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ABSTRACT Applying antibiotics to susceptible bacterial cultures generates a minor
population of persisters that remain susceptible to antibiotics but can endure them
for extended periods. Recent reports suggest that antibiotic persisters (APs) of mycobacte-
ria experience oxidative stress and develop resistance upon treatment with lethal doses
of ciprofloxacin or rifampicin. However, the mechanisms driving the de novo emergence
of resistance remained unclear. Here, we show that mycobacterial APs activate the SOS
response, resulting in the upregulation of the error-prone DNA polymerase DnaE2. The
sustained expression of dnaE2 in APs led to mutagenesis across the genome and resulted
in the rapid evolution of resistance to antibiotics. Inhibition of RecA by suramin, an anti-
Trypanosoma drug, reduced the rate of conversion of persisters to resistors in a diverse
group of bacteria. Our study highlights suramin’s novel application as a broad-spectrum
agent in combating the development of drug resistance.

KEYWORDS antibiotic resistance, persistence, SOS response, mycobacteria, drug
repurposing

The remarkable success of antibiotics in treating infectious diseases has been overshad-
owed by the emergence of antibiotic resistance in bacteria. As a result, many antibiotics

have been rendered ineffective, increasing the vulnerability of a large section of the popula-
tion to infectious diseases. The WHO has recommended a global priority to tackle infections
caused by 12 drug-resistant pathogens (WHO 2017), which reflects the grim situation caused
by drug-resistant pathogens for public health. A general approach to counter antibiotic
resistance is to introduce new molecules into the treatment pipeline to replace ineffective
ones. However, the alarming rate of antibiotic resistance development in bacteria overwhelms
the rate of discovery of new antibiotics.

The application of antibiotics to a bacterial culture results in a biphasic killing curve with
the rapid killing of most of the bacterial population, leaving behind a subpopulation of survi-
vors. These survivors, referred to as antibiotic persisters (APs), were first observed by Joseph W.
Bigger when Staphylococcuswas treated with a lethal dose of penicillin (1). Although APs were
reported as early as 1944, the molecular and physiological causes of their occurrence remained
elusive. The formation of APs is influenced by endogenous factors such as stochastic changes
in the expression of toxin-antitoxin modules, the stringent response, and external stresses
such as low pH, antibiotics, cell number, or a diauxic nutrient shift (2–8). The unique ability
of APs to endure prolonged periods of antibiotic treatment with a limited loss of viability
enables them to multiply and repopulate the niche upon antibiotic withdrawal. In a clinical
setting, such an event would relapse into an infection (9, 10).

It has been demonstrated in Escherichia coli that APs can develop resistance when treated
with different classes of antibiotics by mutagenesis caused by error-prone polymerases
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(11–13). The phenomenon of antibiotic-induced drug resistance (AIDR) in persister bacteria
has also been observed in mycobacteria wherein antibiotic treatment resulted in three distinct
phases: initial killing followed by the generation of persisters and a regrowth phase consisting
of the resistant population (14, 15). In E. coli, AIDR has been reported by two different groups
involving either DinB (polymerase IV [Pol IV]) or UmuD92C (Pol V) (16, 17). Although mycobac-
terial APs were reported to experience high reactive oxygen species (ROS) levels, similar to
their E. coli counterparts, the mechanistic details of AIDR remained unclear (14). There are sig-
nificant differences in the effectors of the SOS response between E. coli and mycobacteria. The
homolog of the E. coli translesion polymerase UmuD92C, linked to AIDR in fluoroquinolone
persisters, has not been identified in mycobacteria (18, 19). Moreover, the mycobacterial
counterparts of E. coli Pol IV, Rv1537 and Rv3056 (MSMEG_3172 and MSMEG_2294 in
Mycobacterium smegmatis), are dispensable for DNA damage tolerance (20, 21) and may not
contribute to AIDR (16, 17). In Mycobacterium tuberculosis, SOS-induced mutagenesis is
dependent on a C family polymerase, DnaE2, and two accessory proteins, ImuA9 and ImuB
(22). The expression of DnaE2 has been linked to the emergence of drug resistance in myco-
bacteria upon induction by DNA damage stress. We hypothesized that DnaE2 is induced in
APs and contributes to the emergence of antibiotic resistance in mycobacteria.

The prolonged duration of therapy and the use of multiple antibiotics to treat mycobacte-
rial diseases warrant a detailed understanding of AIDR in this group. Here, we observed that
high doses of ciprofloxacin (Cip) or rifampicin (Rif) resulted in redox imbalance leading to high
ROS levels and the induction of the SOS response in the persisters. Our study reveals that
the activation of SOS induces genome-wide mutagenesis through the DnaE2 error-prone
polymerase. We further demonstrate that a WHO essential medicine, suramin (also called
Germanin), which inhibits mycobacterial RecA (23), diminished the occurrence of drug-induced
resistance in the persister bacteria of M. smegmatis and M. tuberculosis. Our findings highlight
the potential of suramin to be repurposed for preventing the emergence of drug resistance
from the persister population of bacteria. The WGS data is accessible at NCBI Genome
Sequence Read Archive under the accession number PRJNA749550.

RESULTS
M. smegmatis antibiotic persisters display increased expression of dnaE2. Treatment

with a lethal dose of ciprofloxacin (Cip) (10mg/mL) or rifampicin (Rif) (50mg/mL) resulted in
a significant loss of viability of M. smegmatis, leaving behind a minor population of APs
(0.6% and 7%, respectively) (Fig. 1A). It has been reported that the AP population of bacteria
could evolve into a resistant population through mutagenesis (12–14). In mycobacteria, the
expression of the C family error-prone DNA polymerase DnaE2, along with additional acces-
sory proteins, has been implicated in mutagenesis during the SOS response (22, 24). It has
also been observed that dnaE2 was one of the highly expressed genes in the APs of M. tu-
berculosis treated with D-cycloserine (25). To further understand the expression pattern of
dnaE2 in the persister population, we employed a dual-reporter strain in which destabilized
versions of mClover and mCherry fluorescent proteins were expressed through a constitu-
tive promoter (Phsp) and the dnaE2 promoter (PdnaE2), respectively. The dual-reporter strain
was treated with Cip or Rif, and the reporters’ expression in APs was monitored at 24 h and
72 h. Seventy-two hours after antibiotic treatment, we observed a drastic reduction in the
expression of Phsp;mClover in the antibiotic-treated cells compared to the untreated early-
log-phase cells, indicating that the cells were in a persistent state. Furthermore, within the
same population, the expression level of the PdnaE2;mCherry reporter was higher than the
background level observed in the early-log-phase culture (Fig. 1B, panels i to iii). Quantitation
of the mCherry signal (PdnaE2) indicated the increased expression of dnaE2 in antibiotic-treated
cells, with Cip-treated cells showing higher expression levels than Rif-treated cells (Fig. 1C).
Microscopic analysis of the dual-reporter strain indicated that dnaE2 was induced as early
as 24 h in Cip treatment (see Fig. S1A at https://rgcb.res.in/suppl/Supplementary%
20material.pdf). Additionally, quantitation of the dnaE2 mRNA level indicated that there
was an ;20-fold increase in the dnaE2 mRNA level in Cip-treated cells, compared to ;9-fold
in Rif-treated cells (Fig. 1D, right), supporting the microscopic data for higher expression levels
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of dnaE2 in Cip-treated cells. Since dnaE2 expression from the LexA-regulated promoter is
RecA dependent (24, 26), we determined the expression of recA by real time quantitative
reverse transcription PCR (qRT-PCR) in antibiotic-treated cells. We observed higher expression
levels in Cip-treated cells (Fig. 1D, left). This observation was also reflected in AP cells using the

FIG 1 Generation of persisters and analysis of dnaE2 expression in persister cells. (A) Survival of M.
smegmatis cultures upon treatment with 10 mg/mL of ciprofloxacin (Cip) or 50 mg/mL of rifampicin (Rif) for
48 h. Viable counts were determined by serial dilution and plating. The mean survival rates 6 standard
deviations (SD) from five independent replicates were plotted using GraphPad Prism software. Percent
survival is calculated as the ratio of viable cells at 48 h to those at 0 h and is depicted above each
treatment. (B) M. smegmatis with a dual reporter was treated with Cip or Rif. After 72 h of incubation, an
aliquot of the culture was subjected to confocal microscopy along with the untreated control. The
experiment was repeated at least three times. (C) The intensity profile of dnaE2 expression was plotted by
estimating the signal intensity of mCherry from ;30 individual cells from 3 different fields. A.U, arbitrary
units. (D) Triplicate cultures of wild-type M. smegmatis were treated with Cip and Rif for 6 h, along with the
untreated control. Total RNA was isolated, followed by cDNA synthesis and qRT-PCR analysis of the recA
and dnaE2 transcripts. Variations in gene expression in comparison with the untreated controls are
represented as fold changes (22DDCT) on the graph (*, P value of ,0.05; **, P value of ,0.01).
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PrecA;mClover reporter strain, where we observed increased expression of recA (see Fig. S1B,
panels ii and iii, at the URL mentioned above) 24 h after antibiotic treatment. Furthermore, a
recAmutant strain failed to induce the expression of dnaE2 in APs (see Fig. S1C, panel ii, at the
URL mentioned above), confirming the central role of RecA in inducing dnaE2 during the SOS
response (24).

The antibiotic persister population has high levels of ROS.Metabolic perturbation
in bacterial cells treated with sublethal doses of antibiotics has been associated with increased
oxidative stress, resulting in DNA damage and the activation of RecA (17, 27, 28). We proposed
a similar schema in the persister cells under a lethal dose of antibiotics. To probe the redox sta-
tus of the persister cells, we employed a series of in vivo fluorescent biosensors that allowed
us to assess the intracellular NADH/NAD1 ratio and oxidative stress in mycobacteria (29, 30).
TheM. smegmatis strain harboring the NADH reporter plasmid pMV762-Peredox-mCherry (29)
was treated with Cip and Rif to select for APs, and the ratio of NADH/NAD1 was determined
by fluorescence microscopy. We observed that by as early as 24 h after treatment, the APs
accumulated 5-fold-higher levels of NADH under both Cip- and Rif-treated conditions (mean
ratio values of 3.5 and 3.4, respectively) than the untreated early-log-phase culture (mean ratio
value of 0.7) (Fig. 2B). NADH levels continued to be high in the APs at 72 h posttreatment (Fig.
2A and B). A high NADH/NAD1 ratio with limited ATP synthesis would generate superoxide
by the direct transfer of electrons to O2, leading to high levels of ROS and oxidative stress (31,
32). We therefore studied the effect of high NADH levels on the redox status of persister bacte-
ria using a highly sensitive MSH-dependent oxidoreductase (mycoredoxin-1; Mrx1) redox-sen-
sitive GFP (Mrx1-roGFP2) reporter (30). We observed that persister bacteria experienced
increased oxidative stress in both Cip and Rif treatments (Fig. 2C and D), consistent with previ-
ous reports (30). The results were further confirmed by staining antibiotic persisters with the
ROS indicator dye CM-H2DCFDA (chloromethyl derivative of 29,79-dichlorodihydrofluorescein
diacetate) (see Fig. S2, panels ii and iii, at https://rgcb.res.in/suppl/Supplementary%
20material.pdf). The incorporation of an antioxidant, vitamin C, at 2.5 mM during Cip treat-
ment reduced the ROS levels (see Fig. S2 at the URL mentioned above), supporting previous
reports of better mycobacterial survival in the presence of vitamin C during antibiotic treat-
ment. Dual staining of APs with CM-H2DCFDA (ROS) and propidium iodide (PI) (lethality)
revealed that despite the lethal dose of Cip or Rif, a reasonable proportion of cells remained
viable, sustaining high levels of ROS (Fig. 2E, panel i, cells indicated with arrowheads). In sum-
mary, APs ofM. smegmatis subjected to lethal doses of Cip and Rif display NADH/NAD1 imbal-
ance and high ROS levels.

Loss of dnaE2 results in UV sensitivity but does not enhance killing by antibiotics.
To understand the significance of the expression of DnaE2 in the persister population,
we generated a gene replacement mutant of dnaE2 (see Fig. S3A and B at the URL mentioned
above). Expectedly, the dnaE2 mutant strain showed increased sensitivity to UV compared to
the parental strain but was less susceptible than the recAmutant (Fig. 3A, right). Genetic com-
plementation of the dnaE2 mutant with a single copy of wild-type dnaE2, expressed from its
native promoter, completely reversed its UV sensitivity phenotype (Fig. 3A, right). The MICs of
Cip and Rif for the wild-type strain (M. smegmatis), the dnaE2mutant (DdnaE2), and the dnaE2
mutant complemented with a wild-type copy of dnaE2 expressed under the control of its pro-
moter (DdnaE2::dnaE2) were unchanged, suggesting that the dnaE2mutation did not alter an-
tibiotic susceptibility (see Fig. S3C and D at the URL mentioned above). We further sought to
determine whether the loss of dnaE2 in the persister state resulted in differential killing rates
for Cip and Rif. The M. smegmatis wild-type, DdnaE2, and DdnaE2::dnaE2 strains were treated
with Cip and Rif for 48 h, and the CFU were enumerated in the surviving population by plating
serially diluted cultures onto plain 7H10 agar plates. Rif and Cip treatments resulted in 1- and
3-log-scale killing, respectively, compared to the 0-h time point, and the corresponding surviv-
ing population accounted for;3 to 8% for Rif treatment and;0.4 to 1.4% in the case of Cip
treatment (Fig. 3B). These observations indicated that the loss of dnaE2 did not significantly
impact bacterial survival in an antibiotic-induced persister state.

Expression of dnaE2 continues into the recovery phase of persister cells. While
dnaE2 was expressed in the persister stage, we were interested in determining if the
expression continued if persisters were recovered in an antibiotic-free medium. We
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FIG 2 Analysis of redox imbalance and ROS levels in antibiotic persisters. (A) Ratiometric analysis of NADH/NAD1 levels in APs. After 72 h of
treatment, the Cip and Rif APs of M. smegmatis harboring Peredox-mCherry were imaged along with an untreated early-mid-log-phase culture.

(Continued on next page)

Antibiotic Resistance in Persister Mycobacterial Cells Antimicrobial Agents and Chemotherapy

March 2022 Volume 66 Issue 3 e01773-21 aac.asm.org 5

https://aac.asm.org


generated persisters in the dual-reporter strain by Cip and Rif treatments to further investi-
gate this. We performed a time course microscopic analysis of PdnaE2 expression relative to
Phsp during the recovery of APs in an antibiotic-free medium. The expression level of PdnaE2
was high in the Cip persisters when cultured in an antibiotic-free medium (Fig. 3C, panel i)
and continued to remain high up to 30 h, while the expression of Phsp remained unde-
tected or at a basal level (Fig. 3C, panels ii to iv). These observations indicated that the Cip
persisters remained viable, as suggested by the high expression levels of destabilized
mCherry from PdnaE2, but failed to resume active growth, demonstrated by the low expres-
sion levels of mClover from Phsp. A similar phenomenon has been reported in E. coli cells
subjected to UV radiation, which causes extensive DNA damage and the activation of the
SOS response (33). In contrast, the Rif persisters showed low expression levels of both PdnaE2
and Phsp at 0 h of recovery (Fig. 3D, panel i). Furthermore, there was considerable expression
of Phsp (expression of mClover) as early as 6 h into the recovery phase that kept increasing at
subsequent time points, indicating the resumption of active growth (Fig. 3D, panels ii to iv).
These findings suggest that the level of dnaE2 expression in the recovery phase varies
between Cip and Rif treatments.

Expression of dnaE2 results in the rapid emergence of antibiotic resistance in
APs. Since dnaE2 was expressed in both the persister and the recovery phases, we hypothe-
sized that APs could display increased mutagenesis, resulting in antibiotic resistance develop-
ment. We subjected 10 replicates of the actively growing cultures of M. smegmatis wild-type,
DdnaE2, and DdnaE2::dnaE2 strains to Cip and Rif treatments separately for 2 days. Untreated
controls were analyzed in parallel. Upon recovery in antibiotic-free medium and plating onto
antibiotic plates, we observed a very high frequency (up to 5 orders of magnitude) of the con-
version of Cip persisters to resistors to both Cip and streptomycin (Strep) (an antibiotic that
the bacteria were never exposed to) (Fig. 4A and D, Msm). The median mutation frequency in
the untreated case was 1.13� 1029, which increased to 9.89� 1028 upon Cip treatment. The
Rif persisters also showed a modest increase in the extent of resistor formation, 3.58 � 1029,
compared to the untreated control (Fig. 4A, orange circles). The deletion of dnaE2 or the inser-
tional inactivation of recA, necessary for the activation of the SOS response, reduced antibiotic-
induced drug resistance (AIDR) to basal levels (Fig. 4B and E; see also Fig. S1D at the URL men-
tioned above). The reintroduction of dnaE2 into the knockout strain reproduced the AIDR phe-
nomenon (Fig. 4C and F). These findings suggest that the mechanism underlying AIDR in M.
smegmatis APs is similar to that reported in E. coli, wherein fluoroquinolone-induced persisters
displayed enhanced resistance to multiple antibiotics, requiring SOS inducible error-prone po-
lymerase activity (16).

Genome-wide mutagenesis in APs contributes to the emergence of drug resistance.
To further understand the magnitude of antibiotic-induced mutagenesis at the genomic
scale, we subjected the M. smegmatis mc2155 strain to Cip and obtained mutants from per-
sisters on both Cip and Strep plates as described above. A set of 9 isolates consisting of 3
Strep-resistant colonies and 6 Cip-resistant colonies was randomly selected and subjected to
whole-genome sequencing along with the parental unstressed M. smegmatismc2155 strain.
Isolate 12 showed 106 mutations in the genome, compared to isolate 8, another ciprofloxa-
cin-resistant isolate, which had 28 mutations in the genome (Fig. 5A). There was no specific
pattern in the occurrence of mutations in the genome. We observed silent mutations that
resulted in amino acid changes or affected the reading frame due to the insertion or dele-
tion of nucleotides (Fig. 5B; see also Table S1 at the URL mentioned above). Interestingly,

FIG 2 Legend (Continued)
The images were assigned a pseudocolor for the representation of the NADH:NAD1 levels in individual cells. (B) The observed ratios of green
to red from ;30 bacterial cells from 3 independent fields were determined. The data are presented as the means 6 SD (****, P value of
,0.0001). The experiment was repeated at least twice. (C) Determination of ROS levels in antibiotic persister cells using the Mrx1-roGFP sensor.
Cip or Rif APs of M. smegmatis with the Mrx1-roGFP plasmid were analyzed after 72 h by confocal microscopy. The experiment was performed
with two biological replicates, and a representative image is presented. (D) The ratio of blue to green was determined, and the values from
individual cells were plotted. The data are presented as the means 6 SD (****, P value of ,0.0001). (E) The M. smegmatis wild type was treated
with Cip and Rif and incubated for 72 h. After incubation, an aliquot was taken, stained with PI and CM-H2DCFDA (ROS indicator), and
subjected to confocal laser scanning microscopy (CLSM). The fluorescence images were acquired, and a representative image is presented.
Viable cells with high ROS levels are indicated with arrowheads.
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FIG 3 Characterization of the DdnaE2 strain and time course analysis of dnaE2 expression. (A) UV sensitivity analysis. Cultures of M.
smegmatis wild-type (Msm), recA::kan, DdnaE2, and dnaE2::dnaE2 strains were streaked onto two 7H10 plates, one of which was exposed to

(Continued on next page)
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none of the sequenced Cip mutants had mutations mapping to gyrA (see Table S1 at the
URL mentioned above) or the gyr locus in all the sequenced genomes. Generally, mutations
that confer Cip resistance map to a 500-bp region within the DNA gyrase, referred to as the
quinolone resistance-determining region. Nongyrase mutations that confer Cip resistance
due to the expression of the proton antiporter efflux pump LfrA (MSMEG_6225) have been
reported in M. smegmatis (34). Isolates 4, 8, 9, and 13 reported in this study contained a
mutation in the gene MSMEG_6223 (LfrR), a TetR/AcrR family transcriptional regulator that is
upstream of LfrA and has been implicated in downregulating the expression of the efflux
pump (35). We believe that mutations that map to LfrR in these isolates render the protein
ineffective, causing the derepression of LfrA and conferring Cip resistance.

All the AIDR isolates analyzed by whole-genome sequencing (WGS) displayed an increase
in the MICs of Strep (isolates 1 to 5, MICs of .5 mg/mL, compared to 0.156 mg/mL for M.
smegmatis mc2155) (Table 1) and Cip (isolates 8 to 14, MICs of 5 mg/mL, compared to
0.625mg/mL forM. smegmatismc2155) (Table 1). Isolate 1, which was resistant to streptomy-
cin and was obtained in the Cip persister culture, showed the presence of K43T in the small
ribosomal protein S12, which is known to confer resistance to Strep (36). Surprisingly, iso-
lates 12 and 14 obtained on Cip plates also contained mutations in the S12 protein, and
isolate 4 obtained on the streptomycin plate contained a mutation in the LfrR gene, indi-

FIG 4 Expression of DnaE2 in persisters promotes enhanced rates of emergence of resistance to different antibiotics. Ten replicate cultures of M. smegmatis
wild-type, DdnaE2, and DdnaE2::dnaE2 strains were subjected to either Cip or Rif to generate persisters along with untreated controls. The persisters from
Cip and Rif were recovered in 7H9A medium, and the mutation frequency was determined by the ratio of the number of mutants to the viable count for
each replicate. (A to C) Mutation frequencies for ciprofloxacin; (D to F) mutation frequencies for streptomycin. Under conditions where no mutant colonies
were obtained, the frequency was calculated to be zero, and the values were not plotted. The individual values were plotted on a scatterplot using
GraphPad Prism software v8, and the corresponding median value for each set is indicated above the plot (*, P value of ,0.05; **, P value of ,0.01).

FIG 3 Legend (Continued)
UV for 20 s, while the other was left untreated. The plates were incubated at 37°C, and digital images of the plates were captured. (B) Evaluation of
bacterial survivors upon antibiotic treatment. Five replicate cultures of M. smegmatis wild-type, DdnaE2, and DdnaE2::dnaE2 strains were treated with
Cip or Rif for 48 h. Scatterplots of surviving bacteria from serial dilution and plating were plotted using GraphPad Prism software, with means 6 SD.
The average percent survival was determined and is represented above the corresponding bar for each antibiotic. (C and D) Time course expression
analysis of dnaE2 was performed by recovering the M. smegmatis dual reporter from either Cip or Rif persister cells. The images were acquired at 0, 6,
24, and 30 h in the recovery stage. The images are representative of results from two independent replicates.
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cating the evolution of multiple-drug resistance through AIDR (see Table S1 at the URL
mentioned above). While isolate 14 had the less frequent P91H substitution, isolate 12 had
the K43R substitution. The MIC analysis of the mutants further revealed that isolate 14 could
sustain growth on 5mg/mL of Strep, while isolate 12 failed to grow under similar conditions
(Table 1). The replacement of lysine with arginine likely confers low-level Strep resistance. In
the case of isolate 4, the presence of a mutation in LfrA failed to confer ciprofloxacin resist-
ance, even though the strain displayed streptomycin resistance. Furthermore, isolates 4 and
5 did not contain mutations in S12, indicating that the mechanism conferring streptomycin
resistance in these strains is different.

Inhibition of RecA through the administration of suramin eradicates antibiotic-
induced drug resistance in persisters. The Cip treatment that displayed robust DnaE2
expression and the AIDR phenotype induced DNA damage by (i) inhibition of gyrase
activity and (ii) high levels of ROS. To better understand the contribution of each of these
factors, we investigated the role of ROS in AIDR in the presence of 5 mM thiourea in Cip per-
sisters. The presence of thiourea marginally reduced AIDR in Cip persisters, with two repli-
cates showing reduced mutation frequencies compared to treatment with Cip alone (see
Fig. S4A at the URL mentioned above), indicating a reasonable contribution of ROS to
the mutational load in APs. A previous study by Barrett et al. (16) and our results present a
strong case to target the error-prone polymerase to reduce AIDR. Although inhibition of
ROS showed a reduction in AIDR, we considered an alternate approach of RecA inhibition
by the antiprotozoal drug suramin to alleviate AIDR in persisters. Suramin has been used for

FIG 5 Genome-wide mutagenesis in antibiotic persisters. (A) Whole-genome sequencing analysis of resistant colonies from the persisters of M. smegmatis
mc2155. The y axis corresponds to changes in the genome compared to the parental, untreated M. smegmatis mc2155 strain. Isolates 1 to 5 were obtained
by streptomycin selection, while isolates 8 to 14 were obtained by ciprofloxacin selection. WT, wild type. (B) Base changes and corresponding positions in
the genomes of all the resistant colonies.

TABLE 1MICs of Cip and Strep for the 9 APs and wild-typeM. smegmatis as determined by a
REsazurin microtitre assay

Strain

MIC (mg/mL)

Ciprofloxacin Streptomycin
M. smegmatismc2155 0.625 0.156
Isolate 1 0.625 .5
Isolate 4 0.3125 .5
Isolate 5 0.625 .5
Isolate 8 5 0.156
Isolate 9 5 0.078
Isolate 10 5 0.156
Isolate 12 5 0.078
Isolate 13 5 0.156
Isolate 14 5 .5
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almost a century to treat African sleeping disease caused by Trypanosoma brucei and has
recently been used to treat several human diseases, including cancer (37). The molecule con-
sists of polyunsaturated naphthyl urea. Due to its polyanionic nature, it interacts with myco-
bacterial RecA, inhibiting its ability to cleave LexA and thus preventing the induction of the
SOS response (23, 38). We first monitored the effect of two different doses (0.2 mM and
0.5 mM) of suramin on the expression of dnaE2 in the Cip-treated persisters using the dual
reporter. The concentrations of suramin used were ;7-fold (0.2 mM) and 17-fold (0.5 mM)
in excess of the molar concentration of Cip (10mg/mL corresponds to 30mM). We observed
a dose-dependent decrease in the expression of dnaE2 in the persisters in the presence of
suramin compared to the control cells grown in the absence of suramin (see Fig. S4B, panels
iii and iv, at the URL mentioned above), in strong support of suramin’s ability to inhibit the
SOS response in mycobacteria (23). Quantitation of the mRNA levels in Cip-treated and Cip-
suramin-treated cells indicated a significant reduction in the expression of both recA and
dnaE2 (Fig. 6A). Encouraged by this outcome, we tested the ability of suramin to reduce
AIDR by adding it at a concentration of 0.2 mM to the culture during Cip treatment and dur-
ing the recovery phase, followed by plating on Cip and Strep plates. In suramin’s presence,
we observed a significant reduction in the Cip mutation frequency (Fig. 6B, purple squares),
with a median value of 2.64� 1028, compared to the Cip-alone-treated cells, which showed
higher rates of mutagenesis, with a median value of 1.30� 1027. When the individual values
were analyzed, we observed a 0.5- to 50-fold decrease in the mutation frequency of Cip-sur-
amin-cotreated cultures compared to the Cip-alone-treated cultures. The presence of suramin
suppressed the emergence of drug resistance in Cip or isoniazid (Inh) persister cells of M. tu-
berculosis (Fig. 6C; see also Fig. S5B at the URL mentioned above), with a noticeable reduction
in the Cip mutation frequency (median value of 7.5 � 1028) compared with the Cip-alone-
treated cells (1.94� 1027) (Fig. 6B). Similarly, in the case of Inh treatment, the presence of sura-
min reduced the mutation frequency by;2-fold (from 1.67� 1027 to 8.25� 1028) compared
to Inh-only-treated cells (see Fig. S5B at the URL mentioned above).

In E. coli, AIDR is contributed by the RecA-dependent UmuD92C and the s S pathways
(16, 17). Since E. coli RecA (EcoRecA) is also susceptible to suramin (23), we examined if this
molecule could mitigate AIDR albeit partially in E. coli. Treatment of E. coli cells with suramin
in the medium during both the persister and the recovery stages resulted in a modest
reduction of AIDR in E. coli (median value of 5.9 � 1029) compared to the cells treated with
Cip alone (median value of 1.76� 1028) (Fig. 6D). Interestingly, in the case of Strep mutation
frequencies in M. smegmatis, the mutation frequency of the suramin-treated culture was
noticeably lower (median value of 1.6 � 1029) than that of the untreated culture (median
value of 7.7� 1029) (see Fig. S5A at the URL mentioned above). Although we do not have a
complete explanation for this observation, we speculate that suramin’s presence during the
recovery of the APs may effectively reduce the mutagenesis caused by the spontaneous
expression of DnaE2 in the untreated cells. Cotreatment with suramin had a positive impact
on the growth of persisters during the recovery phase compared to Cip-alone-treated per-
sisters (see Fig. S4B at the URL mentioned above). We believe that this could be due to the
potential reduction of DnaE2 expression caused by the inhibition of RecA.

In silico binding studies implicate suramin’s potential broad-spectrum inhibition of
RecA from diverse bacteria. RecA is the master regulator of the SOS response, and it is
conserved among bacteria, most notably those of the ESKAPE group (Enterococcus fae-
cium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter spp.) of pathogens. We modeled the structures of RecAs of
Pseudomonas aeruginosa (PauRecA) and Staphylococcus aureus (SauRecA), which share
nearly 71% sequence identity and 86% similarity with EcoRecA, and performed in silico
docking of suramin on the modeled structures along with the available crystal structure of
M. smegmatis RecA (MsmRecA). The docking studies indicated that suramin binds to the
Walker A motif (typically 67 to 75 residues in the case of M. tuberculosis RecA [MtbRecA]),
which interacts with beta and gamma phosphate oxygen atoms in the case of the Msm/
MtbRecA crystal structures bound with ATPgS (PDB accession no. 1UBF and 1G18, respectively)
(Fig. 6E; see also Fig. S5C at the URL mentioned above). The binding mode for suramin is simi-
lar to those forMtbRecA, EcoRecA,MsmRecA, and SauRecA; however, it is swapped in the case
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FIG 6 The presence of suramin (Sur) abrogates ciprofloxacin-mediated drug resistance. (A) Triplicate cultures of the M. smegmatis wild type were
treated with Cip and Cip along with suramin (0.5 mM) for 6 h, along with the untreated control. The bacterial cultures treated with Cip along

(Continued on next page)
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of PauRecA (Fig. 6E to G; see also Fig. S5C and D at the URL mentioned above). Interestingly,
the binding of ATP is involved in the formation of RecA filaments. The binding of suramin at
the site of ATPgS would destabilize the RecA filaments as previously reported by Nautiyal et al.
(23). The occupancy of suramin at the ATPgS binding site could also reduce the protease activ-
ity of RecA essential for LexA cleavage, inhibiting the induction of the SOS response. Although
the extent of AIDR reduction by suramin in P. aeruginosa or S. aureus warrants in vivo valida-
tion, our in silico modeling and docking studies indicate that this could be the most likely
scenario.

DISCUSSION

With the global consumption of antibiotics having doubled in the last decade (39), the
incidences of APs becoming resistant further worsen the problem of antibiotic resistance.
Resistance can be acquired from another resistant organism through horizontal gene trans-
fer (HGT) or arise de novo by mutagenesis, often modifying the antibiotic target. In the ge-
nus Mycobacterium, HGT is not as widespread as in other bacteria, thus making a case for
the de novo mode for the emergence of antibiotic resistance. It is worthwhile to mention
that the course of treatment for pulmonary tuberculosis (TB) is a multidrug therapy for 6 to
9 months, implying that the occurrence of AIDR is highly probable in patients who are non-
compliant in completing the entire duration of treatment. In the present study, we used M.
smegmatis to understand the mechanism that facilitates the evolution of resistance in APs.
Antibiotic treatment resulted in the extensive killing of the bacteria, leaving behind a minor
population of persisters. Sublethal doses of antibiotics have been shown to affect bacterial
metabolism, leading to an NADH/NAD1 imbalance in E. coli (31). A similar response was
observed in M. tuberculosis within 24 h of exposure to antibiotics either in broth culture or
within infected macrophages (29). In M. smegmatis, treatment with a very high dose of anti-
biotics resulted in NADH accumulation (Fig. 2A). Increased NADH levels with a concomitant
reduction in ATP synthesis in the persisters would result in the generation of superoxide
(O2

�2), which is converted to hydrogen peroxide (H2O2) by superoxide dismutase (31). H2O2

reacts with Fe21, generating OH�, thus increasing intracellular ROS levels (31, 40). Using a
sensitive biological sensor, Mrx1-roGFP, we confirmed that the persisters had high ROS lev-
els, corroborated by staining with the ROS indicator dye CM-H2DCFDA (Fig. 2C to E; see also
Fig. S2 at https://rgcb.res.in/suppl/Supplementary%20material.pdf). High ROS levels inflict
DNA damage by oxidizing nucleotides and causing strand breaks. Since the persisters expe-
rience sustained redox imbalance levels, they would experience a higher burden of DNA
damage, activating the SOS response through RecA. DnaE2, an effector protein functioning
downstream of RecA, is induced in the persisters (Fig. 1B), leading to genome-wide muta-
genesis and resistance development (Fig. 7).

The expression analysis of dnaE2 in APs determined using the fluorescent reporters
indicated a high degree of disparity between different antibiotic treatments. In our study,
Cip treatment induced dnaE2 to the maximum level in a larger population of cells than
with Rif treatment (Fig. 1B to D). Increased expression of dnaE2 in cip APs could result from
the combination of DNA gyrase inhibition and ROS mediated DNA damage. In contrast, in
the Rif-treated cells, despite having higher ROS levels (Fig. 2C to E), the inhibition of tran-
scription would reduce global transcription, including that of recA (Fig. 1D, left). To rule out

FIG 6 Legend (Continued)
with suramin were washed and put for recovery with suramin for 15 h. Total RNA was isolated, which was followed by cDNA synthesis and qRT-
PCR analysis of the recA and dnaE2 transcripts. Variations in gene expression in comparison to the untreated cells are represented as fold
changes (22DDCT) on the graph. The experiment was repeated at least twice, with two technical replicates for each sample. (*, P value of ,0.05).
(B) Ten replicate cultures of the M. smegmatis wild-type generated persisters along with the untreated controls. The persisters from Cip treatment
were recovered in 7H9A medium, while suramin-cotreated persisters were recovered in 7H9A medium with 0.2 mM suramin and plated onto
ciprofloxacin. (C) Similarly, four replicate cultures of M. tuberculosis H37Rv (Mtb) generated persisters along with the untreated controls. The
persisters from Cip treatment were recovered in 7H9A medium, while suramin-cotreated persisters were recovered in 7H9A medium with 0.2 mM
suramin and plated onto ciprofloxacin. The outlier in the Cip- and suramin-treated sample is indicated by a red data point (*, P value of ,0.05).
(D) Ten replicate cultures of E. coli MG1655 (Eco) were treated with Cip or Cip and suramin to generate persisters along with the untreated
controls. The persisters from Cip treatments and Cip-suramin cotreatments were recovered in LB medium with 0.5 mM suramin, and the
mutation frequency was determined as described above. The median values under each condition are represented above the sample. (E to G)
Molecular docking of suramin with RecA proteins of M. smegmatis (E), S. aureus (Sau) (F), and P. aeruginosa (Pau) (G).
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the possible effects of ciprofloxacin-associated DNA damage, an antibiotic that would affect
the cell wall process would be most ideal. Interestingly, in M. tuberculosis, persisters gener-
ated by treatment with D-cycloserine (a cell wall inhibitor) displayed high levels of dnaE2
expression (25).

The expression of dnaE2 was not restricted to the persister state but was also observed
during the recovery phase of Cip-treated cultures (Fig. 3C). Single-cell analysis of E. coli
treated with a fluoroquinolone has also revealed SOS response induction during the recov-
ery phase of ofloxacin persisters (41). Accordingly, the sustained expression of dnaE2 during
the recovery state resulted in a mutation frequency that was higher by up to 4 to 5 orders
of magnitude in APs (Fig. 4A and C). The difference in the magnitudes of resistors obtained
by two different antibiotic treatments despite having comparable levels of redox stress (Fig.
2C to E) was surprising, especially as previous reports ofM. tuberculosis persisters had reported
an increase of nearly 3 to 6 orders of magnitude in the rate of resistance with Rif treatment
(14). While a previous study by Swaminath et al. (15) detected mutations in the APs in the
presence of the antibiotic, we detected resistors in APs that recovered in the absence of antibi-
otics. Despite having high dnaE2 expression levels in either the persister or recovery phase,
the mutation frequencies in different replicates showed a distribution pattern similar to the
ones seen for persister viability (Fig. 3B), with some replicates having lower mutation frequen-
cies comparable to that of the untreated control. This high variation observed in our experi-
ments could have arisen due to the method of detecting mutations, i.e., the occurrence of an
antibiotic-resistant phenotype, while other mutations that do not confer resistance are missed
in the analysis. An alternate explanation could be that the dnaE2 expression in the persister
state may not account for the high rates of mutagenesis because the subsequent recovery
phase that comprises a phase of DNA repair would reverse the mutations generated in the
persister state. One of the earliest responses during spore germination or regrowth from the
dormant state is DNA repair (42–44). Thus, the actual manifestation of mutants in the recover-
ing population would depend on the stochastic variation of two opposing forces, promuta-
genesis influenced by the expression of dnaE2 and DNA repair in individual cells of the popu-
lation. It is also worth mentioning that in the recovery phase of Rif persisters, the expression
level of dnaE2 was much lower (Fig. 3D) than that in the Cip persisters (Fig. 3C). Accordingly,
the magnitude of AIDR was modest (Fig. 4A and C, compare the values of Cip with those of
Rif for the wild-typeM. smegmatis and complemented strains).

While identifying new antibiotics is a possible solution to address the growing problem of
antibiotic resistance, targeting the evolvability of antibiotic-susceptible bacteria to resistant

FIG 7 Mechanism of antibiotic-induced drug resistance in M. smegmatis. A lethal dose kills the majority of
the bacteria (blue cells), leaving behind a population of APs (orange cells). The APs display disturbed redox
balance leading to the generation of ROS. The high levels of ROS in APs inflict DNA damage, activating
RecA and triggering the SOS response, while Cip directly induces the SOS response by causing DNA strand
breaks by the inhibition of DNA gyrase. DnaE2, an effector protein of the SOS response, induces
mutagenesis, resulting in the emergence of drug resistance (red cells). The presence of suramin, a RecA
inhibitor, mitigates antibiotic-induced drug resistance in persisters.
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strains is an emerging concept that is being considered (17, 45). Targeting DnaE2, the effector
of mutagenesis, has been explored, and a purine analog that could potentially bind and in-
hibit DnaE2 was identified by in silico analysis (46). Since high ROS levels in the persisters are
the root cause of mutagenesis through the DNA damage and SOS pathways, molecules that
reduce ROS levels have also been tested to reduce AIDR. In E. coli, edaravone, an FDA-
approved drug for lateral amyloid sclerosis that alleviates ROS levels, was shown to reduce
AIDR (17). We explored if vitamin C, a widely recognized antioxidant with a history of being
used in TB therapy, could alleviate antibiotic-mediated high ROS levels in APs. Although vita-
min C showed a noticeable reduction of ROS in APs (see Fig. S2 at the URL mentioned above),
it is also known to induce the hypoxia response in mycobacteria and to favor bacterial survival
(47, 48) and therefore was not pursued further. However, the presence of thiourea during an-
tibiotic treatment marginally reduced AIDR (see Fig. S4A at the URL mentioned above).

All the above-described strategies presented have some drawbacks: (i) targeting ROS
may reduce the efficiency of the host immune response in eradicating pathogens, and (ii)
inhibitors of error-prone polymerases will be bacterium specific and may not show broad-
spectrum activity against a diverse group of bacterial pathogens. Therefore, we considered
targeting RecA, the master regulator of the SOS response that is present across diverse
groups of bacteria, as a potential target to mitigate AIDR. A small-molecule screen identified
suramin and 17 other molecules that could inhibit RecA activity (38). Interestingly, suramin
has been on the WHO’s list of essential drugs and is used to treat African sleeping sickness
caused by T. brucei. The coadministration of suramin with Cip significantly reduced AIDR to
both Cip and Strep in M. smegmatis (Fig. 6B; see also Fig. S5A at the URL mentioned above).
Suramin’s effect on inhibiting AIDR was also observed in E. coli but to a lesser degree (Fig.
6D) than for M. smegmatis (Fig. 6B). This apparent difference could be because in E. coli,
AIDR is also influenced by the RecA-independent s S pathway (17). Additionally, other fac-
tors, such as the biochemical properties of EcoRecA (49) and the differences in RecA expres-
sion levels and membrane permeability between the two organisms, could influence the
outcome of suramin on AIDR. Low pH and starvation experienced by intracellular pathogens
can trigger bacterial persistence and induce the SOS response (50). Based on the present
study, it is essential to determine if other SOS-inducing conditions favor the development of
drug resistance and to further test the ability of suramin as a widespread antievolution mole-
cule against stress-induced mutagenesis. The high sequence and structural identities between
MsmRecA and MtbRecA suggest that suramin’s benefits in reducing AIDR could be achieved
by coadministering it during the prolonged course of TB therapy. Since eukaryotes encode
multiple RAD51 family proteins (homologs of bacterial RecA), compared to a single RecA pro-
tein in bacteria (51), the potential adverse effects of suramin on recombination-related proc-
esses in humans could be minimal. Although repeated passaging of M. tuberculosis in THP-1
macrophage cell lines leads to mutagenesis (52), an in vivomodel that reproduces our in vitro
AIDR phenomenon is currently missing. Finally, the in silico docking studies suggest that sura-
min may exhibit anti-AIDR activity in other groups of bacteria such as Pseudomonas and
Staphylococcus. Our findings have uncovered a novel broad-spectrum role of suramin in con-
fronting the evolution of drug resistance.

MATERIALS ANDMETHODS
Lists of strains, plasmids, and oligonucleotides used in the study are presented in Tables S2, S3, and

S4, respectively, at https://rgcb.res.in/suppl/Supplementary%20material.pdf.
Bacterial strains and culture conditions. Glycerol stocks of strains of M. smegmatis were revived on

Middlebrook 7H10 medium supplemented with 0.5% (vol/vol) glycerol and 0.05% (vol/vol) Tween 80 on
plates containing the appropriate antibiotics. For culture under liquid conditions, Middlebrook 7H9 medium
supplemented with 0.1% (vol/vol) glycerol and 0.05% Tween 80, along with the appropriate antibiotics, was
used. When required,M. smegmatis cultures were selected by incorporating kanamycin (50mg/mL), apramycin
(25 mg/mL), and hygromycin (50 mg/mL). For cloning and plasmid DNA manipulation, E. coli TG1 or JM101
strains were used. E. coli strains were cultured in Luria-Bertani (LB) broth or LB agar at 37°C. For selection in E.
coli, the antibiotics kanamycin (50 mg/mL), apramycin (50 mg/mL), hygromycin (150 mg/mL), and ampicillin
(100mg/mL) were used. All medium components were procured from Difco (MD, USA). Unless mentioned oth-
erwise, all chemicals and reagents were procured from Sigma-Aldrich (MO, USA).

Time course analysis of dnaE2 expression during the recovery phase. APs from the M. smegmatis
dual-reporter strain (see Table S1 at the URL mentioned above) treated with Cip and Rif were generated
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as described above. After 48 h of treatment, the culture was harvested at 13,000 rpm for 1 min and
washed twice with antibiotic-free 7H9 medium to remove traces of Cip. The washed bacterial pellet was
resuspended in fresh 7H9K medium and incubated at 37°C at 175 rpm. An aliquot of this culture was concen-
trated, mounted onto a glass slide immediately with ProLong glass antifade mountant, and considered 0 h after
recovery. Subsequently, a sample from the recovered APs was analyzed every 6 h for the expression of dual
reporters by confocal microscopy. The images were acquired using an Olympus FluoView FV3000 instrument
equipped with a 60� oil lens objective and a charge-coupled-device (CCD) camera connected to the FV3000
built-in software. Fields were selected randomly, and images were taken using Z-stacking with 60� oil immersion
at a resolution of 512 by 512 pixels. The lens has a numerical aperture of 1.42. The images were captured by exci-
tation with a 405-nm laser and emission using a 525/50-nm filter, and mCherry images were captured by excita-
tion with a 561-nm laser and emission using a 625/50-nm filter. The postprocessing and analysis of the images
were done using the Olympus cellSens software platform. In the cellSens software, the images that were acquired
with 96 pixels per inch (ppi) were projected in a maximized view. The sharpness of the images was increased
from the original 60 points to 65. The contrast optimization’s right overflow parameter was increased from 0 to
0.2 points (and the left overflow of the contrast optimization was kept unchanged). The images were saved as
“.tiff” files.

Determination of AIDR in persisters. The M. smegmatis wild-type, DdnaE2, and complemented
strains were freshly revived on 7H10A medium. Due to the magnitude of the experiment, each strain was
handled separately. For each strain, the antibiotics were freshly prepared. The strain was precultured in 20 mL
7H9A medium for 48 h. The culture was adjusted to an optical density at 600 nm (OD600) of 0.15 to 0.2 in anti-
biotic-free 7H9 medium, and 2 mL was distributed into 30 culture tubes. Ten replicates of these cultures were
either treated with Cip or Rif or left untreated. The tubes were incubated for 48 h at 37°C at 175 rpm. After 48
h, the antibiotic-treated cultures were harvested at 13,000 rpm for 1 min at room temperature in a sterile 2-mL
microcentrifuge tube, and the pellet was washed twice with 1 mL of antibiotic-free 7H9 medium to remove
traces of Cip or Rif. The final pellet containing APs was resuspended in 0.2 mL of 7H9 medium, and each of the
10 replicates that were Cip or Rif treated was inoculated into 2 mL of fresh 7H9A medium. For the untreated
control, which had attained saturation after 48 h, each replicate was serially diluted to a 1024 dilution, and
0.2 mL of the diluted culture was inoculated into 2 mL of fresh 7H9A medium. This effectively resulted in an
;1025 dilution with the tube containing a few thousand bacteria. All 30 tubes were incubated at 37°C at
175 rpm until they attained saturation (2 to 6 days). From each replicate of the grown culture, an aliquot
(50 mL) was used to make a 10-fold serial dilution to perform viable counts. The remaining culture was har-
vested in a sterile 2-mL microcentrifuge tube at 13,000 rpm for 1 min at room temperature. The supernatant
was discarded, and the pellet was resuspended in 0.2 mL of 7H9 medium. This suspension was equally split
(0.1 mL) and plated onto 7H10 plates containing 2.5 mg/mL of ciprofloxacin and 7H10 plates containing
50 mg/mL of streptomycin to enumerate the mutants in the culture. The plates were incubated for 6 days at
37°C, viable counts were recorded after 3 days, and mutants were recorded on the 6th day. The mutation fre-
quency for each treatment was determined by calculating the number of mutants obtained on Cip and Strep
plates with the corresponding viable counts and plotted using GraphPad Prism v8 software.

Effect of suramin on AIDR. To determine the effect of suramin on AIDR, only M. smegmatis was
used. The strain was revived, the preculture was adjusted to a final OD600 of;0.2, and 2 mL was aliquoted into
30 tubes. Ten replicates each were treated with Cip or Cip along with 0.2 mM suramin or left untreated. The
tubes were incubated at 37°C for 48 h at 175 rpm. After 48 h, the tubes were processed as described above.
While the untreated and Cip-alone-treated samples were recovered in 7H9A medium, the Cip- and suramin-
cotreated cultures were recovered in 7H9A medium containing 0.2 mM suramin. The tubes were further incu-
bated at 37°C with shaking until stationary phase (2 to 6 days), and the cultures from all 30 tubes were proc-
essed as described above to obtain mutants on Strep and Cip plates along with their corresponding viable
counts. The data were analyzed, and graphs were plotted using GraphPad Prism software version 8.

Genomic DNA isolation and whole-genome sequence analysis of AIDR. The M. smegmatis
mc2155 strain was revived on 7H10 medium, and mutants from persisters were obtained on Cip and
Strep plates as described in detail above. The antibiotic-resistant mutants of M. smegmatis from Cip
plates (6 isolates) and Strep plates (3 isolates) and the parental wild-type strain M. smegmatis mc2155
were cultured in 10 mL plain 7H9 medium in a shaker incubator at 37°C at 175 rpm to stationary phase
(OD600 of;1.5). The cultures were harvested at 10,000 rpm for 7 min in a sterile 50-mL Falcon tube and washed
once with an equal volume of phosphate-buffered saline (PBS). The bacterial pellets were resuspended in 1 mL
GTET buffer containing 25 mM Tris-HCl (pH 8.0), 10 mM EDTA, 0.1% Triton X-100, and 50 mM glucose, and 6 mg
chicken egg white lysozyme was added. The suspension was incubated overnight at 37°C at 175 rpm in a shak-
ing incubator. To this suspension, an SDS solution was added (final concentration of 1%) along with proteinase K
(6 mg/mL). The suspension was incubated in a water bath at 60°C for 4 h with gentle intermittent mixing every
30 min. The bacterial lysate was extracted twice with a 1:1 volume of phenol containing chloroform and isoamyl
alcohol (25:24:1, vol/vol). After the second extraction, the aqueous layer was mixed with ice-cold sodium acetate
(0.3 M final concentration), and the genomic DNA (gDNA) was precipitated by the addition of a 1:1 volume of
ice-cold isopropanol. The mixture was gently mixed and incubated on ice, and the precipitated gDNA was
spooled, washed with 75% ice-cold ethanol twice, and air dried. The gDNA samples were dissolved in Tris-EDTA
(TE) and stored at 4°C until further use. Genomic DNA samples (500 ng) were processed according to the manu-
facturer’s instruction to prepare libraries for the HiSeq platform (Illumina X ten). Sequencing was performed at
100� coverage with 150-bp paired-end (PE150) reads and a 1-GB output for every genome.

During assembly, raw paired reads were processed, and statistics were computed and visualized
using FastQC v.0.11.3. Trim Galore v.6.4 was used for adaptor removal, quality trimming (Phred score of
,20), and read length filtering (,50 bp) before assembly. The filtered reads were again processed, and
statistics were computed using FastQC. The final high-quality short reads were used for de novo
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assembly using SPAdes v.3.11.1 with k-mers of a defined length (default settings). QUAST v.5.02 was
used to generate metrics and to assess the quality of the assemblies. The resulting contigs were further
filtered to remove those that were ,1 kbp in length. Mauve (build 10, 26 February 2015) Contig Mover
was utilized to arrange and orient the scaffolds against the reference sequence of M. smegmatis mc2155
(GenBank accession no. NC_008596). The arranged scaffolds were stitched together, removing all the
gaps, resulting in a final no-gapped assembly for each genome.

To identify mutations in the AIDR colonies, the stitched assembly of the wild type was aligned to the
reference genome (GenBank accession no. NC_008596) using BLASTN to map the gaps. A pairwise com-
parison of each test genome with the wild type was performed for finding single nucleotide polymor-
phisms (SNPs) and indels using Nucmer v.3.1. The mismatches were mapped to the annotated reference
genome to identify the nature of the SNP.

Modeling and docking studies of suramin with RecA proteins. Since the structures of RecA from
S. aureus and P. aeruginosa have not been experimentally determined, they were determined by in silicomod-
eling using the I-TASSER Web server of the University of Michigan (53). Briefly, the protein sequences of RecA
from S. aureus (UniProt accession no. A5ISG9) and P. aeruginosa (UniProt accession no. P08280) were retrieved
from UniProt and submitted to the I-TASSER Web server. The three-dimensional (3D) models with the highest
template modeling (TM) and C score values among the predicted structures were used for binding studies.
The TM and C scores for S. aureus and P. aeruginosa were 0.83 6 0.08 and 0.83, respectively. In the case of M.
tuberculosis, the available X-ray crystal structure (PDB accession no. 1G18) was used. To determine the molecu-
lar interaction between suramin and RecA, the suramin model from the crystal structure under PDB accession
no. 3PP7 was obtained from the Protein Data Bank (www.rcsb.org) for docking analysis in Chimera 1.13.1 (54).
AutoDock Vina (55) was used for the docking studies between the suramin molecule and the RecA proteins
using Chimera as the front end. The result consisted of multiple possible dockings between the ligand and the
protein with different docking scores. The interaction with the best docking score was chosen for analysis. The
docking scores were29.1 kcal/mol forM. tuberculosis,28.9 kcal/mol for E. coli,28.4 kcal/mol forM. smegmatis,
27.3 kcal/mol for P. aeruginosa, and 27.2 kcal/mol for S. aureus. The docking results were visualized and ana-
lyzed using UCSF Chimera 1.12, and the sites of interaction between RecA and suramin were visualized and an-
alyzed using the Protein-Ligand Interaction Profiler (PLIP) (56), Chimera.

Statistical analysis. The ratiometric data from the microscopic experiments were plotted using
GraphPad Prism software, and statistical analysis was performed by one-way analysis of variance
(ANOVA) using Dunnett’s test (****, P value of ,0.0001). The effect of Cip treatment on AIDR in compari-
son to untreated samples was tested using Mann-Whitney’s test (*, P value of 0.05; **, P value of ,0.01).
The effect of suramin- and ciprofloxacin-cotreated samples compared with that of the ciprofloxacin-
alone-treated sample was determined by Mann-Whitney’s test (**, P value of,0.01).
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