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Role of Oxidative Stress in Persister Tolerance

Yanxia Wu, Marin Vuli¢, Iris Keren, and Kim Lewis
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Persisters are dormant phenotypic variants of regular cells that are tolerant to antibiotics and play an important role in recalci-
trance of chronic infections to therapy. Persisters can be produced stochastically in a population untreated with antibiotics. At
the same time, a deterministic component of persister formation has also been documented in a population of cells with DNA
damaged by fluoroquinolone treatment. Expression of the SOS response under these conditions induces formation of persisters
by increasing expression of the TisB toxin. This suggests that other stress responses may also contribute to persister formation.
Of particular interest is oxidative stress that pathogens encounter during infection. Activated macrophages produce reactive
oxygen and nitrogen species which induce the SoxRS and OxyR regulons. Genes controlled by these regulons deactivate the oxi-
dants and promote repair. We examined the ability of oxidative stress induced by paraquat (PQ) to affect persister formation.
Preincubation of cells with PQ produced a dramatic increase in the number of persisters surviving challenge with fluoroquin-
olone antibiotics. PQ did not affect killing by kanamycin or ampicillin. Persisters in a culture treated with PQ that survived a
challenge with a fluoroquinolone were also highly tolerant to other antibiotics. PQ induces SoxRS, which in turn induces expres-
sion of the AcrAB-TolC multidrug-resistant (MDR) pump. Fluoroquinolones are extruded by this MDR pump, and the effect of
PQ on antibiotic tolerance was largely abolished in a mutant that was defective in the pump. It appears that PQ, acting through
AcrAB-TolC, reduces the concentration of fluoroquinolones in the cells. This allows a larger fraction of cells to become persisters
in the presence of a fluoroquinolone. Analysis of a lexA3 mutant indeed showed a dependence of persister induction under these
conditions on SOS. These findings show that induction of a classical resistance mechanism, MDR efflux, by oxidative stress leads

to an increase in multidrug-tolerant persister cells.

ersisters are dormant antibiotic tolerant cells that are pro-

duced by all bacteria tested and by the eukaryote Candida
albicans (22). Persisters are phenotypic variants of regular cells
that can be produced stochastically in a population. The level of
persisters rises from 1077 in an early exponential culture to 1% at
stationary state, suggesting a regulatory component in their for-
mation. The nature of the factors responsible for the rise in per-
sisters during growth of a culture is unknown. Toxin-antitoxin
(TA) modules contribute to persister formation in Escherichia coli
(3,4,9, 28, 29, 35), and we reported that the induction of TisB
toxin expression by the SOS response produces dormant persist-
ers (12). Persisters are largely responsible for the recalcitrance of
biofilms to antibiotic therapy (7, 16, 17, 19, 22, 25, 26, 37). High
persister (hip) mutants of Pseudomonas aeruginosa have been iso-
lated from patients with cystic fibrosis (30), and hip mutants of C.
albicans arise in the course of treating cancer patients with oral
thrush (23). These findings suggest that persister cells may be the
main culprit responsible for the relapsing nature of chronic infec-
tions.

Persister formation in response to DNA damage suggests that
other stresses may induce entry into a dormant state as well. We
were particularly interested in the possible role of oxidative stress
in drug tolerance. In the host environment, when macrophages
encounter bacteria, they generate reactive oxygen species (ROS)
and reactive nitrogen species (RNS), such as superoxide (O, " )
and nitric oxide (NO) and other reactive species (31). Bacteria
respond to oxidative stress by inducing a global response which
eliminates ROS and repairs oxidative damage (5, 38). The sensor-
regulator systems in E. coli that respond to oxidative stress are the
OxyR and SoxRS regulons, which control the responses to hydro-
gen peroxide and superoxide, respectively (34, 43). Compounds
that produce intracellular superoxide include viologens such as
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paraquat (PQ) and quinones such as naphthoquinone, menadi-
one, and plumbagin (PB), a natural antimicrobial and a derivative
of naphthoquinone. These compounds transfer electrons from
NADPH or NADH to O, to generate O, " ; hence, they are com-
monly referred to as redox cycling agents. PQ is commonly used
due to its high solubility and stability in water. The transcriptional
and metabolic cascade induced by PQ is shown in Fig. 1. The
soxRS regulon is induced through a two-stage process. The repres-
sor SoxR contains a [2Fe-2S] cluster, which is inactive in the re-
duced form. When the [2Fe-2S] cluster is oxidized, it induces soxS
expression, and SoxS in turn activates the transcription of over
100 genes in the regulon by binding to the sox box in their pro-
moters (5, 10, 14). Superoxide is degraded to H,O, by the super-
oxide dismutases SodA (Mn), SodB (Fe), and SodC (Cu, Zn).
H,0, is further degraded to water and oxygen by the enzymes
KatG and AhpCF, or it can be converted to hydroxyl radical
through the Fenton reaction (FR) (20, 41). OxyR is a regulator of
the hydrogen peroxide response. The oxidized OxyR activates the
expression of the catalase KatG and the alkyl hydroperoxide re-
ductase AhpCF to scavenge H,O, and the expression of proteins
such as glutathione reductase GorA, glutaredoxin 1 GrxA, and
thioredoxin 2 TrxC that enhance reducing capacity. PQ usage,
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FIG 1 The transcriptional and metabolic cascade induced by paraquat.

together with the subsequent H,O, production, also increases the
expression of the IscR regulon, governing iron sulfur cluster syn-
thesis (Fur) and cysteine synthesis (CysB) (5).

In this study, we found that PQ increases the level of per-
sisters that survive killing by fluoroquinolone antibiotics
through induction of the multidrug-resistant (MDR) pump
AcrAB-TolC. These surviving persisters are highly tolerant to
unrelated antibiotics. This finding shows an important rela-
tionship between classical resistance (induction of an MDR
pump) and drug tolerance.

MATERIALS AND METHODS

Strains and growth conditions. E. coli K-12 BW25113, which is the par-
ent strain for the complete single gene knockout collection (the KEIO
library [2]), is the wild-type strain used in this work. Each open reading
frame (ORF) in the collection is replaced by a kanamycin resistance cas-
sette, and care was taken to choose primers for replacement that would
avoid creating polar effects. The MDR pump deletion mutant acrB is from
the KEIO collection. The lexA3 allele is a point mutant, deficient for SOS
induction, and was moved from MV2057 into BW25113 by P1 transduc-
tion. MG1655 PsoxS-GFP (where GFP is green fluorescent protein) and
MG1655 PtolC-GFP are from an E. coli library containing ~2,000 differ-
ent promoter-GFP fusions on a low-copy-number plasmid (42). Cells
were cultured in Luria-Bertani (LB) broth (10 g Bacto-tryptone, 5 g yeast
extract, and 10 g NaCl/liter), buffered with 0.1 M HEPES/KOH (pH 7.2),
and supplemented with the appropriate antibiotic for strains carrying
antibiotic markers. Overnight cultures were inoculated in 3 ml buffered
LB broth in 17- by 100-mm polypropylene tubes (Fisherbrand) and incu-
bated for 16 to 20 h at 37°C with aeration at 220 rpm.

Measurements of MICs. The MIC was measured using 96-well plates
(COSTAR; Corning Inc.). All wells in each row of the 96-well plate were
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filled with 50 p.l of the medium, except the first one, which was filled with
100 pl of medium alone, serving as a negative control. Fifty microliters of
medium containing antibiotic at 20-fold the expected MIC (1) was then
added to the second well, and serial 2-fold dilutions were made from the
second to the 11th well. The last well contained no antibiotics, serving as a
positive control. The overnight culture of the strain to be tested was di-
luted 1:10 into 3 ml of fresh medium in a 17- by 100-mm polypropylene
tube, which was incubated at 37°C with aeration for 1 h. The cultures
were then diluted 1:2,000 in fresh medium. Fifty microliters of the
cultures were added to the second to the 12th well, resulting in 10°
CFU/ml. The 96-well plate was then capped and incubated at 37°C for
16 to 20 h, and the optical density (OD) was determined by a microtiter
plate reader (Synergy Mx monochromator-based multimode micro-
plate reader; BioTek). The lowest concentration at which no growth
was observed was taken as the MIC. Each measurement was performed
in four replicates.

Determining persister level. Overnight cultures of the strains were
diluted 1:100 into buffered LB broth, supplemented with appropriate an-
tibiotics, and incubated at 37°C for 1 h (optical density at 600 nm [OD ]
of ~0.1). The culture was divided into aliquots of 5 ml per polypropylene
tube (17 mm by 100 mm). The tubes were further grouped into untreated
and PQ treated (paraquat dichloride; Sigma). PQ was added to the culture
for 30 min (ODg, of 0.2 to ~0.3) prior to the addition of ofloxacin,
ampicillin, kanamycin, or tobramycin (all from Sigma) for an additional
24 h. The concentration of antibiotics was 10X the MIC, unless indicated
otherwise. Each treatment was performed in triplicate. At designated time
points, 1-ml samples were withdrawn, washed, and resuspended in 1 ml of
a 1% NaCl solution. The suspension was then serially diluted and plated
on LB agar plates supplemented with 20 mM MgSO, and 2 mg/ml sodium
pyruvate, an antioxidant improving plating efficiency (6). In some exper-
iments, the entire 1-ml sample was washed and plated to increase the limit
of detection.

Measurement of promoter activity. Strains MG1655 PsoxS-GFP and
MG1655 PtolC-GFP were cultured at 37°C with aeration at 220 rpm to an
ODy, of ~0.2, and the cultures were transferred into wells of a black
opaque 96-well plate (Costar). The wells were divided into four groups: no
PQ, no PQ with ofloxacin, PQ, and PQ with ofloxacin. PQ (0.8 mM) was
added into the wells for half an hour before the addition of 1 wg/ml
ofloxacin. Immediately after the addition of ofloxacin, the plate was
placed into the microtiter plate reader (Synergy Mx monochromator-
based multimode microplate reader; BioTek) and incubated at 37°C. The
intensity of fluorescence was measured (485 nm, excitation; 585 nm,
emission) every 20 min for 3 h.
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FIG 2 The influence of PQ on drug tolerance of E. coli BW25113. (A) Time-dependent killing by ampicillin (50 pg/ml), ofloxacin (1 pwg/ml), and kanamycin (50
pg/ml). (B) Time-dependent killing by different fluoroquinolones: ofloxacin (1 pg/ml), norfloxacin (1 pg/ml), and ciprofloxacin (0.15 pg/ml). The growing
population of BW25113 was treated with 0.8 mM PQ for 30 min before antibiotics were applied.
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FIG 3 Multidrug tolerance of persisters induced by PQ treatment. The grow-
ing population of BW25113 was treated with 0.8 mM PQ for 30 min and then
challenged with 1 wg/ml ofloxacin (the zero time point in the figure). After 6 h,
the PQ treated culture was split into four aliquots: no extra antibiotic added
(PQoflo 1), 4 pg/ml ofloxacin added (PQ oflo 1 + 4), 100 pg/ml of ampicillin
added (PQ oflo 1 + Amp 100), and 30 pg/ml of tobramycin added (PQ oflo
1 + Tobra 30).

RESULTS

PQ increases the persister level of a culture challenged with fluo-
roquinolones. Paraquat leads to the production of ROS and was
used as an oxidative stress inducer. The PQ MIC for E. coli was 1.2
mM, and a subinhibitory concentration of 0.8 mM was used to pre-
treat the culture in order to examine the possible effects of oxidative
stress on persister levels. After incubation with PQ for 30 min, the
culture was treated with ofloxacin, ampicillin, or kanamycin. PQ at
this subinhibitory concentration did not affect the growth rate, but
the level of persisters surviving killing by ofloxacin increased 1,000-
fold (Fig. 2A). PQ had no effect on the level of cells surviving treat-
ment by kanamycin or ampicillin (Fig. 2A). PQ pretreatment
strongly increased the level of persisters in cultures exposed to other
fluoroquinolones, norfloxacin, or ciprofloxacin (Fig. 2B). The differ-
ent levels of persisters are apparently due to the differences in the
killing ability of particular fluoroquinolones and their ability to in-
duce the SOS response. Similarly, plumbagin, another redox cycling
agent, strongly increased the level of persisters surviving ofloxacin
(see Fig. S1 in the supplemental material).

Persisters in a PQ-treated culture are multidrug tolerant. PQ
had a dramatic effect on the survival of persisters in a culture
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treated with a fluoroquinolone but not with ampicillin or kana-
mycin. However, it was important to determine whether these
surviving persisters were tolerant to multiple antibiotics. For this
reason, cells were pretreated with PQ, ofloxacin was then added,
and, after another 6-h incubation, the culture was treated with
high levels of ampicillin (100 wg/ml) and tobramycin (30 pg/ml)
or a higher level of ofloxacin (4 pg/ml) for an additional 18 h. This
exposure to additional antibiotics had little effect on survival (Fig.
3), indicating that persisters in a culture pretreated with PQ are
multidrug tolerant. This experiment also suggests that the fluoro-
quinolone induced persisters, since a subsequent increase in the
concentration of this antibiotic, or addition of a different one, had
no effect on killing. Contrast this to very strong killing of cells by
kanamycin, for example, when this drug was added without prior
treatment with a fluoroquinolone (Fig. 2A).

The AcrAB-TolC pump is largely responsible for the survival
of persisters in cultures treated with PQ. Redox cycling agents
such as PQ induce soxRS and one of the components of this regu-
lon, AcrAB-TolC, is the major MDR pump of E. coli. Under con-
ditions used in this study, PQ indeed induced expression of soxS
and 10lC (Fig. 4). AcrAB-TolC extrudes fluoroquinolones from
the cell, which could contribute to persister survival. In order to
test this possibility, ofloxacin was added to cultures of wild-type
and acrB mutant cells pretreated with PQ at equivalent levels.
Thus, the ofloxacin MIC of the wild type is 0.1 wg/ml, and cells
were exposed to 1 pg/ml of ofloxacin. For the mutant, the MIC
was 0.02 pg/ml, and it was exposed to 0.2 pg/ml of the antibiotic.
The protective effect of PQ pretreatment on persister survival was
largely eliminated in an acrB mutant strain (Fig. 5). PQ had no
effect on the growth rate of the acrB strain. The MICs of colonies
formed by surviving persisters were the same as for parent strains,
showing that resistant mutants were not selected in the course of
the experiment. These results suggest that PQ induces the AcrAB-
TolC pump which lowers the concentration of the fluoroquin-
olone, allowing the antibiotic to induce persister formation of a
larger fraction of the population. Importantly, these surviving
cells become tolerant to other antibiotics, including higher levels
of fluoroquinolone. This increased survival is probably due to SOS
induction by the fluoroquinolone, resulting in increase of per-
sister tolerance (11, 12). In order to test this possibility, we exam-
ined the effect of PQ pretreatment on the survival of a lexA3 mu-
tant lacking SOS induction. A null mutation in the LexA repressor
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FIG 4 Induction of soxS and tolC by paraquat and ofloxacin. Ofloxacin (1 pug/ml) was added to the growing cultures of MG1655 PsoxS-GFP (A) and MG1655
PtolC-GFP (B) after a 30-min incubation with 0.8 mM PQ. The level of GFP fluorescence indicates the level of promoter activity.
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FIG 5 The influence of PQ on ofloxacin tolerance of wild-type E. coli
BW25113 and the MDR efflux pump mutant acrB. The growing cultures were
treated with 0.8 mM PQ for 30 min before a challenge by 1 wg/ml ofloxacin to
BW25113 and 0.2 pg/ml to acrB, respectively.

causes a derepression of all SOS-regulated genes, but the LexA3
allele fails to respond to RecA activation and is therefore unable to
induce the SOS response. The fluoroquinolone MIC of the lexA3
mutant was unchanged, but the level of persisters surviving
ofloxacin treatment was considerably diminished compared to
the level obtained with the wild type (Fig. 6).

DISCUSSION

Understanding the molecular basis of persister formation and
their drug tolerance is necessary to devise countermeasures
against these specialized survivor cells, which are largely respon-
sible for recalcitrance of chronic infections (23, 30). The study of
persisters, however, presents a formidable challenge, since these
cells are genetically identical to their propagating kin and form a
small and temporary subpopulation, and the mechanisms of their
formation are highly redundant (24). In E. coli, the transcriptome
of persisters pointed to overexpression of chromosomal toxin-
antitoxin modules which were originally discovered as a plasmid
maintenance mechanism (17, 36). Overexpression of toxins such
as RelE or MazF, which inhibit protein synthesis by degrading
mRNA, stopped cell division and led to drug tolerance (8, 33, 40).
Similarly, overexpression of the toxin HipA, which inhibits pro-
tein synthesis by the phosphorylating elongation factor EF-Tu,
leads to multidrug tolerance (21). In E. coli, there are over 10 TA
modules that degrade mRNA, and the total number of toxins-
antitoxins in this species is over 20 (12, 32). This high level of
redundancy is problematic when trying to link a particular per-
sister candidate gene to function. In E. coli, only after knocking out
6 TA modules is there an observable decrease in persister levels
(27). In M. tuberculosis, there are over 65 TA modules (18), mak-
ing analysis particularly daunting. One possible reason for this
redundancy is that each persister gene is largely responsible for
persister formation under a given condition. In E. coli, the TisAB
TA module is controlled by the SOS response, and we found that
treating cells with DNA-damaging agents such as fluoroquinolo-
nes induces expression of TisB (12). Under these conditions, most
of the persisters are formed in a TisB-dependent manner. The
TisB protein is a typical antimicrobial peptide (13, 39), which acts
by forming anion channels in the membrane (15). A decrease in
proton motive force (PMF) and ATP then shuts down the antibi-
otic targets, leading to dormancy and drug tolerance.
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FIG 6 The SOS dependence of the PQ-induced fluoroquinolone tolerance.
Ofloxacin (1 pg/ml) was added to the growing populations of wild-type

BW25113 and lexA3, a mutant lacking SOS induction, following a 30-min
treatment of 0.8 mM PQ.

We reasoned that other stresses may be linked to persister for-
mation, similar to the SOS response (11). In this study, we exam-
ined the effects of oxidative stress on persister formation. Incubat-
ing cells with an oxidative stress inducer, PQ, sharply increased the
level of persisters in a population treated with fluoroquinolones.
Unexpectedly, this effect was limited to this class of antibiotics:
pretreatment with PQ had no effect on the action of other bacte-
ricidal compounds, ampicillin, and kanamycin. Further investiga-
tion showed that the increased persister levels were due to the
PQ-induced expression of the MDR pump AcrAB-TolC, which
extrudes fluoroquinolones from the cell. We also found that per-
sisters surviving a challenge with fluoroquinolone under these
conditions are tolerant to other antibiotics. This suggests that the
fluoroquinolone was actually inducing their formation. Indeed,
tolerance of persisters was reduced in a lexA3 mutant lacking in-
duction of the SOS response.

The findings of the current study suggest an interesting and
complex interplay between classical resistance (MDR efflux) and
tolerance. During infection, a pathogen will encounter activated
macrophages that produce ROS and RNS compounds, triggering
oxidative stress. E. coli infection is typically treated with fluoro-
quinolones, and the AcrAB-TolC MDR will lower the concentra-
tion of these compounds in the cell, increasing the level of surviv-
ing persisters and their tolerance to this and other antibiotics,
exacerbating recalcitrance. It appears that one of the main im-
mune defenses, the production of ROS and RNS, has a side effect
of activating both classical resistance and multidrug tolerance in
pathogen cells.
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