C. Finally, CFU were enumer-
ated following 21 days of growth on 7H11-OADS (oleic acid-albumin-dextrose-sodium chloride) agar
plates. The following antibiotics were used as appropriate: ampicillin (Amp), 100 wg/mL; hygromycin
(Hyg), 150 wg/mL for E. coli or 50 wg/mL for mycobacterial strains; kanamycin (Kan), 50 wg/mL for E. coli
or 20 nwg/mL for mycobacterial strains; streptomycin (Strep), 100 wg/mL for E. coli or 20 ug/mL for myco-
bacterial strains.

Cloning, expression, and purification. The oligonucleotide primer sequences used in cloning and the
recombinant plasmids used in this study are listed in Table S4 in the supplemental material. M. tuberculosis
constructs overexpressing PhoP, Sigk, and SigH were described earlier (17, 73). To express GST-tagged
phoPN (carrying 423 bp of the N-terminal phoP ORF) and phoPC (carrying 321 bp of the C-terminal phoP
ORF), PCR products were amplified and cloned in pGEX-4T1 as described for pGEX-phoP (73). To express
FLAG-tagged phoP and sigH in WT H37Ry, the corresponding ORFs were cloned and expressed from the pro-
moter of the 19-kDa antigen of mycobacterial expression vector p19Kpro (49). M. tuberculosis RshA was
cloned in pUAB400 between Munl and Hindlll sites and expressed in M. smegmatis. Transcriptional fusion to
lacZ was constructed by cloning the PCR-amplified upstream regulatory fragment of the M. tuberculosis trxB1
(trxBTup) into the Scal site of pPSM128 (a promoterless integrative lacZ reporter vector [74] with a streptomy-
cin resistance gene) using primer pairs FPtrxB1up/RPtrxB1up, respectively (Table S5). This promoter fragment
comprised upstream of the coding region, including the first 141 coding bases of the trxB1 gene, respec-
tively. In all cases, nucleotide sequences of the constructs were verified by automated DNA sequencing.

Proteins. M. tuberculosis PhoP and its domain constructs, Sige (Rv1221) and SigH (Rv3223c), were
purified as recombinant proteins either by being immobilized on glutathione-Sepharose (GE Healthcare)
or by immobilized metal-affinity chromatography (Ni-NTA) (Qiagen) as described previously (17, 48, 73).
Purity of the proteins was verified by SDS-PAGE, and protein contents were determined by the bicincho-
ninic acid (BCA) reagent with bovine serum albumin (BSA) as the standard and expressed in equivalents
of protein monomers. For immunoblotting, cell lysates or purified proteins were resolved by 12% SDS-
PAGE, electroblotted onto polyvinyl difluoride (PVDF) membranes (Millipore), and visualized by Western
blotting using anti-His (Invitrogen), or anti-GST (GE Healthcare) antibodies. Anti-mouse (Thermo
Scientific) and anti-goat (Invitrogen) antibodies conjugated to horseradish peroxidase were used as sec-
ondary antibodies, and blots were developed with Luminata Forte chemiluminescence reagent
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(Millipore). The SigE- and SigH-specific antibodies were raised and purified by Alpha Omega Sciences
(India). To produce SigE- and SigH-specific polyclonal antibodies in rabbits, 0.3 mg of purified recombi-
nant protein emulsified in Freund’s complete adjuvant was administered as the primary dose subcutane-
ously, followed by two booster immunizations in Freund's incomplete adjuvant after 14 and 30 days
into a New Zealand White rabbit (~3.8-kg body weight). The titers were determined by the endpoint
method, blood samples were collected, and serum was separated and stored at -20°C. Total IgG was
purified from the serum by affinity chromatography using protein A resin.

Microplate-based alamarBlue assay. The indicated mycobacterial strains were cultured in 7H9 me-
dium (Difco) with 10% ADS (albumin-dextrose-NaCl) as described previously (75). In this assay, change
of a nonfluorescent blue to a fluorescent pink is directly linked to bacterial growth. Increasing concentra-
tions of diamide were added to the wells of a 96-well plate containing 0.05 mL 7H9 medium and
0.05 mL of mycobacterial cells (ODg,, of 0.02), freshly diluted from the log-phase culture at an ODy,, of
~0.4. The assay included appropriate negative and positive controls, and the plate was incubated at
37°C for 7 days. Finally, 0.02 mL of 0.02% resazurin (sodium salt; MP Biomedicals), prepared in sterile 7H9
medium, was added to each of the wells of the plate, and the color change was monitored after incuba-
tion for 16 h at 37°C. Excitation was at 530 nm, and fluorescence emission was recorded at 590 nm.
Efficiency of inhibition was evaluated with respect to control wells lacking diamide. To assess bacterial
sensitivity to increasing diamide concentrations, the following controls were included in alamarBlue
assays. These included a “no-bacterium” control comprising growth medium only, an “only-bacterium”
control without any diamide, a “DMSO control” with bacterial cells grown in the presence of carryover
DMSO, and a “rifampin control,” ensuring mycobacterial growth inhibition to confirm validity of the
assay.

In vitro measurements of mycothiol redox level. To determine the intramycobacterial mycothiol
redox level, the indicated strains expressing Mrx1-roGFP2 were grown in 7H9 medium (supplemented
with 10% ADS) to log phase, and cultures were divided into two parts. The first part was grown in two
halves: under normal conditions of pH 7.0 and acidic conditions of pH 4.5 for 24 h. Similarly, the second
part was grown in two halves in the presence of 5 mM diamide or carryover DMSO for 20 min. Following
growth, in all cases cells were treated with 10 mM N-ethylmaleimide for 5 min and fixed with 4% paraformal-
dehyde for 15 min at room temperature. Next, cultures were washed three times with 1x phosphate-buffered
saline (PBS), and the ratios of emission intensities (510 nm) were measured after excitation of the samples at
405 and 488 nm in an Infinite MPlex microplate reader (Tecan).

RNA isolation. RNA was extracted from exponentially growing mycobacterial cells in Middlebrook
7H9 medium. Briefly, 25 mL of bacterial culture was grown to mid-log phase (ODy,, of ~0.4 to 0.6) and
combined with 40 mL of 5 M guanidinium thiocyanate solution containing 1% B-mercaptoethanol and
0.5% Tween 80. Cells were pelleted by centrifugation and lysed by being resuspended in 1 mL TRizol
(Ambion) in the presence of Lysing matrix B (100-um silica beads; MP Bio) using a FastPrep-24 bead
beater (MP Bio) at a speed setting of 6.0 for 30 s. The procedure was repeated for 2 to 3 cycles with incu-
bation on ice between pulses. Next, cell lysates were centrifuged at 13,000 rpm for 10 min; supernatant
was collected and processed for RNA isolation using a Direct-zol RNA isolation kit (Zymo Research) as
per the manufacturer’s recommendation. Following extraction, RNA was treated with DNase | (Promega)
to degrade contaminating DNA, and integrity was assessed using a NanoDrop (ND-1000) spectropho-
tometer. RNA samples were further checked for intactness of 23S and 16S rRNA using formaldehyde-
agarose gel electrophoresis and a Qubit fluorimeter (Invitrogen).

RNA sequencing and data analysis. Total RNA was isolated using Direct-zol RNA MiniPrep kit
(Zymo Research Corporation), the purity of isolated RNA was determined using the NanoDrop (Thermo
Scientific) and quantified using Qubit (Invitrogen), and RNA integrity was checked using the Agilent
2200 Tape Station system (Agilent Technologies). Library construction, RNA sequencing, and data analy-
sis were carried out by AgriGenome Labs Private, Ltd. (Cochin), India. Briefly, rRNA was removed using
si-tools Pan-prokaryote ribopool probes, and further library preparation was carried out using the
TruSeq stranded RNA library prep kit. Prepared libraries were sequenced using the lllumina HiSeq x 10
platform, and 150-bp paired-end reads were generated. Threads that passed quality control were
mapped onto the reference genome of M. tuberculosis H37Rv using Hisat2 (v2.0.5). The abundance of
transcripts in individual samples was estimated using Cufflinks (v2.2.1) (76). Differential gene expression
analysis of treated samples with respect to control was performed using the Cuffdiff (v2.2.1) program,
and differentially expressed genes (DEGs) with an adjusted P value of <0.05 and log, fold change value
of =2 or =—2 were used for further analysis. Common and unique DEGs were visualized by Venn dia-
gram using venny software. Heat maps were generated using log, fold change values of =2 or =—2 of
treated versus control samples using GENE-E software.

Quantitative real-time PCR. cDNA synthesis and PCRs were carried out using total RNA extracted
from each bacterial culture grown with or without specific stress and the Superscript Ill platinum-SYBR
green one-step quantitative real-time PCR (RT-gPCR) kit (Invitrogen) with appropriate primer pairs
(2 wM) using a Realplex PCR detection system (Eppendorf). The oligonucleotide primer sequences used
in RT-gPCR experiments are listed in Table S5. Global expression of mycobacterial sigma factors was
studied by RT-qPCR as described previously (17). The endogenously expressed M. tuberculosis gapdh
gene (Rv1436) was used as an internal control, and the fold difference in gene expression was calculated
using the threshold cycle (AAC;) method (77). Control reactions with Platinum Tag DNA polymerase
(Invitrogen) confirmed the absence of genomic DNA in all our RNA preparations. To validate RNA-seq
data, RT-qPCR was utilized by determining specific mRNA levels relative to a control set displaying no
differential expression. To determine enrichment due to PhoP and/or SigH binding targets in the
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immunoprecipitated (IP) DNA samples, 1 uL of IP or mock IP (no-antibody control) DNA was used with
SYBR green (Invitrogen) along with target promoter-specific primers.

ChIP-qPCR. Chromatin immunoprecipitation (ChIP) experiments were carried out with some modifica-
tions to the protocol described previously (17). PhoP and SigH were expressed in WT H37Rv as FLAG-tagged
protein, and in vivo recruitment of the regulators was examined by ChIP-gPCR using anti-FLAG antibody
(Thermo) to detect promoter regions of interest. Mycobacterial cells were grown to the mid exponential phase
(0D, of 0.5), and formaldehyde was added to a final concentration of 1%. After incubation for 20 min, glycine
was added to a final concentration of 0.5 M to quench the reaction and incubated for further 10 min. Cross-
linked cells were harvested by centrifugation and washed twice with ice-cold immunoprecipitation (IP) buffer
(50 mM Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, T mM phenylmethylsulfonyl fluoride [PMSF],
and 5% glycerol). Cell pellets were resuspended in 1.5 mL IP buffer containing protease inhibitor cocktail tablet
(Roche). Cells were lysed, and insoluble matter was removed by centrifugation at 13,000 rpm for 10 min at
4°C. Then, supernatant containing DNA was sheared to an average size of ~500 bp using a Bioruptor (Sonics,
VibraCell) with settings of 20 s on and 40 s off for 3 to 5 min and split into two aliquots. Ten microliters of sam-
ple was analyzed on agarose gel to check the size of the DNA fragments. Each 0.7-mL aliquot was incubated
with 20 uL protein A/G UltraLink resin (Pierce) on a rotary shaker for 20 min at 4°C to eliminate complexes
bound to the resin nonspecifically. The supernatant was removed and incubated with either no antibody
(mock-IP) or specific anti-FLAG antibody and 50 uL protein A/G UltraLink resin, preincubated with 50 ug bo-
vine serum albumin in 500 uL of IP buffer on a rotary shaker at 4°C overnight. The beads were then washed
to remove nonspecific interactions with 500 uL of IP buffer twice, once each with low-salt buffer (0.1% SDS,
0.1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl [pH 8.0] and 150 mM Nadl), high-salt buffer (0.1% SDS, 0.1%
Triton X-100, 2 mM EDTA, 20 mM Tris-HCl [pH 8.0], and 500 mM NaCl), and lithium chloride (LiCl) wash buffer
(250 mM LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA, 20 mM Tris-HCl [pH 8.0]), and twice with Tris-EDTA
(TE) buffer (10 mM Tris-HCI [pH 8.0] and T mM EDTA [pH 8.0)). Finally, the elution was carried out using buffer
containing 10 mM Tris-HCl (pH 8.0), 1 mM EDTA (pH 8.0), 0.1% SDS, and 0.1 M NaHCO.. The eluate was reverse
cross-linked at 65°C overnight; proteinase K (Thermo) treatment was performed for 1 h at 58°C. Next, the DNA
was extracted with phenol-chloroform treatment followed by precipitation using ethanol.

Gene-specific qPCR was carried out using appropriate dilutions of IP DNA in a reaction buffer con-
taining SYBR green mix (Invitrogen), 2 uM PAGE-purified oligonucleotide primers (Table S5) and 1 U of
Platinum Tag DNA polymerase (Invitrogen). Typically, 40 cycles of amplification were carried out using a
real-time PCR detection system (Eppendorf/Life technologies). To determine fold enrichment, PCR signal
from anti-FLAG IP was compared with PCR signal from the “no-antibody” control (mock sample) to
assess region-specific recruitment of the regulators, and specificity was examined by ChIP-qPCR of the
same IP samples using gapdh/16S rRNA gene-specific primers. In all cases, melting curve analysis con-
firmed amplification of a single product.

Mycobaterial protein fragment complementation assays. M-PFC experiments were performed as
described previously (46, 75). To express domains of M. tuberculosis PhoP in M. smegmatis, domain-spanning
regions were cloned in the integrative vector pUAB400 (Kan") between Mfel and Hindlll sites to generate
PUAB400-phoPN and pUAB400-phoPC, respectively, as described previously (78). Likewise, SigE- and SigH-
expressing episomal constructs pUAB300-sigE and pUAB300-sigH, respectively, were described earlier (17). The
oligonucleotide primer sequences and plasmids used to generate constructs used in M-PFC experiments are
listed in Table S4, and each construct was verified by DNA sequencing. Cotransformed cells were selected on
7H10/Kan/Hyg plates in both the absence and presence of 10 to 12.5 wg/mL trimethoprim (Trim). As positive
controls, PhoP/SigE- or PhoP/SigH-expressing pairs were used.

Coimmunoprecipitation. The phoP:Kan" mutant expressing His-tagged PhoP was grown to an
0Dy, of ~0.4 to 0.6 and exposed to specific stress conditions as described below. For acid stress, cells at
an ODy,, of 0.4 to 0.6 were pelleted, washed twice with 7H9 buffered with 100 mM MOPS or 1 N HCl to
pH 7.0 or pH 4.5, respectively, resuspended in medium of the indicated pH, and grown further for 10 to
12 h at 37°C. For redox stress, mycobacterial strains were grown to mid-log phase (ODg,, of ~0.4 to 0.6),
directly exposed to 5 mM diamide or carryover DMSO (normal conditions of pH 6.4) without changing
any media, and grown for 3 h at 37°C. Cultures were fixed using 1% formaldehyde for 15 min, followed
by the addition of 250 mM glycine to neutralize cross-linking. Cell pellets were resuspended in lysis
buffer (20 mM Tris [pH 8.0], 150 mM NaCl, T mM MgCl,, 1 mM Na,PO,, 1 mM NaF, 0.50% NP-40, 1x pro-
tease inhibitor, 1 mM PMSF) and lysed in the presence of silica beads (100-um diameter, Lysing matrix B;
MP Biomedicals) in a FastPrep at a speed setting of 5.5 10 to 12 times for 30 s. The supernatant was col-
lected by centrifugation and filtered through a low-binding Millex 0.22-um-pore membrane filter
(Millipore). Whole-cell lysates containing 2 to 3 mg of total protein were incubated with Ni-nitrilotriacetic
acid (Ni-NTA) beads at 4°C for 2 to 3 h, followed by 4 to 5 washes with wash buffer (20 mM Tris [pH 8.0],
150 mM NacCl, 1 mM MgcCl,, 1 mM Na,PO,, T mM NaF, 0.10% NP-40, 1 mM PMSF), and finally proteins
were eluted using 250 mM imidazole. Samples were analyzed by SDS-PAGE and visualized by Western
blotting using protein-specific antibodies. In all cases, aliquots of cell lysates and eluents were used to
determine the protein concentration using BCA protein estimation kit (Pierce).

Regulation of mycobacterial promoter activity in M. smegmatis. To express M. tuberculosis PhoP,
RshA, or CFP-10 in M. smegmatis, electro-competent cells were transformed with pUAB400-phoP,
PUAB400-rshA, or pUAB400-cfp10 (Table S4), expressing wild-type PhoP, RshA, or CFP-10, respectively, as
described earlier (17). To express M. tuberculosis SigH, M. smegmatis was transformed with pUAB300-
sigH (Table S4). M. smegmatis harboring the trxBTup-lacZ fusion was cotransformed with SigH and the
PhoP/RshA/CFP-10 expression construct and grown to an OD,,, of ~1.0 as described earlier (6). Cultures
were inoculated in fresh medium (1:100) and allowed to grow until they reached an ODy,, of ~0.8 to
1.0. Cells were centrifuged, and cell pellets were washed with phosphate-buffered saline (PBS). Next,
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cells were resuspended in 0.5 mL phosphate buffer (pH 7.2) containing 75 mM NaCl, cell suspensions
were sonicated, and the B-galactosidase activity of cell extracts was determined by using the chromo-
genic substrate 2-nitrophenyl-3-p-galactopyranoside (ONPG) at a final concentration of 1 mg/mL. The
reaction mixtures were incubated at 37°C for 10 min, the reactions were terminated by adding 0.2 M
Na,CO,, B-galactosidase activity was measured by recording absorbance at 420 nm, and enzyme activity
was calculated in Miller units.

Statistical analysis. Data are presented as arithmetic means of the results obtained from multiple
replicate experiments = standard deviations. Statistical significance was determined by Student’s paired
t test using Microsoft Excel or Graph Pad Prism. Statistical significance was accepted at P values of
<0.05.

Supporting material. This article contains supporting information in the supplemental material.
The data include five supporting figures, two supporting tables (Table S4 and Table S5), and one sup-
porting Excel spreadsheet, which consists of data for the heat map and Venn diagram showing genes
that are differentially regulated (>2-fold; P < 0.05) either in WT H37Rv or in the indicated mutants under
normal conditions of growth or specific stress conditions (Tables ST to S3 and Tables S6 to S10).
Comparisons involve genes annotated in the H37Rv genome, and the data provided represent average
values from two biological repeats.

Data availability. All RNA sequencing data have been deposited in the GEO database under acces-
sion no. GSE171775. All other relevant data are part of the article and the supplemental material.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX file, 3.6 MB.
SUPPLEMENTAL FILE 2, PDF file, 0.7 MB.
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