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ABSTRACT Bacterial persisters are a subpopulation of cells that can tolerate lethal
concentrations of antibiotics. However, the possibility of the emergence of geneti-
cally resistant mutants from antibiotic persister cell populations, upon continued ex-
posure to lethal concentrations of antibiotics, remained unexplored. In the present
study, we found that Mycobacterium tuberculosis cells exposed continuously to lethal
concentrations of rifampin (RIF) or moxifloxacin (MXF) for prolonged durations
showed killing, RIF/MXF persistence, and regrowth phases. RIF-resistant or MXF-
resistant mutants carrying clinically relevant mutations in the rpoB or gyrA gene, re-
spectively, were found to emerge at high frequency from the RIF persistence phase
population. A Luria-Delbruck fluctuation experiment using RIF-exposed M. tuberculo-
sis cells showed that the rpoB mutants were not preexistent in the population but
were formed de novo from the RIF persistence phase population. The RIF persistence
phase M. tuberculosis cells carried elevated levels of hydroxyl radical that inflicted ex-
tensive genome-wide mutations, generating RIF-resistant mutants. Consistent with
the elevated levels of hydroxyl radical-mediated genome-wide random mutagenesis,
MXF-resistant M. tuberculosis gyrA de novo mutants could be selected from the RIF
persistence phase cells. Thus, unlike previous studies, which showed emergence of
genetically resistant mutants upon exposure of bacteria for short durations to sublethal
concentrations of antibiotics, our study demonstrates that continuous prolonged expo-
sure of M. tuberculosis cells to lethal concentrations of an antibiotic generates antibiotic
persistence phase cells that form a reservoir for the generation of genetically resistant
mutants to the same antibiotic or another antibiotic. These findings may have clinical
significance in the emergence of drug-resistant tubercle bacilli.
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Antibiotic persister cells constitute a subpopulation of bacteria that can tolerate
lethal concentrations of antibiotic and give rise to antibiotic-sensitive bacteria

upon its withdrawal (1). Reintroduction of a lethal concentration of the antibiotic would
again enrich the antibiotic-tolerant persister population (2). Thus, antibiotic persister
cells essentially would always remain tolerant in the continued presence of lethal
concentrations of the antibiotic. They are believed to arise stochastically or determin-
istically through phenotypic variation against lethal concentrations of antibiotics (3–6).
Several mechanisms, which include expression of toxin-antitoxin systems, generation of
reactive oxygen species (ROS), and stochastic changes in gene expression, have been
proposed as reasons for the formation of antibiotic persister cells (4, 5, 7, 8). Due to
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antibiotic tolerance, bacterial persister cells are believed to be the major reason for the
recalcitrance of infection, with the requirement for an extended antibiotic regimen in
many chronic infections, like tuberculosis (TB).

The presence of persistent populations of tubercle bacilli had been documented
about a century ago in TB patients, in the autopsy samples of lung and lymph nodes
from humans who died of reasons other than TB, and in animal models during the latter
half of the last century (reviewed in references 9 and 10). Sputum and blood samples
from TB patients under treatment and with destructive cavities in the lungs showed the
presence of persistent tubercle bacilli (11–15). Among the animal models, Mycobacte-
rium tuberculosis persister cells have been found against anti-tuberculosis drugs in the
lungs and spleen of mice (16–20), guinea pigs (21–27), macrophages (28, 29), in vitro
cultures (30–32), and the environment (33). These antibiotic persister cells from human
tissue samples and the animal models could be cultured to get an infectious, drug-
susceptible population of tubercle bacilli (13, 18, 19, 34). Thus, the phenomenon of
persistence of M. tuberculosis and other mycobacteria against antibiotics has been
observed in TB patients, animal models, and in vitro systems. Although the persister cell
population was believed to give rise to a drug-sensitive population, the possibility of
the emergence of drug-resistant bacilli from the persister cell population has remained
unexplored.

Generation of drug-resistant and multidrug-resistant (MDR) M. tuberculosis cells
showing resistance to single (drug-resistant) and multiple antibiotics, such as rifampin
(RIF) and isoniazid (INH) (i.e., MDR), is one of the major challenges faced in the
treatment of tuberculosis. M. tuberculosis is known to attain resistance to most of the
drugs used for the treatment of tuberculosis (35). The emergence of M. tuberculosis
strains that are resistant to rifampin, isoniazid, and any fluoroquinolone and to at least
one of the three injectable second-line drugs (i.e., amikacin, kanamycin, or capreomy-
cin), which are called extensively drug-resistant TB (XDR-TB) mutants, has also been
reported (36). According to the recent WHO report on TB, 20% of the retreatment cases
harbor MDR-TB, in contrast to 3.3% of new cases (36, 37). It has been demonstrated for
Escherichia coli, Staphylococcus aureus, and Pseudomonas aeruginosa that sublethal
concentrations of antibiotics can cause the emergence of antibiotic-resistant mutants
through the generation of reactive oxygen species (ROS) (38–41), in addition to several
other modes of generation of antibiotic resistance in M. tuberculosis (42) and other
bacteria (43). Although the mechanisms by which M. tuberculosis gains resistance
against antibiotics is known, the causes underlying these mechanisms need further
investigation, which will have significance in the clinical scenario of the emergence of
antibiotic-resistant strains of tubercle bacilli in patients who do not follow a complete
regimen of treatment.

Since the incidences of MDR-TB are found largely in the retreatment cases, wherein
the patients might not have complied with the treatment regimen, it is possible that
the antibiotic persister cells have a role in generating the antibiotic-resistant mutants.
Also, since TB treatment involves a prolonged regimen, it may be relevant to find out
whether antibiotic-resistant mutants can emerge from the antibiotic persister cell
population in the continued presence of lethal concentrations of antibiotics. In this
regard, it has been postulated that the antibiotic persister cells could behave as an
evolutionary reservoir for the emergence of antibiotic-resistant mutants (2). In line with
these possibilities, in the present study, we investigated whether antibiotic-resistant
mutants of M. tuberculosis could emerge de novo from the antibiotic persister cell
population upon prolonged exposure of the bacilli to lethal concentrations of RIF and
moxifloxacin (MXF). Consistent with this hypothesis, we found de novo emergence of
mutants genetically resistant to both antibiotics at high frequency from the persistence
phase of M. tuberculosis cells exposed to RIF for prolonged periods. The M. tuberculosis
cells in the RIF persistence phase were found to be carrying elevated levels of hydroxyl
radical, which inflicted genome-wide mutations. This facilitated isolation of mutants
genetically resistant to the same antibiotic (RIF) or another antibiotic (MXF). Thus, the
present study reveals that M. tuberculosis bacilli that are resistant to antibiotics can
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emerge from the persistence phase cells formed in response to prolonged exposure of
the cells to lethal concentrations of the antibiotics.

RESULTS
M. tuberculosis cells exposed to lethal concentrations of RIF showed killing,

persistence, and regrowth phases. In order to expose M. tuberculosis cells to RIF, we
first determined the minimal bactericidal concentration (MBC) of RIF, which was
defined as the lowest concentration of the antibiotic in the medium that decreased the
bacterial population by 2 log10 or more after 6 days of incubation (28). By this
definition, the 1� MBC for RIF against the M. tuberculosis cells was found to be 0.1
�g/ml (see Fig. S1 in the supplemental material). Three independent cultures (R1, R2,
and R3, which are biological replicates) of M. tuberculosis cells were exposed to 1 �g/ml
(10� MBC) and 2 �g/ml (20� MBC) of RIF for 18 days under shaking conditions at 37°C.
From day 0 onwards, different dilutions of the cultures (after washing the cells) were
plated on RIF-free plates and undiluted culture on RIF-containing (5 �g/ml, 50� MBC)
plates and incubated in a CO2 incubator at 37°C until colonies appeared. The colonies,
which sometimes took 2 to 3 months to appear, were counted and the CFU per milliliter
was determined from the RIF-free and RIF-containing plates.

The CFU profile of the M. tuberculosis cells on the RIF-free plate from the R1, R2, and
R3 cultures, upon exposure to 1 �g/ml (10� MBC) of RIF for 18 days under shaking
conditions at 37°C, showed three distinct phases (Fig. 1A, red line). The first phase, from
day 0 to day 10 of exposure, was characterized by a steady and steep decrease of about
a 5-log10 reduction (from about 108 to 103) in CFU (Table S3). This phase was called the
killing phase due to the drastic decrease in the CFU. The killing phase was followed by
a phase (from day 10 to day 15) without any appreciable change in the CFU, which was
maintained at about 103 to 104 CFU/ml (Fig. 1A, red line; Table S3). We called this the
RIF persistence phase, since the cells were found to persist against a lethal concentra-

FIG 1 RIF susceptibility profile of M. tuberculosis cells during extended exposure to lethal concentrations
of RIF. (A) RIF susceptibility profile of M. tuberculosis cells exposed to 1 �g/ml (10� MBC) RIF for 18 days
when plated on RIF-free plates (●; red line). The CFU of the cells on RIF-containing (50� MBC) plates (�;
green line) and the concentration of RIF during the course of the experiment (right y axis; Œ; blue line)
are shown. (B) RIF susceptibility profile of M. tuberculosis cells exposed to 2 �g/ml (20� MBC) of RIF (●;
red line) and concentration of RIF during the course of the experiment (right y axis; Œ; blue line).
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tion of RIF, as determined in previous studies (9–34). Although the concentration of RIF
was found to decrease slowly and steadily over 18 days, about 8� to 6� MBC of RIF
was still present during the RIF persistence phase (Fig. 1A, blue line). The RIF persistence
phase was followed by a phase (from about day 15 to day 18) showing a notable
increase in the CFU on RIF-free plates (Fig. 1A, red line). This third phase was called the
regrowth phase, as there was an increase in the CFU, from about 104 to 106 CFU/ml, on
RIF-free plates (Fig. 1A, red line). The increase in the CFU, when plated on RIF-free
plates, was contributed by the cells that were surviving under the lethal concentration
of about 4� to 2� MBC of RIF (0.4 to 0.2 �g/ml; Fig. 1A, blue line) during the regrowth
phase.

Exposure of M. tuberculosis culture, generated from a single RIF-sensitive colony, to
a higher concentration of 2 �g/ml of RIF (20� MBC) also gave a similar triphasic profile
of the bacterial response to the antibiotic (Fig. 1B, red line). Here also, the killing phase
showed about a 5-log10 reduction (from 108 to 104) in the CFU up to about day 12,
when the RIF concentration declined from 20� MBC to 12� MBC (Fig. 1B, blue line).
The killing phase was followed by the RIF persistence phase from day 12 to day 16 (Fig.
1B; Table S4). Here, the CFU did not show appreciable change, and it was maintained
at about 103 to 104 CFU/ml (Fig. 1B, red line). A high concentration of about 1.2 to 0.8
�g/ml RIF (12� to 8� MBC) was still present during this phase (Fig. 1B, blue line). The
regrowth phase, showing an increase in the CFU (on RIF-free plates), was found from
about day 16 to day 20 (Fig. 1B, red line). The RIF concentration was still 9� to 7� MBC
during this phase (Fig. 1B, blue line). Thus, it may be noted that the increase in the CFU
on RIF-free plates was given by the population that was surviving under the lethal
concentration of 9� to 7� MBC during this phase.

The 10� MBC of RIF ensured that a microbicidal concentration (4� to 2�) of the
antibiotic always remained in the medium, even during prolonged exposure of the cells
for 18 to 20 days (Fig. 1A and B). The continuous presence of such high concentrations
of RIF for prolonged durations in the liquid culture was maintained to find out whether
RIF-resistant mutants could emerge when exposed to lethal concentrations of the
antibiotic. Otherwise, the RIF concentration would have declined to sublethal levels,
where the possibility of ROS generation and consequential mutagenesis would have
occurred, as reported previously (38–41). The use of 5 �g/ml of RIF (50� MBC) on the
agar plate selected genuine RIF-resistant mutants, as most of the RRDR mutations
impart a high level of RIF resistance to M. tuberculosis (44, 45). Also, such a high MBC
of RIF was used to avoid any possible reduction in the RIF levels during the course of
long incubation periods of 2 to 3 months on agar plates.

Emergence of RIF-resistant M. tuberculosis mutants from the RIF persistence
phase cells. While the CFU on RIF-free plates did not show appreciable change during
day 10 to day 15, a period that spanned the RIF persistence phase, plating of the
RIF-exposed cultures on 50� MBC RIF plates from day 0 to day 18 showed about a
2-log10 increase in the CFU only during the persistence phase (Fig. 1A, green line). On
RIF plates, the increase in the CFU of the cells from the RIF persistence phase indicated
the emergence of RIF-resistant mutants (Fig. 1A, green line). These RIF-resistant cells
constituted, for example, only about 27.45%, 15.80%, and 39.25% of the day 14 RIF
persistence phase cultures of R1, R2, and R3 samples, respectively (Table S5). Similarly,
while 27.45% of the cells from the day 14 R1 culture could form colonies on 50� MBC
RIF plates, only 10.50% and 3.39% of the cells from day 12 and day 13 of the RIF
persistence phase of R1 culture could form colonies (Table S5). From some days’ RIF
persistence phase cultures, colonies grew on RIF-free plates but not on 50� MBC
RIF plates, while from some other days’ cultures colonies grew in the 50� MBC plates
but not in the RIF-free plates (Table S5; see Discussion for explanation). The emergence
of different proportions of RIF-resistant colonies on 50� MBC RIF plates from the three
RIF persistence phase cultures of the same day or from the same culture on different
days showed that different proportions of the RIF persistence phase cells might have
gained RIF resistance on different days of the RIF persistence phase. These observations
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suggested that the emergence of RIF-resistant mutants occurs in the RIF persistence
phase.

From the regrowth phase of day 15 to day 18, where the cells were surviving in the
presence of a RIF concentration of about 4� to 2� MBC in liquid culture (Fig. 1A, blue
line), the CFU of the cells on the 50� MBC plates were low, showing low levels of
emergence of RIF-resistant mutants (Fig. 1A, green line). For instance, only 0.68% of the
day 16 R2 culture, 7.67% and 12.1% of the day 17 R1 and R3 cultures, and 1.69% of the
day 18 R3 culture formed colonies on 50� MBC RIF plates (Table S5). At the same time,
on RIF-free plates, the cells from the cultures of day 15 to day 18 showed about a
2-log10 increase (104 to 106) in CFU (Fig. 1A, red line). This indicated that these cultures
contain RIF persistence cells that had not yet gained resistance and RIF-resistant cells
with various MICs, as reported previously (46), which could tolerate the concentration
of RIF in the culture. On the contrary, on the 50� MBC RIF plate only those resistant
cells capable of tolerating such a high concentration of RIF would have grown to form
colonies. Thus, the differences in the CFU of the regrowth-phase cells on 50� MBC RIF
and RIF-free plates indicated that these cultures contain different proportions of
low-MIC, RIF-resistant cells and the cells that had not gained RIF resistance, with both
contributing to the CFU on RIF-free plates.

M. tuberculosis cells exposed to lethal concentration of MXF also showed
killing, persistence, and regrowth phases. A triphasic response, similar to that shown
by the M. tuberculosis cells exposed to 10� MBC of RIF, was shown by the M.
tuberculosis cells in the three independent cultures exposed to the continued presence
of lethal concentrations of MXF (1 �g/ml; 2� MBC) (Fig. S2) (47). The CFU, as deter-
mined by plating on MXF-free plates, declined drastically up to day 10 of the exposure,
indicating the killing phase (Fig. S2, red line, and Table S6). From day 10 to day 16 of
the exposure, the CFU in the MXF-free plate was found more or less unchanged (Fig.
S2, red line, and Table S6), although the MXF concentration continued to be about 1.5�

MBC (Fig. S2, blue line). This indicated the MXF persistence phase. As in the case of
RIF-exposed cells, from day 16 to day 18, when the cells were surviving under about 2�

MBC of MXF, the CFU on MXF-free plates was found to increase. This was the regrowth
phase of the culture. A high MBC of MXF was used in the cultures and on the plate for
the same reasons as those mentioned in the case of RIF.

Emergence of MXF-resistant M. tuberculosis mutants from the MXF persistence
phase cells. The MXF-exposed cultures from day 0 to day 18, when plated on 4� MBC
MXF plates, showed an increase in the CFU from about day 12 until almost day 16 that
spanned the MXF persistence phase (Fig. S2, green line, and Table S7). The increase in
the CFU indicated the emergence of MXF-resistant mutants (Fig. S2, green line). These
MXF-resistant cells constituted, for example, about 20%, 10%, and 80% (which later
became 145% due to more colonies that emerged after 4 months postplating) of the
day 15 cultures of M1, M2, and M3 samples, respectively (Table S7). Similarly, 4.17% of
the cells from day 12 and 20% and 60% of the cells from days 15 and 16 of M1 culture
from the MXF persistence phase formed colonies on 4� MBC MXF plates (Table S7).
From some other days’ cultures in the MXF persistence phase, colonies could be
obtained only on the 4� MBC plates but not on the MXF-free plates and vice versa
(Table S7; see Discussion for explanation). Thus, as in the case of RIF persistence phase
cultures, different proportions of 4� MBC MXF-resistant cells were observed from
different days’ (day 12 to day 16) cultures and from the same day of the three MXF
persistence phase cultures.

However, the cells from the regrowth phase (day 16 to day 18), which were surviving
in the presence of about 2� MBC MXF in liquid culture (Fig. S2, blue line), showed only
a marginal increase in the CFU on the 4� MBC MXF plates, indicating the continued but
low level of emergence of MXF-resistant mutants (Fig. S2, green line, and Table S7). For
example, about 14.67% and 53.33% of the cells from the M1-17 and M3-17 cultures,
14.64% of M1-18 cultures, and 39.1% of M2-18 cultures formed colonies on 4� MBC
MXF plates (Table S7), whereas on MXF-free plates, the cells from the regrowth phase
showed about a 2-log10 increase (102 to 104) in the CFU (Fig. S2, red line). Thus, the
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differences in the CFU of the regrowth-phase cells on 4� MBC MXF and MXF-free plates
implied the existence of different proportions of MXF-resistant cells with different MICs
and MXF-tolerant persisting cells.

M. tuberculosis RIF-resistant mutants emerging from the RIF persistence phase
cells had mutations at the RRDR of the rpoB gene. Mutations in the rifampin
resistance-determining region (RRDR) of the rpoB gene are known to confer resistance
to high concentrations of RIF (48–51). Sixteen RIF-resistant mutants isolated from the
RIF persistence phase of the R1, R2, and R3 cultures (day 12 samples of R1 and R2 and
day 13 samples of R3) and grown in 50� MBC RIF medium showed mutations in the
RRDR of the rpoB gene (Fig. 2). Five different kinds of mutations could be observed
among the 16 different isolates, at the nucleotide locations 968, 1333, and 1349 of the
rpoB gene (numbering based on M. tuberculosis sequence). These mutations involved
C¡T or C¡G changes, resulting in Thr323-Met, His445-Asp, His445-Tyr, Ser450-Leu, and
Ser450-Trp changes in the amino acids (Fig. 2). The C¡T change at the 968th nucleotide
position constituted 6.25% of the mutations (not shown in the schematic diagram, as
it is outside the RRDR of the rpoB gene). These specific mutations have been reported
in the rpoB gene of the RIF-resistant M. tuberculosis isolates from TB patients in different
countries (52–59). Thus, the RIF-resistant mutants isolated from the RIF persistence
phase were genetically resistant mutants and not phenotypically resistant cells. Inci-
dentally, the C¡T or C¡G changes indicated that the mutations were brought about
by oxidative stress (60, 61) within the cells.

M. tuberculosis RIF-resistant mutants were not preexisting but were formed de
novo. Although the triphasic response of the bacilli to RIF showed the emergence of
RIF-resistant mutants, it was not clear whether they emerged de novo from the killing
or RIF persistence phase or from the preexisting and probably slow-growing mutants
in the population. In order to resolve these possibilities, a Luria-Delbruck (LD) fluctu-
ation test (62) was performed in a modified format. Since the kind of mutations
obtained indicated that they were oxidative stress driven (60, 61), the emergence of
RIF-resistant mutants was monitored in the LD experiment in the absence and presence
of thiourea (TU), which is a hydroxyl radical quencher (63). RIF-resistant colonies could
be observed in the 10 individual cultures (not exposed to TU), specifically from the RIF
persistence phase from day 10 of the exposure onwards on almost all days (Fig. 3A).
While the natural frequency of RIF resistance in M. tuberculosis mid-log-phase cells was
determined to be (5.51 � 3.34) � 10�9, the frequency of emergence of RIF-resistant
mutants from the RIF persistence phase was found to be (8.92 � 0.12) � 10�4, which
is about 5-log10 higher in magnitude (Fig. 3A). This clearly indicated that the mutants
have been generated de novo from the RIF persistence phase cells.

On the contrary, only a few RIF-resistant colonies were observed in the TU-exposed
samples from the RIF persistence phase (Fig. 3B). Accordingly, the frequency of gen-
eration of RIF-resistant mutants in the presence of TU was (2.28 � 3.58) � 10�5, which
was about 40-fold less than the frequency of generation of RIF-resistant mutants in the
absence of TU [(8.92 � 0.12) � 10�4] (Fig. 3B). This indicated the involvement of
hydroxyl radical in the generation of RIF resistance mutations. However, interestingly,
the RIF susceptibility kinetics of the TU-exposed and the TU-unexposed cultures from
the RIF persistence phase were comparable (Fig. 3C). These comparable kinetics of RIF
susceptibility and the TU sensitivity in the emergence of RIF-resistant mutant popula-
tions from the RIF persistence phase cultures (Fig. 3A, B, and C) showed that the
RIF-susceptible population might be those cells that had not yet incurred mutations in
the rpoB gene. The consistent emergence of only a certain proportion of the RIF
persistence phase population as RIF-resistant mutants supports this inference. From the
RIF persistence phase, the TU-exposed cells formed small-size colonies with delay,
unlike the cells not exposed to TU.

Fluctuation in the number of RIF-resistant mutants emerging from the different
individual cultures on different days and from different cultures on the same day during
the RIF persistence phase indicated that the mutants were formed de novo indepen-
dently from the persistence phase and that they were not preexistent in the culture.
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While the low numbers of resistant mutants during the initial period of the persistence
phase suggested their de novo generation, the high numbers of resistant mutants at
later periods during the persistence phase also indicated de novo generation and
subsequent multiplication of the resistant mutants that arose earlier. All 21 mutants
isolated from the different cultures from different days of exposure to RIF in the LD
experiment showed point mutations at the RRDR of the rpoB gene (Fig. 4). Most of the
mutations were present at four specific nucleotide positions in the rpoB gene (1295,
1333, 1334, and 1349), with C¡T, C¡G, A¡T, or A¡G changes, yielding six different
types of amino acid changes (Gln432-Leu, His445-Arg, His445-Asp, His445-Tyr, Ser450-Leu,

FIG 2 Schematic diagram of the RRDR of the rpoB gene and the list of mutations found in M. tuberculosis colonies isolated from
the persistent phase of RIF treatment. (A) Genetic map of the RRDR of rpoB, with the location of the mutations found in
RIF-resistant mutants obtained from the persistence phase during prolonged exposure of M. tuberculosis cells to RIF. The
different-colored stars represent different kinds of mutations, and the number within the parentheses shows the percentage
of that kind of mutation. The nature of the nucleotide changes are indicated. (B) The list of RIF-resistant mutations selected
from the RIF persistence phase from three independent cultures (R1, R2, and R3) during RIF treatment. The letter “B” indicates
the batch of the colony on the plate (batchwise colony formation was observed on the agar plate during the persistent phase,
reflecting their growth rate, and the colonies formed at a given time were considered a batch). Five different kinds of
mutations detected (Ser450-Leu, Ser450-Trp, His445-Asp, His445-Tyr, and Thr323-Met) in the RRDR of the rpoB gene are indicated.

Drug-Resistant Mutants from Persister Phase Population Antimicrobial Agents and Chemotherapy

February 2017 Volume 61 Issue 2 e01343-16 aac.asm.org 7

http://aac.asm.org


and Ser450-Trp). Identical mutations have been found in the RIF-resistant mutants of
virulent M. tuberculosis cells isolated from TB patients from different countries (52–59),
indicating their clinical relevance. Further, the reduction in the emergence of RIF-
resistant mutants in the presence of the hydroxyl radical quencher TU indicated the
involvement of hydroxyl radical, a potent mutagen (64), in the generation of the
mutations. Since the emergence of the RIF-resistant mutants was found in the RIF
persistence phase, it was likely that the mutations were inflicted by hydroxyl radical
during the RIF persistence phase of the cultures. Therefore, we examined the RIF
persistence phase intact cells and their lysates for the presence of hydroxyl radical.

High levels of hydroxyl radical in the RIF persistence phase M. tuberculosis cells
and cell lysates. We used electron paramagnetic resonance (EPR), which is the gold
standard method for the measurement of hydroxyl radical (65, 66), to determine and
quantitate the levels of hydroxyl radical in the RIF persistence phase cells, in the
absence and presence of TU, in comparison to the hydroxyl radical levels in the

FIG 3 Luria-Delbruck (modified) experiment showing M. tuberculosis RIF-resistant mutant generation and
the response of the bacilli to RIF in the absence and presence of thiourea (TU). RIF-resistant mutant
generation in M. tuberculosis cells upon exposure to RIF in the absence (A) and in the presence (B) of TU.
Yellow coloration represents cultures exposed to TU. The numbers in the red boxes indicate the numbers
of resistant colonies obtained from that particular culture upon plating the cells on 50� MBC RIF plates.
(C) RIF susceptibility kinetics of RIF-exposed M. tuberculosis cells in the absence and presence of TU
during the LD experiment. The right y axis represents the RIF concentration. Additional cultures (2 to 3)
after day 17 of plating were used for RIF assay on day 18, and for this reason results for RIF assay are
shown for 18 days, although the experiment was completed on day 17.

Sebastian et al. Antimicrobial Agents and Chemotherapy

February 2017 Volume 61 Issue 2 e01343-16 aac.asm.org 8

http://aac.asm.org


mid-log-phase cells (not exposed to RIF). Analysis of the lysates of the RIF persistence
phase M. tuberculosis cells, from day 13 of exposure to RIF, showed the characteristic
strong signal specific to 5,5-dimethyl-1-pyrroline N-oxide (DMPO)-OH adduct compared
to that of the mid-log-phase cells (Fig. 5A and B). On the contrary, from the day 13

FIG 4 Schematic diagram of the mutations in the RRDR of rpoB and list of mutations found in colonies isolated from LD
experiment. (A) Genetic map of the mutations in the RRDR of rpoB from mutants isolated from the LD experiment. The
colored stars represent different kinds of mutations, and the number within the parentheses shows the percentage of each
kind of mutation. (B) List of the mutations at the nucleotide and amino acid levels. Six different mutations were detected
(Gln432-Leu, His445-Arg, His445-Asp, His445-Tyr, Ser450-Leu, and Ser450-Trp) in the RRDR of rpoB.
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culture of the RIF persistence phase, the lysates of the cells exposed to the hydroxyl
radical quencher TU (63) did not show the signal (Fig. 5C). The levels of the hydroxyl
radical present in the lysates of the cells from day 13 of the RIF persistence phase was
significantly higher than that found in the lysates of the mid-log-phase control cells
(Fig. 5D). The presence of elevated levels of hydroxyl radical in the RIF persistence
phase M. tuberculosis cell lysates strongly supported the possibility of hydroxyl radical-
mediated generation of RIF-resistant mutations.

Since high levels of hydroxyl radical were detected in the cell lysates, its presence
in the intact cells was determined in the cells from the killing, RIF persistence, and
regrowth phases in comparison to that in the mid-log-phase cells (not exposed to
RIF). Flow cytometry of the cells stained with a hydroxyl radical-specific dye, 3=-(p-
hydroxyphenyl) fluorescein (HPF) (67–69), which is a fluorescein derivative that is
nonfluorescent until it reacts with hydroxyl radical, was used for the determination of
hydroxyl radical in intact cells. Upon oxidation by hydroxyl radical, HPF gains an
excitation maximum of 490 nm and emission maximum of 520 nm (67). The density
plots, the histogram overlay, and quantitation of the fluorescence of equivalent num-
bers of HPF-stained M. tuberculosis cells from the mid-log, killing, persistence, and
regrowth phases showed significantly higher levels of fluorescence in the RIF persis-
tence phase cells than in the cells from the mid-log, killing, and regrowth phases
(Fig. 6). The RIF persistence phase cells showed a clean single peak of fluorescence,
indicating that all of the surviving cells in the persistence phase are carrying elevated
levels of hydroxyl radical. The killing phase cells showed significantly greater fluores-
cence than the mid-log-phase cells (Fig. 6E and F), whereas the regrowth-phase cells,
which would be proliferating like normal cells, irrespective of the presence of RIF,
showed fluorescence comparable to that of the mid-log-phase cells (Fig. 6F). A gradual

FIG 5 EPR spectra of DMPO-OH adduct in the lysates of RIF-exposed M. tuberculosis cells (n � 2). (A to C) Representative EPR profile of
DMPO-OH adduct in the lysates of the mid-log phase (MLP), persister (RIF Per), and TU-treated RIF persister (RIF Per TU) cells. (D) Bar graph
representing the levels of DMPO-OH adduct in the cell lysates of RIF-exposed M. tuberculosis cells in the absence and presence of TU and
of MLP cells (control). An asterisk indicates a P value of �0.05. Statistical significance was calculated using Student’s t test.
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but significant increase in the hydroxyl radical levels was observed during the exposure
of the mid-log-phase cells to 10� MBC RIF in the killing phase, through the RIF
persistence phase, where the fluorescence reached its maximum level, and into the
regrowth phase, where the fluorescence declined to basal levels comparable to that of
the mid-log-phase cells (Fig. 6F and G). The positive correlation of high levels of HPF
fluorescence with the RIF persistence phase cells showed that the generation of
hydroxyl radical was maximum in the RIF persistence phase cells. This correlation was
consistent with the formation of de novo RIF-resistant mutants from the RIF persistence
phase cells in the Luria-Delbruck experiment (Fig. 3A).

High oxidative status of M. tuberculosis cells in the RIF persistence phase. The
presence of elevated levels of hydroxyl radical in the M. tuberculosis RIF persistence
phase cells exposed to lethal concentrations of RIF indicated high oxidative status of
the intracellular environment. We measured the overall oxidative status of the intra-
cellular environment using a reduction-oxidation status-sensitive green fluorescent
protein indicator (roGFP) that is responsive to the redox status of mycothiol (MSH) (70),
which plays a significant role in maintaining the redox status of mycobacterial cyto-
plasm (71–73). Redox-sensitive GFP (roGFP2) has two excitation maxima, one at 405 nm
for the oxidized state and the other at 488 nm for the reduced state (74). The ratio of
the excitation maxima values (405 nm/488 nm) is an indication of the redox status of
the protein. The fusion of mycoredoxin (Mrx1) to roGFP2 reflects the real-time redox
status of roGFP2 in mycobacteria, as previously demonstrated (70).

The mid-log-phase M. tuberculosis cells carrying genome-integrated Mrx1-roGFP2
showed a low ratio of fluorescence corresponding to the 405 nm/488 nm excitation
maxima, indicating a highly reduced environment (Fig. 7A and G). The ratio of fluores-

FIG 6 Flow cytometry analysis of intact HPF-stained M. tuberculosis cells during RIF exposure (n � 3 independent biological samples). Shown are representative
density plots of HPF-stained M. tuberculosis cells from the RIF-unexposed mid-log phase (control) (A), RIF-exposed killing phase (B), day 12 of RIF persistence
phase (C), and regrowth phase (D). (E) Histogram overlay of the HPF fluorescence of the respective density plots. (F) Bar graph representing the average median
HPF fluorescence normalized [HPF median fluo. (Nor.)] to its respective autofluorescence control. (G) The overlay of the HPF fluorescence of the samples from
different days of cell exposure to 10� MBC rifampin on the CFU graph (red line) depicted in Fig. 1A, showing high levels of fluorescence (high levels of OH
radical generation) in the cells during the RIF persistence phase and reduced levels in the killing phase and regrowth phase. The y axis on the left represents
CFU/ml, and the y axis on the right represents normalized median fluorescence of HPF by flow cytometry. An asterisk indicates a P value of �0.05. Statistical
significance was calculated using the paired t test.
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cence corresponding to the 405 nm/488 nm excitation maxima of Mrx1-roGFP2 grad-
ually increased during the period of exposure to RIF, reaching the highest value in the
RIF persistence phase cells, followed by a reduction in the regrowth-phase cells (Fig. 7B
to D and G). The fluorescence ratio of the RIF persistence phase cells was significantly
higher than that of the mid-log-phase cells (Fig. 7G). The histogram overlays of the
roGFP2 fluorescence of the oxidized and reduced forms of Mrx1-roGFP2 showed that
the general oxidative status of the cells in the RIF persistence and killing phases were
comparable and higher than those of the cells in the regrowth and mid-log phases (Fig.
7E, F, and G). Although Mrx1-roGFP2 would be indicative of the overall redox status of
the cells, the relatively high oxidative status of the RIF persistence phase cells correlated
well with the elevated levels of hydroxyl radical in them (Fig. 5 and 6). Thus, the
continued and prolonged exposure to RIF changed the intracellular redox status of the
bacilli to a relatively high oxidized status in the RIF persistence phase cells, which later
returned to a less oxidized status once the cells had acquired RIF resistance and come
out of the persistence phase into the regrowth phase.

Selection of MXF-resistant mutants from RIF persistence phase cells. Since RIF
resistance mutations appeared to have been generated by hydroxyl radical, which is
not a sequence-specific mutagen (75), it was quite possible that the genome incurred
mutations elsewhere as well, besides at the RRDR of the rpoB gene. If this is the case,
then it must be possible to select de novo resistant mutants to other antibiotics as well
from the RIF persistence phase cells. In order to verify this contention, an LD fluctuation
test (62) was performed essentially as mentioned before, except that the RIF-exposed
cells in the presence and absence of TU were plated on MXF plates (MXF, 2 �g/ml; 4�

MBC) (47), in addition to using RIF plates (5 �g/ml; 50� MBC), to score for the resistant

FIG 7 Detection of oxidative stress status in RIF-exposed M. tuberculosis cells using redox-sensitive roGFP2. (A to D) Representative density plots of the flow
cytometry profile of the M. tuberculosis-Mrx1-roGFP2 integrant in the different samples showing redox changes in bacteria during RIF exposure. (E and F)
Corresponding histogram overlay of fluorescence from Mrx1-roGFP2 in the reduced and oxidized states. Ex., excitation. (G) Bar graph showing the ratiometric
changes in the median values of roGFP2 (excitation at 405 and 488 nm) for the same experiment. Double asterisks indicate a P value of �0.01. Statistical
significance was calculated using the paired t test.
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mutants against the respective antibiotic and on antibiotic-free plates to determine
CFU. The LD experiment profile revealed that the MXF-resistant mutants could be
selected from the RIF persistence phase cells (Fig. 8A). The fluctuation in the number of
MXF-resistant colonies from different individual cultures of different days and from
different cultures of the same day revealed their independent de novo generation. The
reduction in the emergence of MXF-resistant mutant colonies in the presence of TU
(Fig. 8B) once again confirmed the involvement of hydroxyl radical in the generation of
the resistant mutants. As in the earlier experiment (see Fig. 3), higher numbers of
RIF-resistant mutants emerged from the TU-unexposed RIF persistence phase cells than

FIG 8 Luria-Delbruck (modified) experiment showing the emergence of RIF-resistant and MXF-resistant
mutants from RIF persistence phase M. tuberculosis cells in the absence and presence of TU. (A and B)
MXF-resistant mutants formed from the RIF persistence phase M. tuberculosis cells in the absence and
presence of TU. The numbers in green boxes indicate the numbers of MXF-resistant mutants obtained
from the respective cultures by plating the cells on a 4� MBC MXF plate. (C and D) RIF-resistant mutants
formed from the RIF persistence phase M. tuberculosis cells in the absence and presence of TU,
respectively. The numbers in the red boxes indicate the numbers of RIF-resistant mutants obtained from
the respective culture.
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from the TU-exposed RIF persistence phase cells (Fig. 8C and D). These observations
were consistent with the contention that genome-wide high levels of random muta-
tions generated by the hydroxyl radical formed in response to exposure to RIF would
facilitate selection of de novo resistant mutants to MXF from the RIF persistence phase
cells.

M. tuberculosis MXF-resistant mutants emerging from the RIF persistence
phase cells had mutation at the QRDR of gyrA. Nine MXF-resistant mutants from the
LD experiment showed a single type of mutation, G¡A at the 280th nucleotide
position, GAC¡AAC, in the gyrA gene, yielding an Asp¡Asn change at the 94th amino
acid position at the quinolone resistance-determining region (QRDR) of gyrA (Table S8).
Earlier studies on MXF-resistant or ciprofloxacin-resistant clinical isolates of M. tuber-
culosis cells with high MBC for MXF or ciprofloxacin have shown an identical
Asp94¡Asn mutation in the gyrA gene (76–82). The frequency of formation of MXF-
resistant mutants from the RIF persistence phase cells was found to be (5.45 � 1.69) �

10�4, which was 4-log10 higher than the natural mutation frequency of 10�8 for M.
tuberculosis cells against fluoroquinolones, as reported by other groups (76, 81, 82).
Such a significant change in the mutation frequency implied the involvement of a
potent mutagen such as hydroxyl radical (64). Although MXF-resistant mutants
emerged from the RIF persistence phase of M. tuberculosis cultures exposed to lethal
concentrations of RIF due to high levels of hydroxyl radical-mediated mutagenesis, the
RRDR of rpoB of the MXF-resistant mutants did not carry any mutation. We did not
screen for the possibility of a RIF- and MXF-resistant double mutant, as the frequency
of generation of such a mutant would be 10�8 since the frequency of generation of the
individual mutants was 10�4 each. Nevertheless, the emergence of RIF-resistant and
MXF-resistant mutants from the RIF persistence phase cells implied that the RIF
persistence phase cells formed upon exposure to lethal concentrations of RIF are a pool
of hydroxyl radical-generated mutants from which mutants resistant to RIF and to other
antibiotics, such as MXF, could be selected.

Whole-genome sequencing of M. tuberculosis RIF-resistant mutants reveals
genome-wide mutations. Selection of MXF-resistant mutants from RIF persistence
phase cells indicated the possibility of mutations at multiple sites in the genome of
persistence phase cells. Therefore, in order to verify whether the RIF persistence phase
cells carry genome-wide mutations, we carried out whole-genome sequencing of four
RRDR-specific mutation-containing RIF-resistant mutants and of the parental wild-type
strain. These mutants were R1-B2-1, R1-B2-4, R2-B1-1, and R3-B1-3, which arose from RIF
persistence phase cells from three independent biological replicate cultures (R1, R2,
and R3) (Fig. 2). Consistent with our premise, whole-genome sequencing showed
extensive mutations throughout the genome (Fig. 9A and Data Set S1) of all of the
RIF-resistant mutants compared to the parental strain. The mutations in the four
RIF-resistant mutants were spread throughout the 4.4-Mbp genome without any
preference for a specific region in the genome (Fig. 9A and Fig. S3 to S6).

Out of the 12 possible base changes, an average of 69% of mutations were A¡C and
T¡G, followed by 25% A¡T and T¡A combined, in all four mutants (Fig. 9B). These
mutations, which together constituted 94% of all of the single-nucleotide polymor-
phisms (SNPs), were characteristic of oxidative stress-induced changes, as reported
earlier (75, 83). The incorporation of 8-Oxo-dGTP against dA during DNA replication can
lead to a specific type of A:T¡C:G base substitution mutation (84). The dGTP in the
nucleotide pool is more highly prone to oxidation by hydroxyl radical than dG in the
DNA. This is the probable reason for the higher level of A:T¡C:G than G:C¡T:A
mutation, which is mediated through 8-Oxo-dGTP incorporation into the DNA. In
addition, the second most prevalent transversion mutation, A:T¡T:A, is also character-
istic of ROS-mediated base substitution mutations, as reported earlier (75).

Forty-nine genes have suffered mutations in all four resistant mutants (Fig. 9C and
Data Set S2). On the other hand, the resistant mutant R3-B1-3 incurred 113 additional
mutations that were not present in the other three mutants (Data Set S3). The different
extents of mutations in different sets of genes of specific pathways or cellular processes

Sebastian et al. Antimicrobial Agents and Chemotherapy

February 2017 Volume 61 Issue 2 e01343-16 aac.asm.org 14

http://aac.asm.org


in the four RIF-resistant mutants (R1-B2-1, R1-B2-4, R2-B1-1, and R3-B1-3) carrying
genome-wide mutations are shown in comparison to the sequence of the parental
strain (Fig. S7). Although these four different RIF-resistant mutants suffered different
extents of mutation (Fig. 9D and Data Set S1), none of these incurred mutations in
either gyrA or gyrB genes for MXF resistance, as they were selected for RIF resistance but
not for MXF resistance. Nevertheless, genome-wide mutations in each of the RIF-
resistant mutants confirmed the occurrence of genome-wide random mutagenesis due
to elevated levels of hydroxyl radical generated upon exposure to lethal concentrations
of RIF.

The RIF-resistant mutants incurred fitness cost. RIF-resistant mutants of M.
tuberculosis have been found to suffer from growth defects which have been attributed
to the fitness cost due to mutations incurred in the rpoB gene (50, 85–89). However,
compensatory mutations in the rpoA and rpoC genes have been found to restore the
normal growth rate of RIF-resistant mutants (87, 88). In order to assess the fitness cost
of the mutations, the growth of the four RIF-resistant mutants (R1-B2-1, R1-B2-4,
R2-B1-1, and R3-B1-3), which incurred four different mutations (H445¡D, H445¡Y,
S450¡L, and S450¡W, respectively; Fig. 2) in the rpoB gene, was compared with that of
the parental strain. The four RIF-resistant mutants showed a compromised growth rate
(Fig. 9E and F) which could be due to the fitness cost imposed by the rpoB mutations,
as reported previously (50, 85–89), and probably also is due to additional genome-wide
mutations in the respective mutants. Among the four RIF-resistant mutants, three
mutants (R1-B2-1, R1-B2-4, and R2-B1-1), which shared mutations in 49 genes, grew
much slower than the parental strain (Fig. 9E and F). R3-B1-3, which incurred 113
additional mutations that were absent from the other three mutants, was the slowest-

FIG 9 Whole-genome sequencing analysis of four RIF-resistant mutants. (A) Overlaid Circos plot of four RIF-resistant mutants showing the genome-wide
mutations with respect to the parental strain. (B) Bar graphs showing the kinds of base substitutions and their percentages in the RIF-resistant mutants,
indicating A:T¡C:G as the most prevalent mutation (69%), followed by the A:T¡T:A (25%) changes. (C) Dot plot representing the position of common mutations
in the four RIF-resistant mutants with respect to the parental strain, showing their independent origin. The y axis represents the position of the mutations, and
the x axis indicates the number of common mutations. (D) Bar graph showing the number of genes mutated in each of the RIF-resistant mutants. (E and F)
Growth curves of the RIF-resistant mutants with respect to that of the parental strain.
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growing mutant among them. The better-growing mutants had H445¡D and S450¡L
mutations, while the much slower-growing mutants possessed H445¡Y and S450¡W
mutations. Thus, while H445¡D and S450¡L mutations did not severely affect growth,
H445¡Y and S450¡W mutations severely affected growth, indicating that the type of
mutations in the rpoB gene also has a role in the fitness cost. Consistent with the slow
growth of these mutants, none of the four mutants incurred compensatory mutations
on other genes, like rpoA or rpoC (data not shown), that otherwise could have restored
normal growth rates to them (87, 88).

DISCUSSION
The triphasic response of M. tuberculosis cells to prolonged exposure to lethal

concentrations of RIF and MXF. Although there have been several studies showing
the presence of antibiotic persister cells in the antibiotic-exposed population of tuber-
cle bacilli in TB patients (9–15), animal models (16–27), infected macrophages (28, 29),
and in vitro cultures (30–32), the possibility of the generation of antibiotic-resistant
mutants from the persistence phase cells remained mostly unexplored or unnoticed.
Prolonged treatment with streptomycin for 6 months or more showed the emergence
of streptomycin-resistant strains in TB patients from whom the M. tuberculosis strains
isolated before treatment were sensitive to streptomycin (90, 91). In a study where
macrophages infected with virulent M. tuberculosis cells were exposed to rifapentine for
28 days, with the antibiotic added on a daily basis to maintain its pharmacokinetics in
the blood, the CFU showed a dramatic decrease in the first 14 days due to killing,
followed by a plateau for about 7 days, probably due to persistence, and a subsequent
increase in spite of high concentrations of the antibiotic (28). The emergence of
antibiotic-resistant mutants in the presence of high concentrations of the antibiotic
might have been one of the contributing factors for the rise in the CFU in these studies
involving exposure of the bacilli to antibiotics for prolonged periods, although this
possibility was not commented upon (28, 90, 91). Thus, the extracellular and intracel-
lular virulent bacilli in TB patients and macrophages also seem to show a triphasic
response to the antibiotics (28, 91). This in turn supports and validates the present
study performed in vitro using the avirulent M. tuberculosis strain. Our studies per-
formed using avirulent M. tuberculosis cells cultured in vitro are also in concurrence with
the recent demonstration of the presence of persistent tubercle bacilli in the Cornell
mouse model exposed to RIF, isoniazid (INH), and pyrazinamide (PZA) for 14 weeks,
wherein the persistent bacilli were suggested to be the cause of the relapse of disease
observed (20). It may be interesting to find out whether the persistent bacilli were the
source for the drug-resistant mutants that might have contributed to disease relapse.

Recently, in chemostats, streptomycin-resistant E. coli cells, carrying mutations in the
rpsL gene, were found to emerge at high frequency after a killing phase and a lull
period from the cultures exposed to increasing concentrations of the antibiotic (92). It
was suggested that these streptomycin-resistant E. coli mutants were preexistent in the
population in the chemostat cultures but came up with higher frequency once the an-
tibiotic-sensitive population became extinct or nearly extinct (92). In this study, the lull
period was observed after the killing phase and was followed by the emergence of
streptomycin-resistant mutants at high frequency. Nevertheless, it might be interesting
to find out whether the lull period prior to the emergence of the mutants at high
frequency was the streptomycin persistence phase and whether the emergence of the
mutants was de novo and due to hydroxyl radical-mediated mutagenesis during the lull
period.

High levels of oxidative stress in RIF persistence phase cells. Gram-negative and
Gram-positive bacteria that were exposed to lethal concentrations of antibiotics have
been found to have a high degree of oxidative stress due to elevated levels of ROS (68,
93–97). M. tuberculosis, which was exposed to 8 �g/ml of RIF but only up to 3 days
(pertaining only to the early part of killing phase) in vitro, showed generation of
hydroxyl radical, the levels of which increased with the increase in RIF concentration
(98). However, our study involving prolonged and continued exposure to RIF showed
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that the levels of hydroxyl radical generation were steadily increasing during the killing
phase, reaching significantly high levels in the RIF persistence phase. The single peak
of fluorescence shown by the RIF persistence phase cells (Fig. 6E) suggested that the
generation of hydroxyl radical was occurring in all surviving cells, but only a proportion
of them undergo hydroxyl radical-mediated mutagenesis (see Table S5). This also ruled
out the possibility of the existence of another subpopulation of preexisting RIF-resistant
mutants of low fluorescence in the persistence phase population. The reduction in the
median value of HPF fluorescence in the regrowth-phase population indicated that
the generation of hydroxyl radical by the RIF-exposed cells occurred only as long as the
antibiotic was able to inflict its action on the cells.

In our study, using multiple approaches, such as EPR, HPF fluorescence, and M.
tuberculosis-Mrx1-roGFP2 integrant cells, we quantitatively validated the presence of
elevated levels of hydroxyl radical and the resultant highly oxidizing environment in the
RIF persistence phase cells, the mutagenic ability of which remains undisputed (99–
101). Earlier studies in other bacteria have also shown that while exposure to hydrogen
peroxide alone brought about a 7-fold increase in the mutation rate due to hydroxyl
radical, the combination of hydrogen peroxide and thiourea reduced the mutation rate
from 7-fold to about 1.5-fold (38). Although the RIF susceptibility kinetics of the
TU-treated and the TU-untreated cultures were comparable (Fig. 3C), there was a
significant delay in colony formation in the case of TU-treated persistence phase cells
on RIF-free and RIF-containing agar plates. In addition, the colonies of the TU-exposed
cells were very small compared to those of the TU-untreated cells, showing their effect
on growth. Further, the nature of the mutations C¡T (60) and C¡G (61), which were
indicative of oxidation-induced changes, and the generation of elevated levels of
mutants from the RIF persistence phase population correlated well with the high levels
of hydroxyl radical production and high oxidation status of the RIF persistence phase
cells.

Recently, it was reported that hydroxyl radicals generated against dual combina-
tions of RIF, INH, clofazimine (CFZ), and ciprofloxacin (CIP) could be used to eradicate
M. tuberculosis persisters (102). The study found that high levels of ROS, which were
formed due to high levels of dissolved oxygen (DO) in the growth medium, led to killing
of the bacilli exposed to dual combinations of those antibiotics over time. When the DO
levels were reduced, the levels of ROS generated were also low, with the concomitant
stabilization of the CFU. Higher levels of DO caused greater reduction in the CFU in all
dual combinations, except in the case of CIP-INH combination against M. smegmatis.
However, none of the other combinations of the antibiotics could completely sterilize
either the M. smegmatis or M. tuberculosis bacilli in the given period of 6 to 8 days, as
the CFU graph showed a plateau (102), probably indicating persistence. Thus, these
observations do not preclude the possibility of the emergence of antibiotic-resistant
bacilli from the persistence phase had the exposure been continued for more days.
Nevertheless, our studies are consistent with these observations, and both studies put
together suggest that even though DO content in the bacillary environment does have
a role in facilitating the decrease in the CFU, after a drastic reduction in the CFU during
the killing phase, the bacilli do get into persistence phase, where a portion of the
persistence phase cells emerge as antibiotic-resistant mutants.

De novo generation of RIF/MXF-resistant mutants. The possibility of the presence
of preexisting mutants was ruled out by the data from the Luria-Delbruck experiment
showing that the RIF/MXF-resistant mutants were formed de novo. Keeping the Luria-
Delbruck plates for 6 months also did not show the emergence of RIF/MXF-resistant
mutants from the early days’ samples, although more colonies came up from the RIF
persistence phase population. Further, the fluctuation in the number of the RIF-
resistant mutant colonies formed, especially from the RIF persistence phase, ruled out
the possibility of the cells in the regrowth phase being the result of catching up of
slow-growing mutants present at very low abundance in the parental population. The
RIF resistance mutation frequency was determined from the CFU obtained from the
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persistence phase in the LD experiment, since de novo formation of RIF-resistant
mutants occurred during early days of the persistence phase (day 10 to day 15). This
would reduce the possibility of counting enriched resistant mutants (due to prolifera-
tion of the mutants) and thereby avoid any overestimation of RIF resistance frequency.
In our attempts to carry out similar experiments with INH, we found that the natural
mutation frequency of M. tuberculosis cells against INH was 10�6 (data not shown), as
reported previously (103). Thus, the level of preexisting INH-resistant mutants would be
high in a mid-log-phase culture and would interfere with the detection of the de novo
generation of INH-resistant mutants. In addition, multiple mechanisms have been cited
for the emergence of INH resistance (104). These features of the response of M.
tuberculosis cells against INH would have complicated the interpretations in terms of
the proportion of the cells that emerged de novo as INH-resistant mutants vis-a-vis the
proportion of the preexisting INH-resistant mutants. Hence, INH was not used in the
present study.

We observed that the bacilli in the RIF persistence phase showed a high frequency
of the emergence of RIF-resistant mutants with respect to the RIF-unexposed actively
growing M. tuberculosis cells. The elevated levels of genome-wide mutations might
account for the high RIF resistance frequency of 10�4 compared to the natural
mutation frequency of 10�9. The high frequency of the emergence of RIF-resistant
mutants in turn correlated well with the elevated levels of hydroxyl radical generation
in these cells. It is possible that in some cases (e.g., 13-R3, 13-R10, and 17-R3, which
were sequenced; Fig. 3 and 4) the culture contained a higher number of mutants,
probably due to enrichment of an already existing mutant. On the contrary, in some
cases we found multiple kinds of RIF-resistant mutants (e.g., 16-R1 and 16-R4, which
were sequenced; Fig. 3 and 4), indicating that they were formed de novo and were not
from an enriched population.

We observed that colony formation after exposure to RIF was delayed (5 to 6 weeks
minimum), especially from the RIF persistence phase compared to the RIF-unexposed
cells (mid-log phase), which usually take 4 weeks to form a visible colony on the plate.
From some samples, colonies have emerged only upon prolonged incubation for 2 to
3 months. There are samples from which we could get colonies on RIF-free plates but
not on RIF-containing plates and vice versa. In addition, there are time points where we
did not find any colonies on RIF-free as well as RIF-containing plates (R1-15 and R2-10
in Table S5). It is interesting that some other day’s samples do not show such problems.
Our study showed that exposure of M. tuberculosis cells to a high MBC of RIF inflicts
severe growth compromise on the cells due to hydroxyl radical-mediated genome-
wide mutagenesis on genes other than rpoB as well. Thus, their growth gets affected
when they were plated even on RIF-free plates and more so on RIF-containing plates.
Thus, the variations in the formation of colonies indicated that the extent of growth
compromise suffered by the mutants also varied due to different extents of mutagen-
esis inflicted by ROS. The same was also the case with the MXF-exposed samples, with
the colony formation delayed much more than that in the case of RIF-exposed samples
(Table S7).

The generation of very low numbers of RIF-resistant mutants even in the presence
of the hydroxyl radical quencher TU might be due to mechanisms of mutagenesis
involving reactive oxygen species other than hydroxyl radical (99–101). Evidence for the
presence of other types of reactive oxygen species, such as superoxide anion and
hydrogen peroxide (105), in bacterial cells exposed to antibiotics (96) and their ability
to cause mutations (99–101) support this possibility. The high frequency of generation
of the RIF/MXF-resistant M. tuberculosis mutants also argues against the possibility of
their emergence due to aging of the cells during the prolonged exposure and conse-
quential mutagenesis found in aging E. coli cells at a low frequency of 10�8 under many
stress conditions (106).

Dynamic changes of the redox status in the cells exposed to RIF. Since only
about 0.001 to 0.004% of the mid-log-phase cells (Tables S3 to S5) which were exposed
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to lethal concentrations of RIF were present in the RIF persistence phase, one may
wonder whether the hydroxyl radical detected from the RIF persistence phase cells was
from live persister cells or dead/dying cells in the population. The consistently and
repeatedly reproducible dynamism in the transition from the reduced status of mid-
log-phase cells to the relatively high oxidized status of RIF persistence phase cells and
subsequent reversal of the oxidized status to relatively less oxidized status in the
regrowing cells (in the regrowth phase), which emerged from the RIF persistence phase
population, strongly suggested that the changes in the oxidation status of the cells
occurred in the live RIF persistence cells only. Further, although chemical reagents such
as HPF may not be specific to hydroxyl radical from live cells only, the redox biosensor
Mrx1-roGFP was designed to show redox changes in live cells in real time (70).
Therefore, the dynamic changes in the oxidative status of Mrx1-roGFP, from reduced
status in the mid-log-phase cells to highly oxidized status in the RIF persistence phase
cells, with subsequent reversal to reduced status in the regrowth-phase cells, indicated
that the changes occurred in live persistence phase cells only. The dynamism proposed
in the renewal of INH persistence phase M. smegmatis cells in vitro (7) also supports the
possibility that the changes take place in live RIF persistence phase cells only.

Implications of the emergence of RIF/MXF-resistant mutants from RIF persis-
tence phase cells. Whole-genome sequencing of four RIF-resistant mutants showed
that 94% of all of the SNPs, constituted by A-C or T-G (69%) and A-T and T-A (25%)
mutations, are characteristic of oxidative stress-induced changes, as reported earlier
(75, 83). The hydroxyl radical-mediated genome-wide mutations in the four RIF-
resistant mutants and the selection of MXF-resistant mutants from the RIF persistence
phase cells clearly demonstrated that the RIF persistence phase cells are a source pool
for the emergence of antibiotic-resistant mutants. We did not attempt to select a
combined RIF-MXF double resistant mutant from the RIF persistence phase cells due to
the very low combined frequency (10�4 � 10�4 � 10�8; mutation frequency of 10�4

each for the RIF- and MXF-resistant mutants; see Results) of emergence of the mutant.
It was speculated that once a persistence phase cell survives the killing action of ROS,
the continued exposure to the same ROS could increase the opportunity to acquire
mutations and gain resistance (42).

Antibiotic persistence phase cells form a reservoir for the generation of ge-
netically resistant mutants. Our findings on the emergence of RIF/MXF-resistant
mutants against the respective antibiotic from RIF persistence phase cells have sub-
stantiated and provided experimental proof that the antibiotic persistence phase cells
are a reservoir from which mutants that are resistant to the same antibiotic or another
antibiotic could emerge and get selected. Although the emergence of RIF/MXF-
resistant mutants from the RIF persistence phase cells in the present work was
demonstrated using M. tuberculosis cells exposed to RIF in vitro, the identity of the
mutations to those that were clinically relevant in TB patients the world over (52–59,
76–82) indicated that the phenomenon of the emergence of RIF/MXF-resistant mutants
from the RIF persistence phase might have been happening in vivo as well. Distinct
from the previous studies, which showed emergence of genetically resistant Escherichia
coli, Staphylococcus aureus, and Pseudomonas aeruginosa mutants upon short-duration
exposure to sublethal concentrations of antibiotics (38–42), our study demonstrates
that continuous prolonged exposure of M. tuberculosis cells to lethal concentrations of
RIF causes de novo emergence of RIF- or MXF-resistant mutants from the RIF persistence
phase cells at high frequency.

MATERIALS AND METHODS
Bacterial cultures. Mycobacterium tuberculosis H37Ra cells (107) (obtained from the National JALMA

Institute of Leprosy and Other Mycobacterial Diseases, Agra, India; see Table S1 in the supplemental
material) were cultured in Middlebrook 7H9 broth (Difco) containing 0.2% glycerol and 0.05% Tween 80
and supplemented with 10% ADS (albumin, dextrose, and saline). The M. tuberculosis cells were plated
on Middlebrook 7H10 agar and were incubated in a CO2 incubator (5% CO2, 95% humidity) at 37°C for
20 to 25 days or more, if the colonies took more time to grow, to determine CFU per milliliter. Escherichia
coli JM109 (108) (Table S1) cells were grown in LB medium for the propagation and preparation of
plasmids for cloning purposes.
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Exposure of M. tuberculosis cells to antibiotics. Rifampin (RIF; Sigma) and moxifloxacin (MXF;
Cayman Chemical Company, USA) powders were dissolved in dimethyl sulfoxide (DMSO) to get a
concentration of 2 mg/ml each. Antibiotic solutions were always prepared fresh and filter sterilized using
a 0.22-�m syringe filter. Measured volumes of antibiotics were added to actively growing M. tuberculosis
cultures so as to get concentrations of 1 �g/ml of both antibiotics or 2 �g/ml of RIF. RIF at 1 �g/ml
amounted to 10� MBC (determined in the laboratory; Fig. S1), and 1 �g/ml for MXF was about 2� MBC
for MXF, as reported previously (47). After mild sonication (3 pulses of 1 s each with a 1-s interval at 16%
amplitude using a micro probe in a Vibra-Cell; Sonics & Materials, Inc., USA), serial dilution and plating
were carried out in sterility-checked Middlebrook 7H10 agar supplemented with 10% ADS. The plates
containing M. tuberculosis cells were sealed with Parafilm and incubated at 37°C under 5% CO2 in a CO2

incubator. Resistant bacteria were selected on Middlebrook 7H10 agar plates and supplemented with
10% ADS containing 5 �g/ml (50� MBC, per the MBC determined in the laboratory) of RIF or 2 �g/ml
of MXF (4� MBC) (47).

RIF and MXF bioassays. RIF- and MXF-sensitive Staphylococcus aureus (ATCC 25923) was used for the
bioassay for RIF (109) and MXF (110). Staphylococcus aureus cells were embedded in LB agar medium, and
wells were made in the agar (0.5-cm diameter). Fifty microliters of RIF or MXF solution or culture
supernatant was added to the wells and incubated overnight at 37°C. The diameter of the zone of growth
inhibition was measured using Vernier Calipers. A standard graph was prepared with known concen-
trations of RIF or MXF for calculating unknown concentrations from the diameter of the zone of growth
inhibition.

Determination of MBC for RIF. MBC was determined by incubating 1:100 dilutions of mid-log-phase
cells with decreasing concentrations of RIF, from 1 �g/ml to 0.1 �g/ml, in 2-ml Cryovials for 6 days at
37°C. Cells were plated after mild sonication (3 pulses of 1 s each with a 1-s interval at 16% amplitude
using a micro probe in a Vibra-Cell; Sonics & Materials, Inc., USA), followed by serial dilution on
Middlebrook 7H10 agar plates before and after the treatment. MBC was defined as the lowest concen-
tration of the antibiotic in the medium that decreased the bacterial population by 2 or more log10 units
within 6 days of incubation (28).

Luria-Delbruck experiments. In order to verify the emergence of RIF-resistant M. tuberculosis, we
performed Luria-Delbruck experiments (62) in a modified form. Freshly prepared RIF (1 �g/ml) was added
to two 100-ml actively growing mid-log-phase (optical density at 600 nm [OD600] of 0.6) M. tuberculosis
cultures, and immediately 400-�l aliquots were made in 2-ml screwcap Cryovial tubes and incubated at
37°C and 200 rpm in a bacteriological shaker for 19 days (19 days � 13 tubes � 247 tubes). Once every
24 h from day 0 onwards, 13 tubes were randomly picked, and the entire 400-�l culture from 10 of those
tubes was plated independently on individual Middlebrook 7H10 agar plates containing 5 �g/ml RIF.
Cultures from the remaining three tubes were used for serial dilution (after mild sonication of 3 pulses
of 1 s each with a 1-s interval at 16% amplitude using a micro probe in Vibra-Cell; Sonics & Materials, Inc.,
USA) and plated on RIF-free Middlebrook 7H10 agar plates.

On day 8 of the exposure, freshly prepared, filter-sterilized thiourea (TU; 150 mM final concentration)
(102) was added to the rest of the tubes in one set of the samples. The TU-treated cells were washed once
with Middlebrook 7H9 medium before plating on RIF-containing plates, which were sealed with Parafilm
and incubated at 37°C in a CO2 incubator. RIF resistance frequency was calculated by dividing the total
number of RIF-resistant mutants from the RIF-containing plates by the total number of RIF-exposed cells
from RIF-free plates. For the estimation of natural RIF resistance frequency, cells from the mid-log-phase
culture (OD600 of 0.6) were plated (undiluted) on Middlebrook 7H10 agar plates containing 5 �g/ml RIF.
The total number of colonies obtained from RIF plates was divided by the total number of cells plated,
which was estimated from the CFU per milliliter on RIF-free Middlebrook 7H10 agar plates. For the
determination of the frequency of emergence of RIF-resistant mutants from the RIF persistence phase
population, all of the RIF-resistant colonies from the cultures (in screwcap Cryovial tubes) of the RIF
persistence phase (day 10 to day 15) were considered.

Similarly, an experiment was performed to determine the MXF-resistant mutant generation from RIF
persistence phase cells. The exception in this experiment was that out of the 13 tubes containing
RIF-exposed cells used for plating on each day, entire cultures from five tubes were used for plating on
the 2 �g/ml MXF (4� MBC)-containing plate after washing the cells with Middlebrook 7H9 medium to
remove traces of RIF. Similarly, entire cultures from another five tubes were used for plating on 5 �g/ml
RIF-containing plates to determine the emergence of RIF-resistant mutants. The cultures from the
remaining three tubes were used for plating on antibiotic-free plates, after serial dilution, for the
determination of CFU per milliliter. On the 8th day of the exposure, freshly prepared, filter-sterilized
thiourea (150 mM final concentration) (102) was added into the rest of the tubes in one set of the
samples. The entire culture from 5 tubes each were plated on MXF and RIF plates as described above.
For the determination of the frequency of emergence of MXF-resistant mutants from the RIF persistence
phase population, all of the MXF-resistant colonies from the cultures (in screwcap Cryovial tubes) of RIF
persistence phase cells (day 10 to day 15) were considered. The number of cells plated was estimated
from the CFU per milliliter on antibiotic-free Middlebrook 7H10 agar plates.

EPR analysis of RIF-exposed M. tuberculosis cells. M. tuberculosis cells from mid-log phase,
antibiotic-exposed RIF persistence phase, and TU-treated RIF persistence phase (150 mM TU was added
on the 8th day of treatment) were harvested from 20-ml cultures, and the cell pellet was snap-frozen in
liquid nitrogen and lysed using a Teflon pestle. The powdered cell lysate was resuspended in 200 �l of
100 mM sodium acetate (pH 5.2) and centrifuged at 12,000 � g for 5 min at room temperature. The
supernatant (180 �l) was then mixed with 20 �l of 1 M DMPO to achieve a 100 mM final concentration
(98). Samples were immediately loaded into an aqueous flat cell (ES-LC12), and a reading was taken in
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a JEOL JES-X3 ESR spectrometer exactly 2 min after the addition of DMPO using the following
parameters: X-band frequency, 9428.401 (MHz); power, 4.00 (mW), field center, 337.275 (mT); sweep time,
2.0 (min). Electron paramagnetic resonance (EPR) signals were obtained at a g factor of �2. Data were
processed using Wizard of Baseline and Peaks in OriginPro 8 software. Statistical significance between
the samples was calculated using Student’s t test.

HPF staining of M. tuberculosis cells. Five hundred microliters of M. tuberculosis cells from each of
the biological triplicates at different stages of exposure to RIF (1 �g/ml) were collected, and 1 �l of 5 mM
3=-(p-hydroxyphenyl) fluorescein (HPF; Invitrogen) (67) solution was added (to reach a 10 �M final
concentration) at 25°C in the dark and incubated at 37°C for 1 h in the dark under shaking conditions
(170 rpm in a bacteriological incubator). Cells were collected by centrifugation at 12,000 � g for 5 min
at room temperature, resuspended in 500 �l of Middlebrook 7H9 broth, and immediately used for flow
cytometry analysis. Data were collected using a Becton Dickinson FACSVerse flow cytometer with a
488-nm solid state laser and a 527/32 nm emission filter (GFP) at low or medium flow rate. About 50,000
cells were collected for each sample. The photomultiplier tube (PMT) voltage settings were 208 (forward
scatter [FSC]) and 333 (side scatter [SSC]), and the median fluorescence was kept at 2-log10 fluorescence
units for the autofluorescence control. The shift of fluorescence of HPF-stained cells from the autofluo-
rescence control was determined for every time point. A FACSuite cytometer setup and tracking beads
(CS&T; Becton Dickinson) were used for instrument calibration. Flow cytometry data were processed and
analyzed with FACSuite software. Statistical significance between the time points was calculated using
the paired t test of GraphPad Prism, version 5.0.

Cloning and expression of Mrx1-roGFP2. Mrx1-roGFP2, along with the hsp60 promoter, was
released from pMV762-Mrx1-roGFP2 (70) (kind gift from Amit Singh, Department of Microbiology and
Cell Biology, Indian Institute of Science) using ClaI and XbaI and cloned into pAKMN2 (111) after
removing gfpm

2� using the same restriction enzymes (Table S1). The ligated product was used to
transform E. coli JM109 cells to get transformants carrying the hygromycin-resistant recombinant
pAKMN2-Mrx1-roGFP2. After verifying the presence of Mrx1-roGFP2 in the recombinant vector, M.
tuberculosis electrocompetent cells were transformed with the construct using the following electropo-
ration conditions: voltage, 2.5 kV; capacitance, 25 �F; resistance, 1,000 �; cuvette width, 2 mm.
Transformants were selected on a hygromycin-containing Middlebrook 7H10 agar plate and subcultured
in the presence of hygromycin (50 �g/ml). The roGFP2 fluorescence of the M. tuberculosis integrants
carrying Mrx1-roGFP2 at the mycobacteriophage L5 phage att site was verified using H2O2-treated cells
as the positive control for oxidative stress and dithiothreitol (DTT)-treated cells as the negative control.

Measurement of redox status using M. tuberculosis-Mrx1-roGFP2 integrant cells. In order to
measure the redox status of roGFP2, mid-log-phase cells of M. tuberculosis integrant cultured in the
absence of hygromycin were treated with 1 �g/ml of RIF and monitored for 18 days. Data were acquired
from the samples at different time points using a Becton Dickinson FACSVerse flow cytometer with a
405-nm (V-500) and 488-nm (fluorescein isothiocyanate [FITC]) solid state laser and a 528/45-nm and
527/32-nm emission filter, respectively, at low or medium flow rate. At least 50,000 gated cells were
considered for analysis from each sample. The PMT voltage settings were 208 (FSC) and 333 (SSC).
FACSuite cytometer setup and tracking beads (CS&T; Becton Dickinson) were used for instrument
calibration. Flow data were processed and analyzed with FACSuite software. The median fluorescence for
V-500 and FITC was set to 2 log10 fluorescence units for RIF-treated wild-type M. tuberculosis at each time
point. The biosensor response ratio from the drug-treated M. tuberculosis/pAKMN2-Mrx1-roGFP2 samples
was calculated by dividing the median fluorescence obtained for 405 nm (V-500) by the median
fluorescence obtained for 488 nm (FITC) and was used for plotting the graph. Statistical significance
between the time points was calculated using the paired t test of GraphPad Prism, version 5.0.

Determination of mutations in the RRDR and QRDR loci. RIF-resistant colonies and MXF-resistant
colonies were isolated and inoculated into 5 �g/ml RIF-containing or 2 �g/ml MXF-containing Middle-
brook 7H9 broth with ADS supplement, respectively, and grown to mid-log phase for genomic DNA
isolation. The RRDR locus of rpoB and the QRDR locus of gyrA and gyrB were amplified using RRDR-
specific and QRDR-specific primers (Table S2) and Phusion polymerase (Thermo Scientific, USA). The PCR
products were purified using agarose gel electrophoresis and extracted from the gel with an extraction
kit (GeneJET gel extraction kit; Thermo Scientific, USA), and the sequence was determined on both
strands. The sequencing reactions were performed by Chromous Biotech, Bangalore, India.

Genomic DNA isolation. Genomic DNA was isolated from wild-type M. tuberculosis cells and
RIF-resistant and MXF-resistant mutants of M. tuberculosis cells using the phenol-chloroform extraction
method. In brief, mid-log-phase cells from 20-ml cultures were treated with 0.2 M glycine (final
concentration) overnight, harvested, resuspended in 1 ml of Tris-HCl-EDTA buffer (10 mM Tris-HCl
containing 1 mM EDTA, pH 8), and digested with 5 mg/ml (final concentration) each of lysozyme and
lipase simultaneously for 6 h at 37°C in a water bath. Cell lysis was carried out by adding 2% SDS (final
concentration) and incubating at 55°C for 15 min. The lysate was centrifuged at 10,000 � g for 10 min
at 4°C. The supernatant was used for phenol-chloroform extraction. The aqueous phase was collected,
and the DNA was precipitated using 0.3 M sodium acetate (final concentration) and 2.5 volumes of 95%
ethanol. DNA was washed once with 70% ethanol and dissolved in 1� Tris-HCl-EDTA buffer (10 mM
Tris-HCl, 1 mM EDTA, pH 8). RNase A (1 �l of 10-mg/ml stock solution) treatment was performed at 50°C
for 30 min, and the DNA was reextracted using the phenol-chloroform method and reprecipitated as
mentioned earlier. The genomic DNA thus prepared was dissolved in 1� Tris-HCl-EDTA buffer (10 mM
Tris-HCl, 1 mM EDTA, pH 8) and stored at 4°C.

Whole-genome sequencing of M. tuberculosis RIF-resistant mutants. Whole-genome sequencing
was performed by Genotypic Technologies, Bangalore, India. In brief, 2.5 �g of genomic DNA was
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sheared to generate fragments of approximately 200 to 600 bp in a Covaris microTUBE with the E2
system (Covaris, Inc., Woburn, MA, USA). These fragments were subjected to end-repairing, A-tailing, and
ligation of the Illumina multiplexing PE adaptors using the NEXTFlex DNA sequencing kit per the
manufacturer’s protocol. The fragment size distribution was determined using a Bioanalyzer instrument
(Agilent Technologies, Santa Clara, CA) with an Agilent high-sensitivity DNA kit (Agilent Technologies)
according to the manufacturer’s instructions. The resulting fragmented DNA was cleaned up using
Agencourt AMPure XP SPRI beads (no. A63882; Beckman Coulter), size selected (	300 to 600 bp) by
running on a 2% low-melting-point agarose gel, and cleaned using a MinElute column (Qiagen). These
adapter-ligated fragments were subjected to 10 rounds of PCR using primers provided in the NEXTFlex
DNA sequencing kit. The PCR products were purified using Agencourt AMPure XP beads. Quantification
and size distribution of the prepared libraries was determined using the Agilent Bioanalyzer 2100 DNA
7500 chip and Qubit fluorometer. Whole-genome sequencing was performed using Illumina NextSeq at
20� read depth. Bowtie 2-2.0.5 was used for sequence alignment. SAMtools 0.1.18 and SnpEFF 3.4 were
used for variant detection.

Growth characteristics of the RIF-resistant mutants. The wild-type and the four RIF-resistant M.
tuberculosis strains were inoculated (0.1%) in drug-free 7H9 broth containing 10% ADS supplement.
Optical density readings at 600 nm were taken once every 24 h and plotted against the time intervals
to obtain the growth curve. In parallel, growth of the cells in a wild-type culture was also monitored in
the same manner, and the values were plotted on the same graph for the RIF-resistant mutants. Care was
taken to ensure that clump-free aliquots of the cultures were taken for reading during the time intervals
monitored.
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