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Timing of DNA damage responses impacts persistence
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Bacterial persisters are subpopulations of phenotypic variants in
isogenic cultures that can survive lethal doses of antibiotics. Their
tolerances are often attributed to reduced activities of antibiotic
targets, which limit corruption and damage in persisters compared
with bacteria that die from treatment. However, that model does
not hold for nongrowing populations treated with ofloxacin, a
fluoroquinolone, where antibiotic-induced damage is comparable
between cells that live and those that die. To understand how
those persisters achieve this feat, we employed a genetic system
that uses orthogonal control of MazF and MazE, a toxin and its
cognate antitoxin, to generate model persisters that are uniformly
tolerant to ofloxacin. Despite this complete tolerance, MazF model
persisters required the same DNA repair machinery (RecA, RecB,
and SOS induction) to survive ofloxacin treatment as their non-
growing, WT counterparts and exhibited similar indicators of DNA
damage from treatment. Further investigation revealed that,
following treatment, the timing of DNA repair was critical to MazF
persister survival because, when repair was delayed until after
growth and DNA synthesis resumed, survival was compromised. In
addition, we found that, with nongrowing, WT planktonic and
biofilm populations, stalling the resumption of growth and DNA
synthesis after the conclusion of fluoroquinolone treatment with a
prevalent type of stress at infection sites (nutrient limitation) led to
near complete survival. These findings illustrate that the timing of
events, such as DNA repair, following fluoroquinolone treatment is
important to persister survival and provide further evidence that
knowledge of the postantibiotic recovery period is critical to
understanding persistence phenotypes.
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ithin clonal bacterial cultures, a subpopulation of cells

known as persisters can transiently survive doses of anti-
biotics that kill their isogenic kin (1-3). Unlike resistant mutants,
persisters are phenotypic variants, and their tolerances are not
attributed to heritable genetic changes that allow them to grow
in the presence of antibiotics. After the antibiotic is removed,
persisters resume growth and replication and give rise to pop-
ulations with similar susceptibility to the antibiotic used for treat-
ment as cells in the original population (4). Given their potential to
repopulate infections, persisters are considered to be important
contributors to chronic and relapsing infections (5-7). To devise
treatments against this threat, better understanding of persister
physiology will be enabling (8-10).

Persisters are generally thought to originate from growth-
arrested cells because such cells harbor less active cellular pro-
cesses than their growing counterparts and thus suffer limited
damage from antibiotic treatment. However, this paradigm is not
generalizable to all types of persisters (2, 11). For example,
Wakamoto et al. (12) demonstrated that persistence to isoniazid
in Mycobacterium smegmatis depends on a dynamic balance be-
tween cell growth and stochastic expression of the prodrug ac-
tivating enzyme, KatG. In addition, some classes of antibiotics,
such as fluoroquinolones (FQs), which target topoisomerases
and are on the World Health Organization’s essential medicine
list (13), are capable of killing both growing and nongrowing
bacteria (14). It was recently reported that, in stationary-phase
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cultures, persisters to ofloxacin (OFL) (a FQ) and cells that died
from treatment exhibited indistinguishable DNA damage re-
sponses both during and after treatment (15). Further, those
persisters required DNA repair machinery for survival, which
suggested that they suffered OFL-induced DNA damage (15).
These and other studies have established that growth arrest and
persistence are not equivalent (16-19), which suggests that addi-
tional aspects of persister physiology must be considered to un-
derstand their impressive abilities to survive antibiotic exposure.

In a recent study, we used orthogonal expression of the MazF-
MazE toxin—antitoxin (TA) system to generate model persisters
for analysis (20). This model was constructed based on the im-
portance of TA systems to persistence (21-24), and, notably,
MazF accumulation has been employed by various groups to
study antibiotic tolerance (25, 26). An important feature of our
MazF persisters was that they were uniformly tolerant to OFL
treatments (20) whereas ~90% of stationary-phase populations
were killed when treated with the same OFL dose (15). Further-
more, our model system recapitulated features of WT persisters,
such as sensitivity toward aminoglycosides despite being tolerant
to FQs and p-lactams (8, 10, 20, 27, 28). Based on these results, we
hypothesized that MazF persisters could be used to understand
how growth-arrested cells could tolerate OFL treatments and give
rise to persisters.

In this study, we examined how MazF model persisters were
able to achieve complete tolerance to OFL whereas growth-
inhibited WT populations could not. We confirmed that MazF
persisters required a similar repertoire of DNA repair enzymes as
WT OFL persisters for survival and that, following treatment, they
can experience DNA fragmentation and metabolic perturbations
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reflective of DNA damage, such as accumulation of dNTPs (29).
We further provide evidence that resumption of growth and DNA
synthesis was slower in MazF model persisters compared with a
growth-arrested control that had lower persister levels, and we
demonstrate that delaying DNA repair compromised MazF per-
sister survival. Collectively, these observations suggested that the
timing of events, such as DNA repair and reinitiation of growth,
was important for survival from FQ damage in nongrowing cells.
To examine the relevance of these findings to WT persister levels,
we delayed growth resumption and DNA synthesis with nutrient
deprivation, which can occur at infection sites (30-32), following
FQ treatment, and discovered that such scenarios can increase
survival of WT populations to near 100%. These results demon-
strate that the timing of molecular events following FQ treatment
is critical to the persistence phenotype and suggest that strategies
to reduce FQ persistence in growth-arrested populations, which
are notoriously difficult to treat, would be to stimulate DNA
synthesis and/or slow DNA repair.

Results

MazF Persisters Require DNA Repair Systems to Survive OFL Treatment.
We previously generated an Escherichia coli strain that would allow
us to produce MazF model persisters (20); in this strain, the en-
dogenous chromosomal copy of mazEF was deleted, and mazE and
mazF were returned to the chromosome under orthogonal control
from two independent, inducible promoters [arabinose-inducible
Ppap for mazE and anhydrotetracycline (aTc)-inducible P01
for mazF]. We observed that MazF accumulation resulted in re-
versible growth inhibition and that MazF-arrested cells were
completely tolerant to two classes of antibiotics: p-lactams (e.g.,
ampicillin) and fluoroquinolones (e.g., OFL). By comparison, the
survival of a toxin-free control expressing MazE alone but induced
with the same concentration of aTc as MazF-arrested cells and
cells coexpressing MazE and MazF decreased by four orders of
magnitude following OFL treatment (SI Appendix, Fig. S14).
These findings suggested that the MazF persisters could be a
suitable model system to study persistence to FQs in nongrowing
populations. To further assess this capability, we assayed whether
similar DNA repair functions were needed by MazF and WT
persisters to survive OFL treatment (Fig. 14). We deleted or
mutated a number of key genes whose products were involved in
homologous recombination and the SOS response that we had
previously examined for involvement in OFL persistence within
stationary-phase WT cultures (ArecA, lexA3, ArecB, ArecF, ArecN,
and AruvA) (15). In addition, to cover a wider breadth of DNA
repair pathways, we also examined the effects of deleting uvrD,
which encodes a helicase involved in methyl-directed mismatch
repair, nucleotide excision repair, and implicated in replication
fork restart (33); suld, which inhibits cell division during the SOS
response (34); and mutM, nfo, and ung, which are involved in base
excision repair (35).

Deletion of genes encoding base excision repair enzymes did
not affect OFL persister levels in MazF persisters, and neither
did ArecF, ArecN, or AsulA mutations (SI Appendix, Fig. S1B).
Deletion of ruvA and uvrD significantly (P < 0.05) reduced the
survival of MazF persisters following OFL treatment, resulting in
3- and 11-fold decreases in the survival fraction, respectively
(Fig. 14). However, loss of LexA activation, RecA, or RecB had
the most dramatic effect on MazF persister tolerance; survival of
the lex43 mutant was reduced by ~50-fold, and survival of ArecA
and ArecB mutants decreased by >1,000-fold (Fig. 14). Com-
plementation of recA (SI Appendix, Fig. S1C) and recB (SI Ap-
pendix, Fig. S1D) in these deletion mutants with plasmid-borne
copies of these genes restored OFL persistence. These findings
demonstrated that MazF model persisters depended on a similar
repertoire of DNA repair enzymes as a MazE-MazF coexpression
control (SI Appendix, Fig. S1E) and OFL persisters derived from
WT stationary-phase cultures, where functional RecA, RecB, and
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cleavable LexA were the most important DNA damage and repair
systems tested (15). These data provided strong genetic evidence
for the use of this model system to interrogate the survival strat-
egies of persisters to OFL in growth-inhibited WT populations.

MazF Persisters Experience DNA Breaks Following OFL Treatment.
Given that the whole population of MazF persisters was tolerant
to OFL, we could use population-wide measurements to evaluate
whether they suffered DNA damage as a result of treatment. To
demonstrate that drug-stabilized DNA-gyrase complexes, which
are the cause of lethal DNA double-stranded breaks (DSBs) (36),
were formed in MazF model persisters following OFL treatment,
we measured cleavage sites in an 11-kb stretch of genomic DNA in
OFL-treated cells. We used Southern blotting to examine the
integrity of the region encompassing dnaA-dnaN-recF-gyrB as this
locus was previously shown to be fragmented as a result of
treatment with another quinolone antibiotic, oxolinic acid (37).
We observed DNA fragmentation in MazF persisters after expo-
sure to OFL although we note that damage was reduced com-
pared with the toxin-free, growing control, which bears only an
inducible MazE and was readily killed (Fig. 1B and SI Appendix,
Fig. S1F). Interestingly, these data and the dependence of MazF
persister survival on RecB and RecA suggested that MazF per-
sisters suffered DNA DSBs that were repaired via homologous
recombination. Since homologous recombination requires an in-
tact copy of a damaged locus to perform efficient repair (38, 39),
we used PicoGreen staining to quantify the chromosomal content
of MazF persisters at the time of treatment (Fig. 1C; see SI Ap-
pendix, Fig. S1G for controls). We observed that more than 99%
of MazF persisters, as well as toxin-free controls, contained
greater than one chromosome before OFL treatment, with the
vast majority containing greater than two chromosomes, which
confirms that the MazF persisters had sufficient genomic material
for recombinatorial repair. Further, we observed a continuous
distribution of fluorescence intensities from MazF persisters, as
opposed to the discrete peaks that are indicative of integer abun-
dances of chromosomes (SI Appendix, Fig. S1G), which suggested that
many MazF persisters contained partially replicated chromosomes.

To complement the genetic and physiological data described
above, we used liquid chromatography-mass spectrometry (LC-
MS) to compare the metabolic responses of MazF persisters to
OFL treatment to those of an identically treated, toxin-free
control. A previous study suggested that the accumulation of
dNTPs following exposure to genotoxic stress is a metabolic re-
sponse of cells experiencing DNA damage and requiring trans-
lesion synthesis (29). After 1 h of OFL treatment, we observed
that both treated populations accumulated a number of nucle-
obases and nucleotides in response to OFL treatment. Specifi-
cally, dATP, dCTP, and dTTP were found to accumulate (Fig.
1D) whereas dGTP could not be reliably measured with the
separation method used here due to similarities between its re-
tention time and those of its more abundant isomer ATP (40).
On the more global scale, we found a positive correlation (cor-
relation coefficient of 0.4573, P < 0.05) between the changes in
relative abundance of metabolites from the OFL-tolerant MazF
persisters and the OFL-susceptible toxin-free control (Fig. 1E
and SI Appendix, Fig. S2) although we note that the response in
the MazF persisters was dampened compared with the control.
Results from this metabolomic analysis are in agreement with
observations from our genetic analysis and Southern blotting
experiments, which demonstrated that MazF persisters experi-
enced DNA damage from OFL treatment despite their ex-
traordinary tolerance to the antibiotic. These hallmarks of DNA
damage and the requirement for the same DNA repair systems
as WT persisters for survival suggests that MazF persisters re-
capitulate essential features of their WT counterparts and thus
constitute a good model system for the study of OFL persistence
in nongrowing WT populations.
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Fig. 1. MazF persisters recapitulate aspects of WT OFL persister physiology. (A) MazF persisters depend on DNA repair to survive OFL treatment. Strain
WMO03 and its derivatives, which harbor mutations in DNA repair genes, were cultured to exponential phase while expressing MazE (induced with arabinose) and
MazF (induced with anhydrotetracycline), and then arabinose was removed to allow accumulation of MazF and growth stasis. During stasis, OFL was added, and,
at designated time points, OFL and aTc were removed, and cells were recovered on media supplemented with arabinose for MazE induction. Mutations or
deletion of genes involved in the SOS response (recA and /exA), repair of DNA DSBs (recB and ruvA), and nucleotide excision repair (uvrD) significantly reduced the
survival following OFL treatment, despite MazF-induced stasis. (B) The integrity of an 11-kb region encompassing dnaA-dnaN-recF-gyrB (dnaA locus) was ex-
amined before and 30 min after OFL treatment by Southern blotting. Before OFL administration, the dnaA locus was intact in the toxin-free control (strain
WMO02 grown in the presence of aTc; lane 1) and in MazF persisters (lane 2). After OFL treatment, fragmentation was observed in the antibiotic susceptible toxin-
free control (lane 3) and in MazF persisters (lane 4). A 10-kb DNA marker was included (lane 5) for size comparisons. The Southern blot shown is representative of
at least three biological replicates. Another replicate of the Southern blot is shown in SI Appendix, Fig. S1F. (C) MazF persisters and toxin-free controls have more
than one chromosome at the time of OFL treatment, and most have more than two chromosomes. Controls used to determine the fluorescence intensities
corresponding to different chromosomal units are shown in S/ Appendix, Fig. S1G. (D) Abundances of metabolites extracted from MazF persisters and toxin-free
control before and 1 h after OFL treatment were normalized by culture density (ODggo) at the time of extraction. Ratios of changes in metabolite abundances (R)
were calculated by dividing the ODggo-normalized abundance of each metabolite at 1 h following treatment by the normalized abundance before treatment.
Both MazF persisters and toxin-free control accumulated deoxyribonucleotides (NTPs) posttreatment, which is an indicator of DNA damage. (E) The metabolites
that are depicted exhibited statistically significant (P < 0.05) increases or decreases in relative abundance at 1 h post-OFL treatment compared with their relative
abundance pretreatment for at least one of the strains (MazF persisters or toxin-free control). The regression line shown has the equation y = 0.4929x + 0.047 (r =
0.4573, P = 0.0010). These data depict three or more biological replicates, and error bars represent SEM.

MazF Persisters Respond Slowly Following the Removal of OFL. Our  nating from a nongrowing population as DNA repair machineries
group previously demonstrated that the postantibiotic recovery  and SOS induction were only necessary following the removal of
period was critical for the survival of WT OFL persisters origi- OFL (15). Focusing in on this critical period for persisters, we
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monitored the expression of an SOS reporter following the con-
clusion of OFL treatment. We used an SOS reporter comprised of
GFP under the regulation of a rec4 promoter (P,.,), which was
validated previously to reflect SOS induction (15), and quantified
its fluorescence every 2 h for 8 h during recovery from OFL in LB
that included arabinose for MazE induction (Fig. 2.4 and B and ST
Appendix, Figs. S3 and S4). In the toxin-free control, which was
replicative and translationally active when the antibiotic was
added, cells were fluorescent during OFL treatment. Approxi-
mately 97% of this population remained highly fluorescent during
the 8-h recovery period (SI Appendix, Figs. S34 and S44). When
SOS induction in MazF persisters was assayed, we observed a long
delay without appreciable fluorescence before 4 h (Fig. 24 and SI
Appendix, Figs. S3B and S4B). To confirm that this fluorescence in
MazF persisters was attributable to SOS induction, the reporter
was monitored in MazF persisters carrying a lex43 mutation (S
Appendix, Figs. S3C and S4C). As anticipated, fluorescence was not
appreciably induced in this /ex43 mutant throughout the course of
the experiment. As MazF interrupts translation and causes growth
inhibition, we used a chloramphenicol (CM)-treated, MazF-free
system as a growth-inhibited control for comparison (Fig. 2B and
SI Appendix, Figs. S3D and S4D). Interestingly, we observed that

SOS induction in MazF persisters and CM-treated cells differed in
both intensity and timing. Approximately 33.6 + 10.0% (Fig. 2B and
SI Appendix, Fig. S3D) of CM-treated cells were highly fluorescent
2 h following OFL removal. By comparison, 3.3 + 0.4% (Fig. 24
and SI Appendix, Fig. S3B) of MazF persisters were fluorescent
above background at this time. The fluorescent subpopulation of
MazF persisters increased over time after 4 h of recovery (Fig. 24
and SI Appendix, Figs. S3B and S4B), but the magnitude of fluo-
rescence was dampened compared with responsive CM-treated cells
(Fig. 2B and SI Appendix, Figs. S3D and S4D).

MazF-model persisters and CM-treated toxin-free controls
were both translationally inhibited before and during OFL treat-
ment, and both populations suffered less DNA fragmentation
compared with growing and translationally active cells (Fig. 1B
and SI Appendix, Fig. S54). Additionally, both populations have
sufficient chromosomal copies to undergo repair by homologous
recombination (Fig. 1C and SI Appendix, Fig. S5B) yet the SOS
response they executed following OFL removal differed consid-
erably. Compared with MazF persisters, where the entire pop-
ulation survived OFL treatment, ~90% of CM-treated cells were
killed (Fig. 2C), resulting in survival that was comparable with
other growth-inhibited WT populations (15). During recovery

A B ™
MazF Persisters CM-treated Control 'g 0 : . :
» 1907 recA reporter 1 1007 recA reporter 5
= = © -14
8 w0 & w P
- - -
c c ™ -2
4 60 o 60 >
=] w9 s
w ] C -3
2 a0 2 a0 3
=] o )
3 S5 =44
T 20 = 20 o'
ES i S ] 50 x : T T
0 2 4 6 8 Time (h)
Time (h) ~#- Toxin-free control
-8~ CM-treated control
D -8~ MazF persisters
O -OFL m +OFL [0 -OFL m+OFL 1.259 -8~ CM-treated control *
s IT) © Bioofon 1.00] @ MazF persisters
2 L 2 '
S e : 8 80 "
el =, gors
8 K 3 :
E 407 : E 404 0.504
o .o
® 207 © '@ 204 0.25- i
£ i E R
S ol v - - . 0
2 0o w0 w0t w08 P Z a0 o 10d w0t 108 0'0”0 T ; T x
Relative Fluorescence : Relative Fluorescence Time (h)
@ ) E EdU Incorporation
£1007 ;2100 701
3 ah i3 2h 20 I CM-treated cells x
O a0 PO 80 3 [ MazF persisters
3 D + 504 *
S o S G0 £
- B -] 9 404
2 g £ 304
= ] 5
o ] “ o 20 3
£ 20 : E T 204
5 L5 -
: 0. 104
R o 10° 10t 108
Relative Fluorescence 0-

Relative Fluorescence :

2
Time (h)

Fig. 2. SOS induction, growth, and DNA synthesis are delayed in MazF persisters following OFL treatment. Expression of an SOS reporter was quantified in
(A) MazF persisters and (B) toxin-free cells treated with translation inhibitor chloramphenicol (CM) during recovery from OFL treatment in LB with arabinose.
The bar graphs (Top) depict the percentage of cells with fluorescence intensities above a nonfluorescent negative control (/lexA3 mutant without OFL
treatment) measured at each time (determined from histograms in S/ Appendix, Fig. S3 B and D). The histograms show the fluorescence distributions of cells
from each population at 0 and 2 h. Compared with the CM-treated control, MazF persisters exhibited a delayed SOS response following OFL removal. Three
biological replicates were performed, and the histograms shown here are representative of one of those replicates. (C) While CM treatment enhanced OFL
persister levels compared with untreated cells, survival of CM-treated cells was 10-fold less than the survival of MazF persisters, which were completely
tolerant to OFL. (D) Compared with MazF persisters, CM-treated cultures increased in density faster following OFL treatment. (E) Incorporation of EdU in
newly synthesized DNA of CM-treated cells and MazF persisters recovering from OFL was determined by flow cytometry. The experiments shown in this figure
were repeated at least three times, and the asterisks (*) denote a statistically significant (P < 0.05) difference in survival fraction, ODggo, or fluorescence
between CM-treated controls and MazF persisters at each time point.
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from OFL treatment, we found that CM-treated cells increased in
culture density within 2 h of OFL and CM removal (Fig. 2D)
whereas MazF persisters, which needed to accumulate sufficient
MazE to overcome the inhibitory effect of MazF, experienced an
extended lag. The faster increase in culture density and induction
of a GFP SOS reporter in CM-treated cells compared with MazF
persisters led us to hypothesize that DNA synthesis also resumes
earlier in the CM-treated population. Under such a scenario,
DNA synthesis might proceed before the repair of damaged DNA,
which could lead to replication fork collapse and compromised
survival as polymerases hit unrepaired lesions.

To test our hypothesis that resumption of DNA synthesis is
delayed in MazF persisters compared with CM-treated controls,
we utilized 5-ethynyl-2-deoxyuridine (EdU), a thymidine analog,
to detect newly synthesized DNA (see SI Appendix, Fig. S6 A and
B for controls) (41). EAU was introduced in the recovery media
(LB with arabinose for MazE induction), and it can be taken up
and incorporated into newly synthesized DNA in cells. The al-
kyne functional group on the nucleobase can form a covalent bond
with an azide group conjugated on an Alexa fluorophore, allowing
DNA synthesis to be detected by an increase in fluorescence using
flow cytometry. Supporting our hypothesis, we detected DNA
synthesis in 36.5 + 5.8% of CM-treated cells within 2 h of OFL
removal whereas 1.9 + 0.5% of MazF persisters had resumed
synthesis by this time (Fig. 2E and SI Appendix, Fig. S6C). After
4 h, 559 + 4.6% of CM-treated cells and 10.6 + 5.9% of MazF
persisters were detected to have resumed synthesis. These results
demonstrate that CM-treated cells resumed DNA synthesis sig-
nificantly faster than MazF persisters following OFL treatment.

Timing of DNA Repair Following OFL Treatment Impacts Survival.
Given that MazF persisters were slow to reinitiate DNA syn-
thesis and resume growth following OFL treatment compared
with CM-inhibited controls, we hypothesized that the enhanced
survival of MazF-arrested cells might be attributable to the
timing of DNA repair and growth-related processes following
OFL treatment. To investigate this, we used a Arec4A mutant
bearing an inducible, plasmid-borne copy of rec4, which enabled
us to control the timing of DNA repair with isopropyl-p-b-1-
thiogalactopyranoside (IPTG). Using this strain, we induced
RecA expression during OFL treatment and at different times
during recovery in MazF persisters (Fig. 3). Consistent with our
previous observations in WT stationary-phase persisters, we
found that RecA is only necessary during recovery from OFL
treatment (15) as the survival of MazF persisters that expressed
RecA throughout the course of treatment and recovery (condi-
tion 1) is comparable with the survival of the population that
expressed RecA only during recovery from OFL (condition 2).
When RecA expression was delayed until 4 h after OFL removal
(condition 3), which was after culture density had begun to in-
crease in MazF persisters (Fig. 2D) and DNA synthesis had re-
sumed (Fig. 2E), the survival of MazF persisters decreased
sevenfold, compared with cells that expressed RecA throughout
the course of recovery. With this reduction, the survival of MazF
persisters approached that of the CM-inhibited and WT stationary
phase populations. Similar to our findings in Fig. 1, lack of RecA
expression throughout the course of treatment and recovery
resulted in a 10*- to 10°-fold decrease in cfus (condition 4). These
results show that DNA repair is only needed during recovery in
MazF persisters and that, when it is delayed to the point at which
growth-associated processes, such as DNA synthesis, would re-
sume, survival of the population is compromised.

Timing Impacts Persistence to FQs in Nongrowing WT Populations.
Based on our results with the MazF model persisters, we ex-
amined whether delaying DNA synthesis and growth following
FQ treatment in WT populations would increase their survival by
providing DNA repair machinery a longer time to repair damage.
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Fig. 3. Delaying DNA repair impacts survival of MazF persisters following
OFL treatment. RecA expression was induced at different times during OFL
treatment and recovery in MazF persisters. MazF persisters that expressed
RecA throughout the course of OFL treatment and during recovery (condi-
tion 1) and persisters that only expressed RecA during recovery from OFL
treatment (condition 2) exhibited equivalent survival. Without RecA ex-
pression, MazF persisters were readily killed (condition 4). When RecA ex-
pression was delayed for 4 h after removal of OFL, we observed a sevenfold
decrease in survival (condition 3). Three biological replicates were performed
for this experiment, and the asterisks (*) denote statistically significant (P <
0.05) differences in log-transformed cfu counts.

To do this, we treated WT E. coli MG1655 that had been deprived
of glucose and were nongrowing with OFL (SI Appendix, Fig. S7A
and B). Following removal of the antibiotic, cells were either in-
oculated immediately on nutritive agar that supported growth or
they were inoculated on nonnutritive agar that lacked carbon
sources before being transferred onto nutritive agar. We found
that 4 h posttreatment, 45.8 + 1.6% of cells on nutritive agar re-
sumed DNA synthesis whereas significantly fewer cells (25.4 +
4.6%) resumed DNA synthesis on nonnutritive agar (Fig. 44 and
SI Appendix, Fig. S7C). We observed that delaying growth re-
sumption of WT cells from FQ-treated, nongrowing cultures by
nutrient limitation significantly increased survival, compared with
cells that were exposed to nutrients immediately following anti-
biotic removal. Such delay increased survival of OFL persisters by
eightfold (Fig. 4B) and ciprofloxacin (CIP) persisters by fourfold
(Fig. 4C). For populations exposed to FQ while growing expo-
nentially, posttreatment starvation did not increase persistence (S/
Appendix, Fig. S7D). Remarkably, delaying growth resumption of
OFL-treated, nongrowing cultures resulted in near-complete tol-
erance in the population. To further examine the impact of the
duration of posttreatment starvation on survival, we demonstrated
that delaying growth resumption by starvation for 3 h was suffi-
cient to significantly increase survival (SI Appendix, Fig. STE).
To demonstrate that the increase in survival observed in cells
subjected to posttreatment starvation was dependent on DNA
repair, we showed that delaying growth resumption in mutants
lacking RecA failed to enhance survival (Fig. 4D, gray bars).
Moreover, when we induced RecA expression using an IPTG-
inducible, plasmid-borne copy of rec4 in this Arec4 mutant, we
observed that delaying RecA expression until after starvation
concluded (Fig. 4D, condition 7, purple bar) decreased survival by
eightfold, compared with cells that expressed RecA throughout
the course of OFL treatment and posttreatment recovery (Fig. 4D,
condition 5, purple bar). Furthermore, without RecA during the
starvation period (Fig. 4D, condition 7, purple bar), posttreatment

PNAS | vol. 115 | no.27 | E6305

MICROBIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804218115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804218115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804218115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804218115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804218115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804218115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804218115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804218115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804218115/-/DCSupplemental

L T

/

1\

BN AS  PNAS D)

A . B OFL C ap
50 19 @ delay 17 @ delay

Tg -® no delay l—g @ nodelay
2 401 s B
ful £ 0+ * * £ 0+ *

w 1 [ *
£ 304 = t t - —_
: ; F T~
[

2 204
: 211 21
o E ]
® 107 g g
0- -2 T T T T T -2 T T T T T
Glucose  + - 0 1 .3 0 2 3 4 5
D Time (h) Time (h)
Stasis | Starvation | Reawakening |
2 +oFL -OFL
S > > 5
=2
T K
2 +OFL I OFL > 6
o
T +OFL |-OFL 7 _
= )
]
E +OFL |-0FL 8 -
o
-5 0 4 20
3 Time (h)
i | Reawakening
o, S =
+OFL -OFL 9
| 5=
5 ° Time (h) ® 7 6 5 -4 -3 2 - 0

— RecA [l inducible recA vector[[] inducible gfp vector control log,o(Survival Fraction)

Fig. 4. Starvation following FQ treatment delays resumption of DNA synthesis and enhances persister levels in a RecA-dependent manner. (A) After treating
growth-inhibited E. coli MG1655 with OFL, cells were inoculated on nutritive media containing glucose or on nonnutritive media (without glucose), and in-
corporation of EdU into newly synthesized DNA during this 4-h posttreatment recovery period was quantified. After treating growth-inhibited WT cells with (B)
OFL or (C) CIP, cells were inoculated on nonnutritive media for 4 h after antibiotic removal before transfer onto growth-supporting nutritive media (these media
did not contain EdU or thymidine). Compared with cells that were immediately inoculated onto nutritive media after treatment, inoculation onto nonnutritive
media enhanced OFL persister levels by eightfold and CIP persister levels by fourfold. (D) Delaying DNA repair reduces persistence following OFL treatment. RecA
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asterisks (*) denote statistically significant (P < 0.05) differences in the percentage of fluorescent cells or log-transformed survival fractions.

starvation failed to increase survival over that observed in controls
that were not starved and expressed RecA (Fig. 4D and SI Ap-
pendix, Fig. STF, conditions 9 and 10, purple bars). These data
support our hypothesis that the timing of DNA repair and growth-
related processes following antibiotic exposure is a feature of
importance for persistence to FQs in WT populations.

In addition to examining the impact of delaying growth re-
sumption on FQ persistence in low-density nongrowing cultures
that were starved of glucose at the time of treatment, we assessed
the effects of stalling growth-related processes in persisters origi-
nating from stationary-phase planktonic cultures (Fig. 54). Similar
to our observations for the low-density populations, we found that
delaying growth resumption of OFL persisters from stationary-
phase cultures increased survival by 13-fold. As persisters have
been implicated in the recalcitrance of infections involving biofilms
(7, 42), we investigated whether the timing of posttreatment mo-
lecular events impact survival of cells occupying this more physio-
logically and clinically relevant niche. We demonstrated that, in
glucose-starved colony biofilms treated with OFL, stalling growth
resumption by starvation for at least 6 h after treatment concluded
increased persistence fivefold, compared with cells from biofilms
that were immediately plated on nutritive media after antibiotic
removal (Fig. 5B and SI Appendix, Fig. S8). Collectively, these
results show that the timing of molecular events following the
conclusion of FQ treatments can have a significant impact on the
survival of bacteria originating from growth-inhibited planktonic
cultures and colony biofilms.
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Discussion

For some classes of antibiotics, such as FQs, growth arrest and
reduced target activity alone cannot explain persistence (15).
FQs target topoisomerases, such as DNA-bound DNA gyrase,
which is involved in introducing negative supercoiling in DNA
during replication and transcription (43). As nongrowing cells
often retain transcriptional activity, FQs have the capacity to kill
both growing and nongrowing cells (14, 15, 44). Our results
confirm that persisters are not spared DNA damage during FQ
treatment and that posttreatment DNA repair is necessary for
survival, which is consistent with previous findings from our
group (15). Delving deeper into this phenomenon here, we
found that the survival of nongrowing cells treated with FQs
hinges on the timing of DNA repair and resumption of growth-
related processes, such as DNA synthesis. Delaying growth re-
sumption through carbon source starvation enhanced survival
following FQ treatment to almost 100%, and that enhancement
depended on when RecA was available to function relative to re-
sumption of growth. These findings suggest that the coordination
and relative timing of molecular events during the postantibiotic
period differentiate FQ persisters from cells that die. Single-cell
technologies, such as time-lapse microscopy and fluorescence-
activated cell sorting, will be central to efforts to understand how
persisters orchestrate survival from these near-death experiences,
just as they have been critical for delineating important features of
persistence to other antibiotics within different environments (16,
18, 45, 46). To complement these technologies, model systems, such
as the hipA7 and hipQ mutants, have proven to be quite valuable
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Stalling growth resumption by starvation following OFL treatment enhances persisters originating from planktonic stationary phase cultures and

colony biofilms. (A) When OFL-treated WT cells from stationary phase cultures were inoculated on nonnutritive media for 4 h after antibiotic removal before
being transferred onto nutritive media, survival increased by 13-fold compared with populations that were immediately inoculated onto nutritive media after
treatment. (B) When OFL-treated cells from colony biofilms were starved of carbon sources for at least 6 h following treatment, persister levels significantly
increased by fivefold. Three biological replicates were performed for each experiment, and asterisks (*) denote statistically significant (P < 0.05) differences in
persister levels between “no delay” (indicated by dashed line) and “delay” samples.

(45, 47), and all indications suggest that MazF persisters could be
equally useful.

Here, we observed that MazF persisters exhibited reduced and
delayed expression of recA compared with CM-treated cultures fol-
lowing OFL treatment. Conceivably, the need to accumulate MazE
to overcome MazF inhibition provided the time delay in MazF
persisters whereas the CM-treated control could resume translation
and growth more rapidly upon removal of the chemical inhibitor.
We suspect that the delay gave repair enzymes sufficient time to
mend DNA damage before reawakening events rendered unre-
paired lesions lethal. Accordingly, we postulate that this might be a
common feature of FQ persisters formed by type II TA modules
where a proteinaceous antitoxin must be synthesized to resume
growth, which would effectively add a time delay to many growth-
associated processes. Indeed, TA modules have been implicated in
the formation of many types of persisters, and many bacterial species
have been found to harbor genes encoding TA systems that target
diverse cellular processes (22-24, 48-50). Comparing the schedules
of repair and reawakening in FQ persisters generated with different
toxins could shed light on features of post-FQ recovery that enable
survival and the extent of their generality.

Using the knowledge gained from the MazF system, we hy-
pothesized that delaying growth and DNA synthesis following
OFL treatment would have an impact on the survival of non-
growing WT populations. Recognizing that nutrient limitation is
a stress that can be encountered by pathogens during an infection
and could suspend growth and DNA synthesis (51), we assayed
whether carbon source deprivation following FQ treatment im-
pacted survival. For populations that were nutrient-deprived and
thus growth-inhibited before and during treatment, the impact was
significant. These observations were true for OFL- and CIP-treated
populations and point to the importance of a timing component
with respect to FQ-induced DNA repair and the processes of
replication. However, it is important to note that this phenomenon
only pertained to populations that were nongrowing before and
during FQ treatment as subjecting populations that were growing
exponentially before FQ treatment to posttreatment starvation did
not increase persistence (SI Appendix, Fig. S7D). Interestingly, this
suggests that FQ persisters in nutrient-replete and nutrient-
depleted environments are different, which agrees with previous
observations of the role of TisB in persister formation (24).

In addition to experiments with planktonic cultures, we showed
that starvation boosted FQ persistence in cells originating from
carbon-starved colony biofilms. As biofilms account for 65 to 80%
of hospital-treated infections and are a source of relapsing infec-
tions (52, 53), these findings suggest that the coordination of DNA
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repair and growth-related processes following FQ treatment will
also impact survival of bacteria occupying this clinically relevant
lifestyle. One interesting question raised by these and the planktonic
data concerns whether additional types of nutrient deprivation,
besides carbon source limitation, provide similar enhancements in
survival in FQ-treated populations. Such knowledge could prove
useful for the development of strategies that modulate nutrient
availability as a means to improve antibiotic lethality (8, 10, 54).

Collectively, the study presented here emphasizes the impor-
tance of understanding how persisters repair damaged cellular
components, reactivate metabolic processes, and resume repli-
cation after antibiotic treatment as the metabolic and repair
processes that occur during this time period can dictate whether
a bacterium survives or dies. Further, the data provide additional
justification for impairing DNA repair pathways and the SOS
response as a means to potentiate FQ killing and eradicate FQ
persisters (55, 56).

Materials and Methods

Bacterial Strains. Bacterial strains used in this study were derivatives of E. coli
MG1655. Strains, plasmids, and primers used for strain construction in this
work are detailed in S/ Appendix, Table S1. Procedures for strain construction
and culture conditions are described in S/ Appendix, S| Materials and Methods.

Planktonic Persistence Assays. Planktonic persistence assays were carried out
with cultures grown in Gutnick media (57) with 10 mM glucose as the sole
carbon source (with 300 ng/mL aTc for MazF induction or 300 ng/mL aTc and
100 mM arabinose for MazF-MazE coinduction in strain WMO03) or growth-
inhibited cultures grown in Gutnick media with 0.5 mM glucose. MazF per-
sisters and glucose-starved E. coli MG1655 were treated ~2 h after growth
inhibition whereas CM-inhibited cells were treated 2 h after inhibitor adminis-
tration. Exponentially growing toxin-free controls were cultured to an ODgyo ~ 0.2
to 0.4 at the time of treatment as this density matched those of MazF persisters
and CM-inhibited cells at the time of growth arrest. Stationary phase cultures
were grown for 16 h before treatment. All cultures were treated with 5 pg/mL
OFL or 1 pg/mL CIP for 5 h. The cfus were enumerated from samples collected
before FQ was added and periodically during treatment as detailed in S/ Ap-
pendix, SI Materials and Methods.

Colony Biofilm Persistence Assays. Colony biofilms were cultured following a
protocol similar to the one described in Amato and Brynildsen (28). E. coli
MG1655 was cultured in Gutnick media with 10 mM glucose for 16 h. Fol-
lowing overnight growth, cells were diluted to an ODggo of 0.01 in Gutnick
media with 2.5 mM glucose as the sole carbon source. Then, 100 pL of this
culture was inoculated onto sterile 25-mm Supor hydrophilic polyethersulfone
filter discs with 0.2-um pores (VWR International) overlaid on Gutnick agar pads.
Biofilms were cultured at 37 °C for 16 h, and biofilms were treated with 200 pL
of a 10 pg/mL OFL solution that was applied directly onto the filters. Before OFL
treatment and at designated times during treatment and posttreatment
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recovery, cells were dislodged from filters for cfu enumeration as detailed in
the SI Appendix, SI Materials and Methods.

SOS Reporter Assays. To quantify SOS induction using recA promoter activity
as a readout during recovery from OFL treatment, planktonic persistence
assays were performed as described above, and OFL was removed after 5 h
of treatment. Cells were then inoculated into LB with 100 mM arabinose (for
MazE induction) and kanamycin (for plasmid retention). At designated time
points, cells were fixed with paraformaldehyde, and fluorescence from P,eca-
gfp was quantified using an LSRIl flow cytometer. Details of culture and
treatment conditions, cell fixation procedure, and flow cytometer settings
and controls are provided in S/ Appendix, SI Materials and Methods.

Liquid Chromatography-Mass Spectrometry Metabolomic Analysis. Before OFL
administration and 1 h following OFL treatment, cultures were collected for
metabolite extraction using ice-cold 40:40:20 methanol:acetonitrile:H,0 (all
HPLC-grade). Metabolites were dried under nitrogen gas, resuspended in
HPLC-grade H,0, and analyzed by reversed-phase ion-pairing liquid chro-
matography coupled to a stand-alone orbitrap mass spectrometer (Exactive;
Thermo Scientific) by negative-ion mode electrospray ionization (58). Me-
tabolite peaks that matched both exact mass-to-charge ratios and retention
times of authenticated standards were quantified and extracted using
MAVEN software (59). Details of sample preparation and analysis are pro-
vided in S/ Appendix, S| Materials and Methods.

Southern Blotting. The integrity of the dnaA-gyrB locus before and after
30 min of treatment with 5 pg/mL OFL was examined by Southern blotting
(37). Following genomic DNA extraction, digestion with Hindlll (New Eng-
land Biolabs), and gel electrophoresis, DNA was transferred onto a Nytran
membrane using the GE TurboBlotter system (GE Healthcare Life Sciences).
Probe hybridization and immunoblotting were performed using the Roche
DIG High Prime DNA Labeling and Detection Kit (Sigma-Aldrich). Chem-
iluminescence was detected after exposing the membrane to a Hyblot CL
autoradiography film (Denville Scientific Inc.). Sample and blot preparation
are detailed in SI Appendix, SI Materials and Methods.
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PicoGreen Staining. Cells were cultured following the conditions described for
persistence assays to the time of OFL treatment, and a fraction of each culture
was fixed with 70% ethanol for 3 h. After removing the ethanol and drying the
cell pellets, cells were resuspended in PBS and adjusted to ODggg ~ 0.4. Pico-
Green staining was performed following a previously published protocol (41).
Cells were stained with 100 pL of a PicoGreen solution (Thermo-Fisher Scien-
tific) that was diluted in 25% dimethyl sulfoxide (prepared in MilliQ water) for
3 h (in the dark). Cells were further diluted with 1 mL of a 1,000-fold diluted
PicoGreen solution, and the fluorescence of each sample was analyzed by flow
cytometry. See S/ Appendix, S| Materials and Methods for details.

Click-IT EdU Assay. Cells were cultured and subjected to persistence assays as
described above. For these experiments, 50 pg/mL thymidine was added to
culture media during the growth period to increase EdU incorporation (S/
Appendix, Fig. S6 A and B), and 60 pg/mL EdU was used for incorporation (S/
Appendix, Fig. S6C). After 5 h of treatment with 5 ug/mL OFL, antibiotics and
thymidine were removed, and persisters were inoculated into LB with
100 mM arabinose and 60 pg/mL EdU while WT populations were inoculated
onto filters on top of Gutnick media agar pads with 60 pg/mL EdU (or 60 pg/mL
thymidine in controls) in the presence or absence of glucose. Click labeling
with Alexa Fluor 647 was carried out following a protocol modified from
Ferullo et al. (41). At designated time points, cells were collected and fixed in
90% methanol following the manufacturer’s recommendation. See S/ Ap-
pendix, SI Materials and Methods for details.
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