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Tuberculosis (TB) is the ninth leading cause of death worldwide, ranking above human

. immunodeficiency virus. Latency is the major obstacle in the eradication of this disease. How the
physiology of the pathogen changes in transition to the latent stage needs to be understood. The latent

. bacteria extracted from animal hosts exist in a nonculturable (NC) phase, whereas bacteria extracted

. from most in vitro models are culture-positive. In the present study, we observed that nitrite, up to a

. concentration of 5mM, shows the growth of Mycobacterium tuberculosis (MTB) in liquid media, but

. this effect starts reversing at higher concentrations. At a concentration of 10 mM, nitrite induces rapid

. nonculturability of MTB at the aerobic stage. This noncultivable dormancy was confirmed by analyzing

. the characteristics of NC bacteria. Further differential gene expression analyses clearly supported the

. formation of a dormancy phenotype. This study will be helpful for the use of this bacillus as a dormancy

. model in future studies on TB latency.

Tuberculosis (TB) is one of the most ancient infectious diseases of mankind and is one of the top 10 causes of
death worldwide, affecting a third of the global population'. Mycobacterium tuberculosis (MTB) is the causative

. agent of TB, which can persist within humans for long periods of time without causing any symptoms>*. Latent

© bacteria in the nonculturable (NC) stage cannot form colonies on solid media, which is why current diagnostic
techniques are unable to detect more than 40% of TB recurrence cases. In addition, recent evidence suggests an
association between nonreplicating bacilli and disease manifestations*. Recently, some reports showed that the
development of drug resistance is not only because of the inheritable genetic resistance mechanism, but rather it
is governed by changes in the physiological state of MTB®. However, more studies are needed in order to under-
stand the metabolic processes that are critical for the pathogen to shift into dormancy and survive under stress
conditions.

The factors that probably limit bacterial growth in granulomas include oxygen and nutrient deprivation, expo-
sure to acidic pH, and the presence of nitric oxide or carbon monoxide’=°. On the basis of these factors, different
dormancy models have been proposed. Dormant bacteria that were isolated from most in vitro models, such as
the Wayne model and multiple stress model, were nonreplicating but remained cultivable!®!!. However, bacte-
ria obtained from in vivo models of latency, such as the Cornell model and noncultivable model developed by
Shleeva et al. (2004), remained noncultivable!>!*. It was observed that persistent and viable but noncultivable

: (VBNC) stages of MTB coexist and remain as part of the dormancy continuum. They could survive together as
: mixed population but differs in their physiological positions in the dormancy range®. VBNC cells have a higher
' toxin-to-antitoxin ratio as compared to persisters, so the VBNC stage could be considered a deeper stage of
* dormancy than persisters®*!*. In all of these models, the external environment of the bacilli is modified. However,
. the internal targets whose modification plays a significant role in the development of noncultivability are still not
. fully explored.
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Figure 1. Growth kinetics of MTB in the presence of nitrite. The effect of nitrite on the growth of cells was
determined by measuring (A) the OD at 620 nm and (B) the CFU count, at different time points with different
nitrite concentrations. Log-phase cells treated with vehicle as a control (w) and 5mM (@), 10mM (4) 15mM
(¥), and 20 mM (#) nitrite, respectively. More details are provided in the Materials and Methods section. The
results are shown as the mean of three identical experiments + standard deviation (SD). This experiment was
repeated three times. The error bar represents the SD.

However, in this study, we demonstrated that exposure of the MTB bacilli to nitrite induces dormancy under
in vitro aerobic conditions. This dormancy is characteristically similar to the noncultivable type of dormancy,
which was earlier reported and observed in isolates from in vivo animal models and humans. Thus, our study
provides a new insight into the development of noncultivable dormancy in MTB.

Results

Effect of nitrite on the growth of MTB.  Sodium nitrite has been reported to inhibit the growth of a wide
variety of bacteria, such as Clostridia and Staphylococcus aureus'. Thus, in order to assess the effect of nitrite on
MTB, we measured the ODg;,, and colony forming unit (CFU) count of MTB bacilli at different time points. This
study was carried out on MTB strain H37Ra, which has a >99.9% genome-wide similarity, and it was expected
that the results will be applicable to pathogenic cells too. The results clearly indicated that nitrite supports the
growth of MTB at concentrations below 5 mM, whereas at higher concentrations, nitrite significantly inhibits cell
growth (Fig. 1A).

Further, a simultaneous assessment of the CFU count was performed at nitrite concentrations of 10, 15, and
20mM at different time points. The CFU on an agar medium was also found to decrease by 3.23 log;, CFU/mL
within 72h of 10 mM nitrite treatment, with no CFU on day 6 (Fig. 1B). As compared to 7.37 £ 0.38 log,, CFU/
mL on day 1, the CFU count of the control was found to be 8.03 +0.33 log,;, CFU/mL on day 6. The reduction in
the CFU count raises the possibility of death or acquired nonreplicative feature of the bacilli.

Effect of nitrite on the viability of MTB bacilli. In order to further elucidate the reason behind the
observed decrease in the CFU, we performed live-dead staining of these bacilli. Bacilli treated with nitrite
(10 mM) remained 100% viable for more than 10 days without forming any colonies on agar (Figs 1B and 2A,B).
However, treatment with higher concentrations of nitrite also did not reduce the cell viability of MTB cells in any
significant manner.

Effect of nitrite on the morphological properties of MTB. It is well known that the shape of the bacilli
changes to more rounded with a concomitant reduction in their size when actively growing cells shift to the NC
state'>'517. The morphological characteristics of noncultivable bacilli developed after treatment with nitrite were
analyzed using scanning electron microscopy (SEM). It was observed that nitrite-treated cells decreased in size
compared to untreated control cells. Interestingly, on day 6, the size of the cells treated with nitrite (10 mM) was
reduced to a level between 0.8 and 1.2 um, as compared to actively growing controls (size: 3.0-6.0 um) (Fig. 3,
Table 1).

After analyzing the cell size distribution (Table 1), it was found that the size of 98% of the cells was between 0.6
and 1.5um on day 6 of nitrite treatment. However, in the controls, the size of 41% of the cells was in the range of
3.5-4.5um, and only 2% of the cells were in the range of 0.6-1.5 um. This observation strengthened the notion of
the reduction of cell size in nitrite-treated MTB cells being a characteristic feature of the VBNC stage.

Loss of acid fastness in nonculturable cells.  Loss of acid fastness is another major characteristic change
that takes place when mycobacteria shift from the active state to a dormant state. Thus, in order to support
our observation of shifting of bacilli to the noncultivable dormant state upon nitrite treatment, we assessed the
acid-fast property using the fluorescent acid-fast staining dye Auramine O in combination with the neutral lipid
staining Nile Red dye. The log-phase culture and NRP stage 2 culture of the Wayne model were used as two
extreme controls (Fig. 4A,B).
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Figure 2. Relative viability analysis of MTB cells. (A) Bacterial cells were exposed to 10mM (@), 15 mM

(), and 20 mM (v) nitrite, and percent viability was analyzed up to 10 days of treatment with respect to

the untreated control () as 100% viable. The experiment was performed in triplicate. Data are shown as the
mean =+ SD. (B) Fluorescence microscopic images of cells treated with nitrite (10 mM) were captured at different
time intervals using an EVOS microscope as mentioned in the Materials and Methods section. The data shown
is representative of three independent experiments (scale bar: 50 um).

However, with respect to the controls (Fig. 4A), cells treated with nitrite (10 mM) showed red fluorescence
after six days, indicative of the loss of the acid-fast property of the bacilli (Fig. 4D). Interestingly, cells stained
after three days of treatment were observed to have yellow fluorescence due to the combined effect of Auramine
O and Nile Red stains, indicative of the gradual shift of the acid-fast property from positive to negative (Fig. 4C).

Effect of nitrite on the antibiotic sensitivity of MTB. Resistance to antibiotics is a hallmark of latency
in mycobacteria”!®-2, Standard antimycobacterial drugs like rifampin (RIF) and isoniazid (INH) were used to
assess the sensitivity of nitrite-treated cells. Nitrite-treated MTB cells showed total resistance toward standard
antitubercular drugs like RIF and INH, even at concentrations higher than IC,, (Fig. 5A). These results were in
accordance with most of the dormancy models, including few that demonstrated significant susceptibility toward
RIF (Fig. 5B). RIF inhibits RNA synthesis, which is essential for dormant cells at a low level®. On the other hand,
INH impacts cell wall biosynthesis, a process that is inactive in dormant cells'. Thus, cells in all dormancy models
were expected to be characterized by their resistance to INH.

Transcriptional response of MTB bacilli to nitrite stress. The effect of nitrite on gene regulation of
MTB was analyzed using microarray analysis. The gene expression pattern on days 1, 3, and 6 of nitrite treat-
ment was compared with the transcriptome data obtained from log-phase cells without nitrite treatment as
a control. On day 6, in nitrite-treated cells, 30 genes were upregulated and 110 genes were downregulated, as
compared to untreated cells. However, on days 1 and 3 of nitrite treatment, 107 and 98 genes were upregulated,
whereas 8 and 50 genes were downregulated, respectively. With the increase of the duration of nitrite treatment,
the number of upregulated genes decreased, with a simultaneous increase in the number of downregulated genes
(Tables S1-S6).

On day 1, as compared to the control, more genes were induced in nitrite-treated cells, possibly to cope up
with the stress condition. However, on day 6, the number of downregulated genes was high, which might be due
to the low metabolic state of bacteria.

Overlap between differentially expressed genes of MTB.  The number of overlapping genes between
the three data points (1, 3, and 6 day nitrite treated) is depicted as a Venn diagram (Fig. S1). Among the differen-
tially expressed genes, ppe65, Rv1815, and mcelc were repressed (Table S6), whereas the rrl, rnpB, and cysK2 genes
were induced (Fig. S1B), at all three time points after nitrite treatment. The cysK2 gene is involved in the cysteine
biosynthetic pathway. Sulfur metabolism and de novo cysteine biosynthesis are important for redox homeostasis
in persistent MTB, and these pathways could provide promising targets for novel antibiotics for the treatment of
the latent form of the disease?!.
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Figure 3. Electron microscopic measurement of nitrite-treated and nontreated MTB cells. (A) The log-phase
culture was treated with nitrite (10 mM), and SEM images were taken on (B) day 3 and (C) day 6 of treatment.
Scale bar: 1 um. More details on the experiment were described in the Materials and Methods section.

1+0.5 2 7 98
240.5 6 64 2
3+0.5 29 29 0
4+0.5 41 0 0
5+0.5 13 0 0
61+0.5 9 0 0

Table 1. Distribution of the bacilli sizes in the presence of nitrite.

Comparative profile of overlapping genes between nitrite Treatment and other dormancy models.
The differentially regulated genes identified after nitrite treatment were compared with other dormancy models.
The gene expression profile in nitrite-treated cells exhibited a significant difference between overlapping genes
with other dormancy models (Table 2). From the analysis, it was observed that the expression pattern obtained
from most of the dormancy models as well as on days 1 and 3 of nitrite treatment has indicated similarity from
the higher number of overlapping genes compared to day 6. The NC cells obtained in a potassium deficiency
model and on day 6 of nitrite treatment showed a high number of overlapping genes, as compared to days 1 and
3 of nitrite treatment.

Tracing of pathways involving Up- and downregulated genes. The differentially expressed genes
were classified into various functional categories, such as lipid metabolism, transcription, translation, and car-
bohydrate metabolism. Some of the functional classes that showed changes after nitrite treatment are discussed
below.

Chaperones and heat shock proteins.  Genes under the devR regulon are upregulated under stress conditions such
as hypoxia, oxidative stress, pH stress, and bacteria infecting macrophages??-%. In the presence of nitrite, the dosR
regulon gene hsp (heat shock protein) was upregulated on days 1 and 6, whereas the hspX gene was downregu-
lated on days 3 and 6. The hsp gene gets induced generally under all stress conditions and 24 h after infection of
macrophages®.

The HspX protein showed low abundance in potassium-deficient NC cells, also downregulated under acidic
conditions?. 21 dosR-regulon-related genes in potassium-deficient cells and 27 genes in nitrate-treated cells were
downregulated!®?. The expression dosR regulon is not found to change in response to H,O,, in the persisting
cells during starvation, as well as the gradual depletion of the carbon source!®. In recent literature, it has been
hypothesized that the dosR regulon is induced when oxygen tension is reduced in aerobically respiring bacteria.
In this study, the cells did not experience oxygen stress, which could be preventing the induction of dosR regulon
as observed in other dormancy models.

Detoxification-related genes. ahpC is an alkyl hydroperoxide reductase, which is important for resistance against
oxidative stress and is induced in different dormancy models**?**-32, The ahpC gene was found to be upregulated
in MTB bacilli on day 1 of exposure to nitrite.

Sulfur metabolism genes like cysA2, cysK1, and cysH were found to be upregulated on day 1, whereas the
cysK2 gene was found to be upregulated at all three time points. The sulfur assimilation genes cysD and cysN
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Figure 4. Effect of nitrite exposure on the acid-fast property of MTB bacilli. MTB cells were stained with
Auramine O and Nile Red fluorescence dyes at different time intervals. (A) Untreated cells were used as the
vehicle control. (B) NRP stage 2 culture of the Wayne model was stained as a positive control. Cells treated with
nitrite (10 mM) were stained and observed on day 3 (C) and day 6 (D) of treatment. More details are described
in the Materials and Methods section. Fluorescence microscopic images were captured at 60 x objective using
an EVOS microscope (Life Technologies) (scale bar: one unit =50 um).
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Figure 5. Determination of the sensitivity of nitrite-treated bacilli to antitubercular drugs. (A) Actively
growing and nitrite-treated MTB cells were treated with RIF and INH at different concentrations (0.5, 1, 5,
and 10 pg/mL) for seven days, and viable bacilli were enumerated by the live-dead staining method. (B) A
table depicting a comparison between the percent viable cells that remained with other dormancy models
after independent treatment with 5 ug/mL INH and RIF each. The details of the protocol followed in both
experiments were described in the Materials and Methods section. *Percent resistance values taken from
Antimicrob Agents Chemother. 2014.
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Percentage of

overlapping genes
Condition Genes regulated | Day1 | Day3 | Day6
Iron depletion® 93 35 12 10
Hypoxia (0.2% O, for 2h, H37Rv)* 398 5 3 7
Nitric oxide (50 uM DETA/NO)% 48 0 10 12
Nitrate respiration (5mM)* 113 11 14 16
Log-phase —K compared to log-phase +K'° 182 4 3 2
Stationary phase —K+ compared to stationary phase K+ | 51 2 4 10
Macrophage phagosome 2 h after infection? 68 9 3 0
From 5min to 2h after infection® 118 7 2 0
Persistence within macrophage® 115 11 3 7
Vitamin-C-triggered dormancy (10 mM)®® 563 7 3 5

Table 2. Comparative profile of overlapping genes between nitrite treatment and other models. The total
number of genes has shown the similar pattern of expression in nitrite-treated and other models were denoted.
A representation factor >1 was selected and represented in the table. This representation factor shows that the
overlap that occurred is real and not by chance.

are induced during iron deficiency, in oxidative stress, and in the presence of a vitamin-C-induced dormancy
condition®, whereas the cysH gene is also induced in the iron deficiency condition®. Bacteria regulate sulfur
assimilation in response to toxic oxidants, and the cell protects itself from reactive species by the induction of
these genes. It was reported that sulfur metabolism is involved in the antioxidant defense mechanism of MTB*.

Lipid and mycolic acid metabolism. Genes related to the fatty acid degradation pathway, such as fadD9 and
fadD31, coding for fatty acid CoA ligase, and genes adhD, alkB, and adhC were upregulated on day 1, whereas
genes fadA2 and Rv0914C were downregulated on day 3. Like other dormancy models, mycobacteria alter their
own metabolism to use fatty acid as a carbon source after nitrite treatment®.

Genes involving fatty acid biosynthesis were downregulated on days 3 and 6. As fatty-acid-synthesis-related
genes were downregulated from day 3 onwards, the bacilli may have reduced their energy consumption required
for fatty acid synthesis. The acpM gene, which is involved in mycolic acid biosynthesis, and the wag31 gene (cell
wall synthesis protein) were also downregulated on day 6°*°. wag31 regulates the cell morphology of bacteria
and is involved in the oxidative stress response of MTB*. The ald gene, which catalyzes alanine hydrolysis, an
important constituent of the peptidoglycan layer, is upregulated on days 1 and 6, which can be correlated with the
morphological changes that occurred in MTB after nitrite treatment.

Many dehydrogenases genes like ald (alanine dehydrogenase), icd2 (isocitrate dehydrogenase), fadB2
(3-hydroxybutyryl-CoA dehydrogenase), adhD (alcohol dehydrogenase), pdhB (putative 2-oxoisovalerate dehy-
drogenase), and lldD2 (lactate dehydrogenase) were downregulated on day 6. This might be needed to maintain
the NADH pool under dormant conditions.

Replication, transcription, and translation. In consensus with the earlier reports on NC cells', a large number
of genes involved in replication, transcription, and translation were downregulated in the presence of nitrite®”,
In this study, the DNA replication initiation protein dnaA was downregulated on day 6. A differential expression
of transcriptional factors was observed in nitrite-treated cells. The genes sigB, sigH, and sigE were upregulated on
day 1, whereas Rv0516¢ was downregulated on day 3 and anti-sigma E factor RseA encoding Rv1222 was upreg-
ulated on day 6. sigH may be involved in the response of MTB toward reactive oxygen species (ROS) and reactive
nitrogen intermediates (RNIs). During the transition to the NC state, some marker genes of stress conditions were
induced, such as hsp, the chaperones Rv0440 and Rv3417c, and sigma-factors like sigG and sigE. sigG regulates the
genes necessary for survival inside macrophages, whereas sigB controls the stationary phase regulon and general
resistance to stress'°.

recC (exodeoxyribonuclease V) and Rv3828¢ genes involved in recombination were upregulated on day 3,
whereas Rv3750C was downregulated on day 6. The DNA repair mechanism may become activated after nitrite
treatment to protect the DNA under stress conditions.

Translation-related genes like IF-3, IF-1, tuf, and fusA1 were downregulated on day 6. 16 proteins of 30 S and
nine proteins of 50 S ribosomal encoding genes were downregulated on days 6 and 3, respectively. Overall, DNA
replication, transcription, ribosome assembly, translation, and purine and pyrimidine metabolism were down-
regulated in nitrite-treated MTB bacilli.

Gluconeogenesis, tricarboxylic acid (TCA) cycle, and glyoxylate metabolism. In the persistent phase, metabolism
is shifted from glucose to lipids, glycolysis is downregulated, and the glyoxylate shunt is upregulated, allowing
anaplerotic maintenance of TCA cycle®-4!,

In the presence of nitrite, gluconeogenesis and TCA cycle genes were upregulated on day 1. The genes involved
in glyoxylate metabolism and pyruvate metabolism were also upregulated on day 1, and then downregulation was
observed. It can be concluded that, from the first day of nitrite treatment, the cells shifted from glucose to lipids
as a source of carbohydrate.
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NRP stage 2 | Persistence within | Artificial granuloma | NC state K* limited | Nitrite treatment

ORF Genes | Wayne'® macrophages'® in mice'® stationary phase'® (day 6)

Rv0188 0.8 2.8 2.7 25 1.93

Rv0251C hsp 4.5 5.6 39 4.5 297

Rv0191 2 1.8 — 2.8 1.52

Rv2497C 3.4 2.1 2 4 2

Rv2710 sigB — 3.8 4.7 4.6 294

Rv2780 ald 6.1 24 24 4.9 1.77

Rv3290C lat 3.6 7.5 5.6 4 2.84

Table 3. Common genes found in different models.

The ndh gene encoding NADH dehydrogenase and nirA protein involved in sulfate reduction were upreg-
ulated on day 1. During aerobic and nitrate respiration, NADH dehydrogenase I (NDH-2) enzyme is used*>. It
was reported that MTB also utilizes substrates like nitrate for respiration at the dormant state®**-%°. It has been
shown that, during the NC stage, bacteria respire anaerobically, even though oxygen is available, with uncoupled
non-proton-pumping NADH dehydrogenase II playing an important role.

Regulators. Transcriptional regulators like Rv0485, Rv2621C, and Rv3249c¢ (TetR family transcriptional regula-
tors); Rv2499c¢ (oxidase regulator); and whiB3 (redox-responsive transcriptional regulator) were upregulated on
day 1. hrcA (heat-inducible transcriptional repressor) and ESX-1 (transcriptional regulator EspR) were upregu-
lated on day 3 and the ArsR family transcriptional regulator was upregulated on day 6, whereas HTH and Rv2166
gene encoding the transcriptional regulator MraZ were downregulated on day 6.

The furA gene product negatively regulates the iron scavenging response, is induced under oxidative stress and
hypoxia conditions, and was upregulated on day 6'***?%, The same gene was upregulated in the presence of vita-
min C, which suggested that an iron-deficient environment may aid in the repair/replacement of iron-containing
proteins that may be damaged during stresses caused by ROIs and RNIs*.

The rpfC gene encoding resuscitation promoting factor was downregulated on days 3 and 6. Other dormancy
models even show repression of the resuscitation promoting factor?.

ESAT-6 secretion system. The ESAT-6 secretion system 1 (ESX-1) is associated with the virulence and pathogen-
esis of MTB*#”. 10 ESAT-protein-encoding genes were upregulated on day 1, whereas three and seven genes were
downregulated on days 3 and 6, respectively. It was reported that, at a dormant state, ESAT protein abundance is
low, and a similar result was found in cells treated with nitrite for six days®”*>*.

PE and PPE family protein. A variable gene expression pattern was observed in nitrite-treated cells. Most of
the genes were upregulated on day 1, whereas similar genes were downregulated on days 3 and 6. These proteins
show a variable expression in MTB-infected macrophages and the mouse model, which could provide a dynamic
antigenic profile during changing microenvironments within the host*3->.

Transmembrane proteins.  Six genes encoding integral or transmembrane proteins were upregulated on day 1,
and the ftsK gene a transmembrane protein encoding for the cell division was upregulated on day 3. Similar types
of transmembrane proteins were also found to be upregulated under low-iron conditions, 24 h after infection to
the macrophage, hypoxia at 2% O, for 2h***%. Similarly, four membrane-protein-coding genes were upregulated
on day 6. Novel pathways involving membrane proteins play an important role in the transition of growing cells to
the NC stage!’. After nitrite treatment, most of the transmembrane proteins are upregulated and may be involved
in the transition of bacilli from the active to the NC state.

Toxin-antitoxin system. The gene rv2063 encoding antitoxin MazE7 was upregulated on day 3. Antitoxin
VapB14 encoding genes Rv0968 and Rv1955 coding for toxin HigB were upregulated on day 6, and Rv3408 gene
coding for ribonuclease VapC47, a toxin, was downregulated on day 6. The available literature shows that the
toxin—antitoxin system plays a role in the stress physiology of bacteria, and it could be part of the specific mech-
anism involving different enzymes and regulators. Activation of this system results in the shutdown of protein
synthesis, until favorable conditions occur, and this system is also involved in the transition of bacteria from the
active to a dormant and NC phenotype!**1-%5,

Based on the results of the transcription analysis of the noncultivable cells obtained in our study (treated with
nitrite for six days) and those obtained in other models of persisters, some genes were found to be common,
which are listed in Table 3. These genes may play an important role in the noncultivable state of MTB.

Validation of microarray data by quantitative polymerase chain reaction (qPCR).  In order to validate the microar-
ray data, the fold change of selected genes was determined using qPCR. Even though the fold change measured
by the qPCR was higher than that measured by microarray, a similar pattern of gene expression was observed by
both methods (Fig. 6).
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Figure 6. Differential gene expression level measurement by microarray and qPCR. The gene expression levels
of nitrite-treated cells after (A) one, (B) three, and (C) six days were measured using microarray and qPCR. The
expression level of the genes was compared with aerobically grown log-phase cells (control). The blue-colored
column shows the fold change obtained by microarray, whereas the red-colored column shows the fold change
obtained by qPCR for each respective gene. Each experiment was performed three times, and the SD is shown
on the graph.

Discussion

It is well known that bacilli can survive the latency stage within the host for many years. Therefore, it can be
assumed that the endogenous inducer should be chemically and metabolically very stable. Among the known
factors like oxygen depletion, nutrient starvation, acidic pH, CO, and NO, cannot be sourced for years within the
host milieu to maintain the non-replicating status of the bacilli. Nitrate and nitrite are the most predominantly
available RNIs observed in the lung cavities. However, the possibility of nitrite or nitrate playing a major role is
not yet understood. Nitrite has been known to interfere with energy conservation by inhibiting oxygen uptake,
oxidative phosphorylation, and proton-dependent active transport, where it acts as an uncoupler, causing the
collapse of the proton gradient. Nitrite has also been known to inhibit intracellular thiol groups and certain meta-
bolic enzymes like glycolytic enzymes?. Endogenously generated nitrite may be beneficial for host cells to survive
in hostile environments?*3.

In the present study, nitrite was added to an MTB culture under aerobic conditions. As reported in the litera-
ture, the effect of nitrite was observed on MTB strain H37Ra?. The concentration of nitrite and strain used in the
study was different in our experiments than reported earlier. We observed that the bacteriostatic effect of nitrite
appears on MTB with the sharp reduction in the CFU count, without any adverse effect on the viability of cells
(Figs 1A,B and 2A,B). Moreover, when these nitrite-treated bacilli were inoculated into nitrite-free media, there
was no growth on both the Dubos broth and agar plate. Thus, it can be concluded that nitrite restricts the growth
of MTB bacilli, probably shifting it to a noncultivable state. Owing to the similarity of nitrite-treated MTB cells
to the bacilli isolated from patients with TB>” and infected animals, a comprehensive study of these forms will be
important to elucidate the molecular mechanisms that underlie the development and maintenance of nonrepli-
cating persistence of mycobacteria.

Furthermore, development of antibiotic resistance is associated with the loss of acid fastness. For example,
INH treatment impacts cell wall biosynthesis, a process that is inactive in dormant cells®®. As a result, cells in all
dormancy models are expected to be characterized by their resistance to INH. Moreover, most of the dormancy
models demonstrated significant susceptibility to RIE In our study, under nitrite stress, nearly all of the MTB cells
with lipid droplets failed to show acid-fast staining and developed phenotypic antibiotic resistance during the
development of dormancy (Figs 4 and 5).

Global changes in the gene expression level occurred in nitrite-induced dormant MTB. As reported earlier,
we found a similar shift in metabolism from the available set of genes and proteins when compared between the
active and dormant states®1%-¢33 (Table 2, Fig. 7).
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Figure 7. Effect of nitrite on the metabolic pathways of MTB. Nitrite affects the metabolic pathways of MTB.
Nitrite treatment given for one (1), three (1), and six () days alters the metabolic pathways, which is shown in
the figure. The figure shows the upregulation and downregulation of genes involved in the marked pathway.

From the first day of nitrite treatment, genes involved in fatty acid degradation were upregulated and
fatty-acid-synthesis-related genes were downregulated. This indicates that cells shifted from glucose to lipids for
an energy source and confirms the previous evidence*. Genes encoding proteins such as the ABC transporter
and ATP binding protein were downregulated on day 6. Four genes encoding dehydrogenases were upregulated,
which are required to maintain the NADH pool under dormant conditions®.

The 34 genes involved in DNA replication, transcription, ribosome assembly, translation, and purine and
pyrimidine metabolism were downregulated after day 3 of nitrite exposure. Thus, it is very clear that the cell was
investing minimum energy for cell division/replication®.

During the transition to the NC state, some genes like hsp, Rv0440, Rv3417c, sigG, and sigE, used as markers
of stress conditions, were induced in the presence of nitrite. dosR-regulon gets induced under dormant condi-
tions, but recently it was reported that it acts as a regulator of oxygen tension and gets induced under hypoxia
conditions'**.

The wag31 gene, member of the nrdHIEF operon genes, involved in the oxidative stress response of MTB,
also protects cells from ROS and regulates the cell morphology of bacteria. It was observed that transmembrane
proteins were upregulated after nitrite treatment, which may be involved in the change in morphology of bacteria
during the transition from the active to the dormant state®>!,

Transcriptional regulators (nine genes) and members of a two-component system (six genes) were differen-
tially expressed in response to nitrite exposure. These proteins are involved in many cellular functions, such as the
control of multidrug efflux pumps; pathways for the biosynthesis of glyoxylate shunt; and responses to osmotic
stress, environmental stimuli, oxidative stress, and toxic chemicals, and are involved in the transition of cells from
the active to the dormant state. Thus, these factors could lead us to understand the signaling processes that are
necessary for survival under stress conditions.

Redox-sensitive proteins, namely, ferredoxin, thiosulfate sulfur transferase, and methyl transferase, which
maintain cellular redox homeostasis, were found to be downregulated®®. All of these results showed that the bacilli
possess a well-equipped machinery to survive under stress conditions. From the transcriptional study of our
model and other models, some common genes were pinpointed in Table 3, which may play an important role in
the survival of NC bacteria. These genes can be further studied as good drug targets against latent MTB.

In summary, exposure of cells to nitrite-induced noncultivable dormancy. Moreover, noncultivability was
well achieved in our nitrite-induced dormant culture. The rapid noncultivability and dormancy phenotype in
nitrite-treated MTB bacilli could characteristically make it one of the most favored dormancy models because
of its very similar characteristics to those of cells obtained from clinical samples. This finding could be useful in
designing new in vitro and in vivo models for studying latency and screening of potent and specific therapeutic
agents against TB. The major advantage of using a nitrite-induced dormant culture is that a large amount of non-
cultivable cells can be obtained within a short period of time using this robust protocol. In addition, this report
mainly helps understand the metabolic shift that occurs during the dormancy of tubercular bacilli. Thus, the
presence of nitrite in the medium could act as an extracellular robust inducer of noncultivable dormancy in MTB.
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Materials and Methods

Organism and media used. MTB strain H37Ra was a gift from AstraZeneca, Karnataka, India. All chemi-
cals were purchased from Sigma (USA), unless otherwise mentioned. MTB was cultured in a Mycobacterium phlei
medium containing 0.5 g of potassium dihydrogen orthophosphate, 0.25 g of sodium citrate, 60 mg of magnesium
chloride, 0.5 g of asparagine, and 2% (v/v) glycerol in 100 mL of distilled water at pH 6.6 & 0.2. The stock culture was
maintained at —70°C and subcultured once in a liquid medium before inoculation into an experimental culture.

Cultivation of aerobic bacilli.  For aerobic cultivation, bacterial cultures were grown in a 30 mL defined medium
ina 100mL flask under aerobic conditions in a shaker incubator (Model 481; Thermo Electron Corporation, Waltham,
MA, USA) maintained at 150 rpm and 37 °C until the logarithmic phase (ODs;, ~ 1.0) was reached.

Growth kinetics of MTB in the presence of nitrite. Different concentrations (5, 10, 15, and 20 mM) of
nitrite were added when the cell ODy,, reached 0.3, and its effect on growth was monitored by reading the absorb-
ance of the culture at 620 nm as well as by counting the CFU.

Estimation of the cell viability assay. Viability was measured using a live-dead (BacLight) staining kit
(Molecular Probes, Eugene, OR, USA) following the manufacturer’s instructions. The assay utilizes a mixture of
SYTO 9 green fluorescent nucleic acid stain and red fluorescent nucleic acid stain, propidium iodide (PI). SYTO
9 stains both live and dead cells having an intact or damaged membrane, whereas PI stains dead cells or dying
cells. Briefly, log-phase cells were grown in a M. phlei medium up to an optical density of 0.2 (620 nm) and treated
with nitrite at different concentrations (10, 15, and 20 mM). The samples (200 uL) were incubated with SYTO 9
(5.1uM) and PI (80 uM) for 15 min. Fluorescence was scanned, keeping excitation fixed at 488 nm, with emission
spanning from 490 to 700 nm. In addition to this, cells treated with nitrite (10 mM) were further used for imaging
analysis. The cells were first washed with phosphate-buffered saline and suspended in a fresh medium. A smear
was then prepared with 10 uL of cell suspension on a grease-free slide, and a fluorescence image was taken using
an EVOS microscope (Life Technologies, Darmstadt, Germany). Standardization of both the dyes and the expo-
sure time was performed with respect to 100% live and 100% dead MTB cells. (Fig. S2). Representative data for
INH killing is provided in the Supplementary Data (Fig. S3).

Sample preparation for SEM. SEM of MTB cells was carried out with some modifications in the estab-
lished protocol®. Microscopy was performed with a Zeiss Supra 55VP microscope (Carl Zeiss, Oberkochen,
Germany). Secondary electron microscopic images were taken at low electron energy at 15kV.

Acid-Fast staining. The Auramine O stain was used in combination with Nile Red (9-diethylamino-
5H-benzo[a]phenoxazine-5 -one) to detect the acid-fast property of cells by following an earlier established
protocol®.

Extraction of RNA from MTB for microarray analysis. RNA isolation from nitrite-treated and non-
treated bacilli was performed at different time points using the TRIzol method®*. Genes with >2 fold change and
p-value <0.05 (i.e., 95% data confidence interval) were considered to be significantly up- or downregulated.

Microarray data processing. In order to study the gene expression profile of nitrite-treated MTB, we
availed the services of Genotypic India, Pvt., Ltd. RNA was used as a starting material, and samples (nitrite-treated
and nontreated) were processed independently in duplicate. Total RNA was isolated using Qiagen’s RNeasy
Minikit (Cat. #74104). From the total RNA (1 pg) extracted, 50 ng/uL RNA was further processed for microarray
analysis. Single color labeling was performed, and an 8 x 15k array chip was used. Briefly, the RNA isolated from
the samples was converted into cDNA and then into c-RNA with a Cy3-labeled probe using Agilent Quick Amp
labeling kit. The random hexamer method of labeling was performed, followed by T7 promoter based linear
amplification to generate labeled c-RNA (one-color microarray-based gene expression analysis). 600 ng of c-RNA
was used for one array. For hybridization, Agilent in situ hybridization kit (part number 5188-5242) was used.
RNA quality was checked using a bioanalyzer, which is a chip-based capillary electrophoresis machine. Probes
were spotted on glass slides (eight arrays on one glass slide; each array has 60k probes). After hybridization, the
slides were scanned using an Agilent microarray scanner and raw data were extracted using the Agilent Feature
Extraction Software. Raw data were then used in GeneSpring GX 12.0 software for normalization by the percen-
tile shift normalization method. Data were filtered on the basis of fold change in nitrite-treated cells as compared
to untreated cells. Genes with > 1.5 fold change and p-value <0.05 (i.e., 95% data confidence interval) were con-
sidered to be significantly up- or downregulated. Data obtained from the series of microarray experiments were
analyzed using mainly three bioinformatics tools: Database for Annotation, Visualization and Integrated
Discovery (DAVID), KEGG pathway and Cytoscape, and TB Database (http://www.tbdb.org/). Using DAVID and
KEGG, a functional analysis of differentially expressed genes (GO analysis) along with the analysis of signaling
pathways was performed. These differentially expressed genes were compared with different dormancy models of
H37Rv strain.

Real-Time PCR/qPCR Study. For qPCR, 1pg of total RNA was reverse-transcribed to cDNA using
a single-strand synthesis kit (Sigma) as per the manufacturer’s instructions. qQPCR was carried out using a
QuantiTect SYBR Green PCR kit as per the manufacturer’s instructions. Gene-specific primers were used as
mentioned in Table S7, where their respective amplification conditions are also mentioned. The transcript levels
between various RNA samples were normalized using sigA. The experiments were carried out in triplicate for
each time point.
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