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ABSTRACT Suppression of the recA SOS response gene and reactive oxygen species
(ROS) overproduction have been shown, separately, to enhance fluoroquinolone ac-
tivity and lethality. Their putative synergistic impact as a strategy to potentiate the
efficacy of bactericidal antimicrobial agents such as fluoroquinolones is unknown.
We generated Escherichia coli mutants that exhibited a suppressed ArecA gene in
combination with inactivated ROS detoxification system genes (AsodA, AsodB, AkatG,
AkatE, and AahpC) or inactivated oxidative stress regulator genes (AoxyR and ArpoS)
to evaluate the interplay of both DNA repair and detoxification systems in drug
response. Synergistic sensitization effects, ranging from 7.5- to 30-fold relative to the
wild type, were observed with ciprofloxacin in double knockouts of recA and inacti-
vated detoxification system genes. Compared to recA knockout, inactivation of an
additional detoxification system gene reduced MIC values up to 8-fold. In growth
curves, no growth was evident in mutants doubly deficient for recA gene and oxida-
tive detoxification systems at subinhibitory concentrations of ciprofloxacin, in con-
trast to the recA-deficient strain. There was a marked reduction of viable bacteria in
a short period of time when the recA gene and other detoxification system genes
(katG, sodA, or ahpC) were inactivated (using absolute ciprofloxacin concentrations).
At 4h, a bactericidal effect of ciprofloxacin was observed for AkatG ArecA and
AahpC ArecA double mutants compared to the single ArecA mutant (A3.4 log,, CFU/
ml). Synergistic quinolone sensitization, by targeting the recA gene and oxidative
detoxification stress systems, reinforces the role of both DNA repair systems and
ROS in antibiotic-induced bacterial cell death, opening up a new pathway for antimi-
crobial sensitization.

KEYWORDS resistance reversion, quinolones, SOS response, recA, oxidative stress,
detoxification systems

idespread and indiscriminate use of antibiotics in human and veterinary medi-

cine and agriculture has become a global public health problem (1, 2), and the
need to take measures to avoid returning to the preantibiotic era is now urgent (3).
Efforts to overcome the problem of resistance have focused mainly on modifying exist-
ing antibiotics by circumventing molecular mechanisms conferring resistance (4).
Various strategies are being studied to combat this emergence, including searching for
new antibiotics, use of adjuvants that increase sensitivity, genome editing technolo-
gies, and phage therapy (4-9). While such efforts might be efficacious against resistant
strains, new resistance mechanisms often arise in the process of adaptation to new
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antimicrobial agents (10, 11). Hence, it becomes necessary to discover how to reverse
resistance or to sensitize bacteria to old antibiotics and block their evolution (9).

Enterobacterales bacteria such as Escherichia coli are among the most common
causes of community and nosocomial infections. Fluoroquinolones are used for empiri-
cal and directed therapy in infections caused by E. coli (12). Fluoroquinolones are
broad-spectrum antimicrobials whose mechanism of action is related to the inhibition
of two enzymes essential for bacterial viability, DNA gyrase and topoisomerase type IV,
which are involved in DNA synthesis. Target mutations in the topoisomerases cause re-
sistance to these antimicrobial agents (13). Plasmid-mediated quinolone resistance
mechanisms have also been described (14).

Microorganisms have the ability to evolve rapidly to ensure survival, which has led to
high levels of antibiotic resistance. The SOS response is a coordinated cellular response to
genotoxic damage, and it can contribute to this evolution (low-fidelity polymerases).
Some antibiotics induce SOS by a variety of molecular mechanisms. Specifically, fluoroqui-
nolones activate the SOS response caused by DNA damage to arrest replication forks (15,
16). A number of studies have recently demonstrated the role of RecA protein activation,
which is associated with the SOS response in E. coli, in the emergence of mutations in gyrA
and parC that lead to resistance (15, 17-19). LexA protein represses the SOS regulon, which
consists of more than 50 genes, many associated with different repair mechanisms (16, 20,
21). When DNA damage occurs, single-strand DNA activates RecA, which forms nucleofila-
ments around it and induces autoproteolysis of LexA and activation of the SOS response.
Sequential induction of genes could facilitate the transition from high-fidelity to lower-fi-
delity DNA repair mechanisms (16, 21). Recent studies have demonstrated that suppres-
sion of the SOS response enhances the bactericidal activity of antimicrobials such as quin-
olones in bacteria with specific resistant mechanisms (17, 22).

It is also known that bactericidal agents are involved in oxidative stress since, under
aerobic conditions, they produce reactive oxygen species (ROS). Downstream of their tar-
get-specific interactions, bactericidal antibiotics induce complex redox alterations that con-
tribute to cellular damage and death, thus supporting their involvement in antibiotic
lethality (23-25). In vitro studies have shown a protective effect against ROS, produced by
antibiotic, of some antioxidant molecules, such as ascorbic acid and N-acetylcysteine (25,
26). Bacteria also have multiple oxidative detoxification systems, such as superoxide dis-
mutase (SOD) and catalase, to combat oxidative stress (27, 28). Specifically, E. coli has three
types of SOD (SodA, SodB, and SodC), two types of catalase (KatG and KatE), which remove
O,- and H,0,, respectively, and an alkyl hydroperoxide reductase (made of two subunits,
AhpF and AhpC), which reduces NADH while removing H,0,. Transcriptional regulation is
controlled by oxidative stress regulators such as OxyR or general stress response regulators
such as RpoS. During oxidative stress, OxyR increases the expression of katG and ahpC
genes, while RpoS regulates the expression of katE and sodC (29).

Hence, suppression of the SOS response and overproduction of ROS have been shown,
separately, to enhance the activity and lethality of fluoroquinolones. Nevertheless, the use
of their putative synergistic effect as a strategy to reinforce the efficacy of fluoroquinolones
remains an open question. To address this point, we generated a wide collection of E. coli
mutants that exhibited a suppressed SOS response (ArecA) in combination with inacti-
vated ROS detoxification system genes (AsodA, AsodB, AkatG, AkatE, AsodA, and AahpC)
or inactivated oxidative stress regulatory genes (AoxyR and ArpoS) to evaluate the inter-
play of both DNA repair/recombination and detoxification systems in the antimicrobial
drug response. Our comprehensive analysis opens up a new strategy for bacterial sensiti-
zation by double-targeting SOS response and oxidative stress.

RESULTS

Quinolone sensitization by targeting the recA SOS response gene and
oxidative stress response. We generated E. coli mutants that exhibited the deleted
recA gene in combination with suppressed ROS detoxification system genes (AsodA,
AsodB, AkatG, AkatE, and AahpC) or genes regulating oxidative stress (AoxyR and
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TABLE 1 Heat map of the fold decrease in ciprofloxacin MICs of different recA and detoxification system inactivations®
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BW25113 1
AkatG 1 1
DkatE 1 1 1
AsodA 1 1 1 1
AsodB 1 1 1 1 1
AahpC 1 1 1 1 1 1
DAoxyR 1 1 1 1 1 1 1
ArpoS 1 1 1 1 1 1 1 1
AkatG [DkatE 1 1 1 1 1 1 1 1 1
AsodB [AsodA 1 1 1 1 1 1 1 1 1 1
ArecA 3,75 3,75 3,75 3,75 3,75 3,75 3,75 3,75 3,75 3,75 1
AkatG [ArecA 15 15 15 15 15 15 15 15 15 15 4 1
AkatE /ArecA 75 15 15 15 15 15 15 15 15 15 2 05 1
AsodA [BrecA 15 15 15 15 15 15 15 15 15 15 4 1 2 1
AsodB [ArecA 15 15 15 15 15 15 15 15 15 15 4 1 2 1 1
AahpC [ArecA 15 15 15 15 15 15 15 15 15 15 4 1 2 1 1 1
DoxyR [ArecA 8 2 4 2 2 2 1
ArpoS [ArecA 75 75 75 75 75 75 75 75 75 75 2 0,5 1 0,5 0,5 0,5 0,25 1
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aMIC values represent the means of at least three independent determinations performed on separate days. The raw MIC values of all strains are shown in Table S1 in the

supplemental material.

ArpoS) to evaluate the interplay of both DNA repair and detoxification systems in anti-
microbial drug response (Table 1; see Table S1 in the supplemental material).

We confirmed first that the recA knockout produces the expected perturbation of
the SOS response in both the wild-type BW25113 and the various detoxification system
knockouts. Figure S1 represents the results obtained for each isogenic group used in
this study. No fluorescence was observed when recA was inactivated, confirming the
perturbation of the SOS response (together with DNA repair and recombination). In
terms of MIC values, as expected, the ciprofloxacin MICs were 3.75-fold lower for the
ArecA mutant compared to wild-type BW25113 (Table 1, Table S1). No reductions in
ciprofloxacin MIC were observed when any of the detoxification system genes were
inactivated, including single (AkatG, AkatE, AsodA, AsodB, AahpC, AoxyR, and ArpoS)
and double knockouts (AkatG AkatE and AsodB AsodA) compared to wild-type
BW25113.

Notably, in general, a synergistic sensitization effect was observed in double knock-
outs of recA (with SOS inactivation deficient for DNA repair and recombination) and
the different ROS detoxification system genes that were inactivated (see Table S1).
Fractional inhibitory concentration (FIC) values were below 0.5 for double and triple
gene deletion mutants, 0.16 (AoxyR ArecA) and 0.32 (AkatG ArecA, AsodA ArecA, AsodB
ArecA, AahpC ArecA, and AkatG AkatE ArecA). Only AkatE ArecA and ArpoS ArecA show
an additive effect, as their FIC value was 0.63; the value was located in the range of 0.5
to =1. The process of sensitization was similarly efficient across all double combina-
tions, including the effector detoxification genes (sodA, sodB, katG, katE, sodA, and
ahpC) and genes regulating oxidative stress (oxyR and rpoS), which ranged from 7.5-
fold to 30-fold compared to wild-type BW25113 (Table 1). The highest sensitization
was found for the ArecA AoxyR double knockout, with a ciprofloxacin MIC value of
0.0005 mg/liter (Table 1, Table S1). For most of the combinations, sensitization
increased about 15-fold compared to wild-type BW25113. Compared to values for the
recA knockout, inactivation of an additional detoxification system gene reduced MIC
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FIG 1 The impact of recA gene inactivation and detoxification system suppression on cell growth in the
presence of sublethal quinolone concentrations. OD values for E. coli BW25113 and all genetic combinations
with ciprofloxacin concentrations of 0.001 mg/liter at 20 h. Data are represented as the mean of at least four
independent measurements. The OD of all constructions was similar in the nonantibiotic control (data not

shown). Standard deviations are indicated by error bars. Significant P values are noted (***, P < 0.001).

values between 2-fold and 8-fold. Here, we show that, in terms of MIC, recA gene sup-
pression combined with inactivation of multiple detoxification system genes sensitizes
to ciprofloxacin in a synergistic way.

As expected, the effect of synergistic sensitization to ciprofloxacin following recA
gene suppression in combination with inactivation of detoxification system genes was
not evident under anaerobic conditions (Table S1).

In addition, we also tried to evaluate the impact of this strategy on an evolved E.
coli mutant strain harboring acquired quinolone resistance mechanisms (BW15 strain
in Table S1). This mutant harbored changes affecting the gyrA, gyrB, parE, and marR
genes, including a D87G substitution in the gyrA gene. The modifications produced a
ciprofloxacin-resistant phenotype with a MIC value of 2 mg/liter according to CLSI and
EUCAST breakpoints (30, 31). As expected, the recA-deficient BW15 derivative involved
a change of category to susceptible-intermediate or areas of technical uncertainty
(ATU) according to CLSI and EUCAST breakpoints (MIC of 0.5 mg/liter). Unexpectedly,
no further sensitization was apparent when the recA gene and detoxification system
genes (katG or sodA) were inactivated in this resistant mutant (Table S1).

Besides synergistic sensitization found for ciprofloxacin, in terms of MICs, was not
always reproduced for other fluoroquinolones in the multiple genetic combinations
assayed (Table S1). Based on these data, the rest of the study focused on the synergis-
tic effects of sensitization to ciprofloxacin as a result of recA gene suppression in com-
bination with inactivation of detoxification systems.

Monitoring bacterial in vitro growth in the presence of quinolones. In vitro
growth curves were analyzed at subinhibitory concentrations of ciprofloxacin
(0.001 mg/liter, 1/15x MIC based on the susceptibility of the BW25113 strain with the
unmodified recA gene or ROS detoxification system genes) (Fig. 1). At this concentra-
tion, growth (after 20h) was observed for the wild type and mutants with deficient
detoxification systems (optical density [OD] values ranged from 0.54 to 0.86). As
expected, reduced growth was observed for the recA-deficient strain (OD value, 0.35)
(P<0.001 compared to wild-type BW25113; OD value, 0.82). Interestingly, no growth
was found for mutants doubly deficient in the recA gene and oxidative detoxification
systems (OD of less than 0.05), including effector detoxification genes (sodA, sodB,
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FIG 2 Combination of recA gene inactivation and detoxification system suppression inactivation
enhances synergistically bactericidal activity of quinolones. Viable bacterial counts of E. coli ArecA, E.
coli AkatG ArecA, E. coli AsodA ArecA, and E. coli AahpC ArecA in time-kill assays at ciprofloxacin (CIP)
concentrations of 1x MIC ArecA (0.004 mg/liter) at 2 and 4 h. Data are represented as the means of at
least three independent measurements. E. coli BW25113 was not included because the antibiotic
concentration used was under its MIC, so its behavior was similar to the nonantibiotic control. Viable
bacterial counts of all constructions were similar in the nonantibiotic control (data not shown). Error
bars represent standard deviations. Significant P values are noted (**, P < 0.01; ***, P < 0.001).

katG, katE, sodA, and ahpC) and regulatory genes of oxidative stress (oxyR and rpoS)
(P <0.001 compared to recA-deficient BW25113) (Fig. 1).

Figure S2 shows full monitoring of in vitro growth curves at subinhibitory concen-
trations (0.0005 to 0.002 mg/liter) of ciprofloxacin for each isogenic group. Under these
conditions, no growth or a very marked delay in growth was observed in mutants dou-
bly deficient in the recA gene and oxidative detoxification systems compared to recA-
deficient BW25113. For example, for effector detoxification genes such as the katE
group (Fig. S2B), at concentrations of 0.001 mg/liter of ciprofloxacin, only the BW25113
strain and AkatE grew regularly at both 8 h and 16 h (this behavior was stable after 24
h). Significantly delayed growth was observed for ArecA, and no growth was observed
for the AkatE ArecA combination. A similar pattern was obtained for the rest of the
effector and regulator detoxification genes (Fig. S2).

These data support the efficacy of combining the inactivation of the recA gene with
detoxification system genes in order to prevent bacterial growth in the presence of
sublethal concentrations of ciprofloxacin over shorter and longer periods of time.

The recA gene and oxidative stress response suppression enhances ciprofloxacin
bactericidal activity. To show the synergistic impact of suppressing the recA gene and
the oxidative stress response in terms of bacterial viability, time-kill curves were
obtained for each isogenic group (recA, katG, sodA, and ahpC) (Fig. 2 and Fig. S3). At
1x MIC relative to the ArecA MIC value of ciprofloxacin (0.004 mg/liter), a marked
reduction in viable bacteria was observed in a short period of time (2 and 4h) when
the recA gene and other ROS detoxification system genes (katG, sodA, or ahpC) were
inactivated (Fig. 2). At 2h, a bacteriostatic effect (drop of <3 log,, CFU/ml) was
observed for the three detoxification system genes (although a marked difference was
observed compared to the single ArecA mutant, up to A1.8 log,, CFU/ml for the AkatG
ArecA genes) (P<0.001). At 4 h, however, a bactericidal effect (drop of >3 log,, CFU/mlI)
was observed for the double mutants AkatG ArecA and AahpC ArecA compared to the sin-
gle ArecA mutant (A3.4 log,, CFU/mI for the AkatG ArecA and AahpC ArecA genes)
(P<<0.01) (Fig. 2).

At 1x MIC relative to the wild-type MIC of ciprofloxacin, 0.015 mg/liter (Fig. S3), a
marked reduction in viable bacteria was also observed after a short and long period of
time (2 to 8h) when the recA gene together with other detoxification system genes
(sodA or ahpC) was inactivated, compared to the single recA mutant. Nevertheless, this
concentration appeared to be too high to demonstrate differences in the case of the
katG gene group (BW25113, AkatG, ArecA, and AkatG ArecA). Under these conditions, a
drop of 1.79 log,, CFU/ml was observed at 4h for the AahpC ArecA double mutant
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FIG 3 (A and B) Viable bacterial counts of E. coli BW25113 with recA gene and katG detoxification
system inactivation alone or in combinations in time-kill assays at (A) ciprofloxacin (CIP)
concentrations of 4x MIC of each strain (normalized MICs, 0.06 mg/liter for BW25113 and AkatG,
0.015 mg/liter for ArecA, and 0.004 mg/liter for AkatG ArecA) at 0 h, 4 h, and 8 h and (B) ciprofloxacin
concentrations of 4x MIC and 8x MIC of each strain (normalized MICs, 0.125 mg/liter for BW25113 and
AkatG, 0.03 mg/liter for ArecA, and 0.008 mg/liter for AkatG ArecA) and the nonantibiotic control at 4 h. Data
are represented as the means of at least three independent measurements. Standard deviations are shown.
CIP, ciprofloxacin. Significant P values are noted (*, P < 0.05; ***, P < 0.001).

compared to the single ArecA mutant (Fig. S3). Interestingly, after 8 h, no viable bacte-
ria were detected for the single ArecA mutant and the AkatG ArecA, AsodA ArecA, and
AahpC ArecA double mutants compared to wild-type E. coli BW25113 and single
mutants for detoxification system genes.

From another point of view, we also determined bacterial viability, specifically for
the isogenic group KatG, at normalized drug concentrations according to the MICs. At
a ciprofloxacin concentration of 4x MIC relative to each strain (0.06 mg/liter for
BW25113 and AkatG; 0.015 mg/liter for ArecA and 0.004 mg/liter for AkatG ArecA) at 0
h, 4 h, and 8h, no significative differences were observed between strains, with the
exception of ArecA relative to control strain BW25113 (P < 0.05) (Fig. 3A). Also, at 8x
MIC relative to each strain (0.125 mg/liter for BW25113 and AkatG, 0.03 mg/liter for
ArecA, and 0.008 mg/liter for AkatG ArecA) at 4h, significant differences were observed
between ArecA and AkatG ArecA relative to control strain BW25113 (P < 0.001) (Fig.
3B), but not between them. These data support that observed differences in lethality
could be due to initial differences observed in terms of MIC values.

Additionally, we determined how antioxidants, such as L-ascorbic acid, affects drug
lethality when detoxification systems are intact or suppressed in a recA-deficient back-
ground (Fig. S4). We found that pretreatment with -Ascorbic acid provided at least 1
log,, of protection from cell death induced by ciprofloxacin (1x MIC of ArecA) at 4 h
posttreatment in a recA-deficient background. The protection was higher when, in
addition to a recA-deficient background, other detoxification system genes (katG or
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FIG 4 Survival of E. coli mutants by spot test assays treated with ciprofloxacin under aerobic conditions. Overnight
liquid cultures were serially diluted and plated on LB agar with or without ciprofloxacin at concentrations of
0.0005 mg/liter. The results shown are representative of at least three independent experiments.

ahpC) were inactivated (almost 2 log;, of protection). Minor differences were observed
for the AsodA ArecA double mutant compared to the ArecA mutant. Notably, L-ascorbic
acid slightly increased the MIC against ciprofloxacin (2- to 4-fold, data not shown), sup-
porting again that differences in lethality could be due in part to differences observed
in MIC values.

Bacterial survival of E. coli mutants after treatment with ciprofloxacin under aerobic
conditions was also evaluated using spot test assays with multiple inocula (Fig. 4).
Under these conditions, the ArecA mutant was more sensitive than wild-type BW25113
to the presence of ciprofloxacin. Furthermore, double and triple mutants with a combi-
nation of the recA gene and detoxification system genes (AkatG ArecA, AkatE ArecA,
and AkatG AkatE ArecA) were more sensitive than the single ArecA mutant. Higher sus-
ceptibility was not observed for mutants with deletions only in the detoxification sys-
tem genes (Fig. 4).

Under these conditions, the recA gene and oxidative stress response suppression
lead to a higher bactericidal effect in E. coli compared to recA gene inactivation alone.

Increased ROS production in the recA gene and oxidative stress response-
suppressed backgrounds. At the test concentration (0.004 mg/liter of ciprofloxacin,
1x MIC ArecA), only minor, nonsignificant differences in ROS production were
observed for single detoxification system gene mutants compared to the wild-type
BW25113 (Fig. S5). The tested concentration was too low to show obvious differences
in ROS production. However, as expected, at this concentration of ciprofloxacin, strong
significant differences (P < 0.001) were observed in the ArecA mutant versus wild-type
BW25113. In general, a trend toward increased ROS production was observed with the
combination of recA gene and detoxification system suppression in double and triple
mutants compared to the single ArecA mutant. This comparison was significant in the
case of AkatG ArecA (P<0.05), ArpoS ArecA (P<0.001), and AkatG AkatE ArecA
(P < 0.05) mutants (Fig. S5). This association between increased ROS production and
inactivation of the recA gene-detoxification systems following treatment with a
bactericidal antibiotic support that ROS may actively contribute to the bactericidal
activity of fluoroquinolones.

DISCUSSION

Bacterial stress responses, such as the SOS response, play an important role in adap-
tation and acquired bacterial resistance to antibiotics. The key regulators of the SOS
response (LexA and RecA) have been proposed as an attractive target for increasing
bacterial sensitivity to antibiotics and combating the emergence of resistance.
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Systematically altering the bacterial SOS activity, mainly through recA gene inactiva-
tion, has been revealed as a possible therapeutic strategy for potentiating bactericidal
antibiotics such as quinolones against susceptible and resistant E. coli. Beyond this,
recA inactivation modifies DNA repair and recombination events (17, 22, 32). Several
compounds have also been shown to inhibit the ATPase activity of RecA in vitro (26,
33, 34). Phthalocyanine tetrasulfonates were recently characterized as an in vivo RecA
inhibitor (35). ROS, on the other hand, are formed in cells exposed to three major
classes of bactericidal antibiotics: quinolones, B-lactams, and aminoglycosides. This ob-
servation led to the theory that downstream formation of ROS is a common part of the
killing mechanism of bactericidal antimicrobials (36). According to this line of thought,
a secondary effect of exposure to these antibiotics is ROS formation through a com-
mon chain of events, which is an equally important and possibly more lethal part of
the killing mechanism than the primary effect (25, 37-39). Hence, given this new way
of thinking about the response of bacterial populations to lethal stress, efforts to target
oxidative stress pathways as adjuvant antimicrobial therapy could increase lethality
(40). In light of this literature, and even though much clinical investigation remains to
be delivered on ROS therapy, in vitro work on infection models and early clinical evalu-
ations looks promising (41, 42).

In this study, we used a wide collection of mutants to evaluate the impact of the
recA gene (affecting the SOS response and DNA repair) and multiple ROS detoxification
systems on the activity of quinolones such as ciprofloxacin. We showed that the com-
bination of recA inactivation in combination with detoxification system gene inactiva-
tion produced a synergistic sensitization effect in terms of FIC index and susceptibility
to ciprofloxacin. Furthermore, combined suppression of the recA gene and oxidative
stress response leads to a higher bactericidal effect in E. coli than recA gene inac-
tivation alone. Our results represent an important advance in the design and
improvement of possible strategies to generate adjuvants to treatment with bac-
tericidal antimicrobials.

The process of sensitization, using this double targeting strategy, was equally effi-
cient across all genes, including effector detoxification genes and those regulating oxi-
dative stress, and ranged from 7.5-fold to 30-fold relative to wild-type BW25113 (Table
1). Although these differences were moderate, they could play a significant role in ther-
apeutic failure, bearing in mind the concentration-dependent character of these anti-
microbials, whose predictors of efficacy in vivo are Cmax/MIC and AUC/MIC (43, 44).

In terms of kinetic assays, both growth curves and killing curves supported the syn-
ergistic effect of sensitization to ciprofloxacin through recA gene suppression in combi-
nation with inactivation of detoxification system genes (Fig. 1 and 2). Rapid quinolone-
mediated killing was increased in a recA-deficient E. coli background after detoxifica-
tion system inactivation (for katG, sodA, and ahpC) when absolute concentrations were
used (not normalized to MICs). A bactericidal effect (drop of >3 log,, CFU/ml) was
observed for the AkatG ArecA and AahpC ArecA double mutants relative to the single
ArecA mutant (Fig. 2). However, these differences were not evident when high killing
concentrations normalized to MIC values were used (Fig. 3), indicating that mechanistic
differences are not attributable to the lethality process. In addition, these data support
a synergistic sensitization effect for ciprofloxacin, confirming that ROS are relevant fac-
tors in the quinolone-mediated lethality mode (25, 40, 45). More importantly, synergis-
tic lethality was enhanced in the absence of DNA repair systems like those under the
control of the SOS response (Fig. 5). Hence, even highly lethal fluoroquinolones can be
improved by finding ways to increase lethality through the SOS response and ROS
accumulation. ROS-stimulating and SOS response inhibitor adjuvants may enhance the
lethality of quinolones and possibly other antimicrobials. Accordingly, some antioxi-
dants, such as L-ascorbic acid, provide protection against antibiotic lethality (25).

It is important to mention that a wide range of ciprofloxacin concentrations were
initially used in this study, some of them being excessively lethal (Fig. S6 and S7). The
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FIG 5 Scheme describing synergistic quinolone sensitization by targeting the SOS response and
oxidative stress.

results of the conditions that showed the greatest differences were selected to elabo-
rate this study.

In summary, we highlight synergistic quinolone sensitization by targeting the recA
gene and oxidative detoxification stress systems. These data reinforce the role of DNA
repair systems and ROS in antibiotic-induced bacterial cell death and how both path-
ways can act synergistically in the quinolone sensitization process. Our detailed analy-
sis opens up a new strategy for sensitizing drug resistance by targeting the recA gene
and oxidative stress.

MATERIALS AND METHODS

Strains, growth conditions, and antimicrobial agents. Wild-type E. coli BW25113 was used as the
starting strain for all constructions (Table S1). E. coli BW25113 (wild-type) single-gene deletion mutants
(ArecA, AkatG, AkatE, AsodA, AsodB, AahpC, AoxyR, and ArpoS) were selected from the KEIO collection
(46). Double-gene deletion mutants (AkatG ArecA, AkatE ArecA, AsodA ArecA, AsodB ArecA, AahpC
ArecA, AoxyR ArecA, ArpoS ArecA, AkatG AkatE, and AsodB AsodA) and the triple-gene deletion mutant
(AkatG AkatE ArecA) were generated by P1vir phage transduction and by excision of the kanamycin re-
sistance cassette with the plasmid pCP20 expressing the Flp recombinase (47, 48). Although some triple
knockouts such as AsodA AsodB ArecA were planned at the start of the study, they proved not to be via-
ble after several attempts.

Liquid or solid Luria broth (LB) medium, Mueller-Hinton broth (MHB), and M9 minimal medium were
used. Strains were grown at 37°C. Ciprofloxacin was used in all assays (Sigma-Aldrich, Madrid, Spain).
Kanamycin (Sigma-Aldrich) at 30 mg/liter was used for plasmid maintenance. Expression of ciprofloxa-
cin-induced GFP into the kanamycin-resistant pMSrecA-gfp vector was used to detect recA transcription
(see Table S2) (17, 49).

MICs. MICs were determined in triplicate for each bacterial strain under conditions of aerobiosis and
anaerobiosis, using two techniques, the gradient strip technique and broth microdilution following CLSI
reference methods (30).

FIC index analysis. The FIC index was calculated for a double gene deletion mutant with the equa-
tion FIC = MIC (double gene deletion mutant)/MIC (recA gene deletion mutant) + MIC (double gene de-
letion mutant)/MIC (ROS detoxification gene deletion mutant). In the case of the triple gene deletion
mutant, the FIC index was calculated with the equation FIC = MIC (triple gene deletion mutant)/MIC
(recA gene deletion mutant) + MIC (triple gene deletion mutant)/MIC (double gene deletion mutant
AkatG AkatE). The combination of two systems was considered to be synergistic when the FIC value was
=0.5, additive when it was 0.5 to =1, indifferent when it was 1 to 4, and antagonistic when it was >4,
following the criteria of (50).

Bacterial growth rates. Transparent 96-well flat-bottom plates containing 200 ul of sublethal con-
centrations (1/8x MIC to 1/32x MIC of wild-type) of ciprofloxacin in MHB were prepared as previously
described using an Infinite 200 PRO plate reader (Tecan, Madrid, Spain) (17). At least four biological repli-
cates were measured for each condition in at least two independent assays.
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Time-kill curve assays. To show the synergistic effect of suppression of RecA protein and oxidative
detoxification systems on bacterial viability when challenged by ciprofloxacin, time-kill assays were per-
formed with each isogenic group, based on RecA inactivation, specific detoxification system suppres-
sion, or combinations. LB was used with ciprofloxacin concentrations of 1x MIC of the wild type and 1x
MIC of ArecA (ciprofloxacin concentrations were relative to MICs for strains harboring the unmodified
recA gene or ArecA mutant, respectively). Additionally, bacterial viability, specifically for the isogenic
group katG, at normalized ciprofloxacin concentrations according to the MICs (4x MIC and 8x MIC rela-
tive to the MICs of each strain, normalized MICs) were also evaluated. Growth in drug-free broth was
evaluated in parallel as a control. Cultures were incubated at 37°C with shaking at 180 rpm. An initial
inoculum of 10° CFU/ml was used in all experiments, and viable cells were determined at 0, 2, 4, 6, 8,
and 24 h by colony counting.
Spot test. Fresh overnight cultures in LB were diluted to achieve an optical density at 625 nm
(ODg,s5m) Of 0.1 (ca. 108 CFU/ml) and then serially diluted in saline solution (1%). A 5-ul volume of each
dilution was spotted on LB agar plates with 1/8x MIC (0.0005 mg/liter) of ciprofloxacin (relative to the
ArecA mutant) under aerobic conditions. After 20 h of incubation at 37°C, spots were checked for growth
and compared with spots on the control LB agar plates.
Statistical analysis. All statistical analyses were performed using GraphPad Prism 6 software.
Student’s t test was used for statistical evaluation when two groups were compared. Differences were
considered significant when P values were <0.05.

SUPPLEMENTAL MATERIAL
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