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Metabolically quiescent bacteria represent a large proportion of
those in natural and host environments, and they are often re-
fractory to antibiotic treatment. Such drug tolerance is also observed
in the laboratory during stationary phase, when bacteria face stress
and starvation-induced growth arrest. Tolerance requires (p)ppGpp
signaling, which mediates the stress and starvation stringent re-
sponse (SR), but the downstream effectors that confer tolerance are
unclear. We previously demonstrated that the SR is linked to
increased antioxidant defenses in Pseudomonas aeruginosa. We
now demonstrate that superoxide dismutase (SOD) activity is a
key factor in SR-mediated multidrug tolerance in stationary-phase
P. aeruginosa. Inactivation of the SR leads to loss of SOD activity and
decreased multidrug tolerance during stationary phase. Genetic or
chemical complementation of SOD activity of the ArelA spoT mutant
(ASR) is sufficient to restore antibiotic tolerance to WT levels. Re-
markably, we observe high membrane permeability and increased
drug internalization upon ablation of SOD activity. Combined, our
results highlight an unprecedented mode of SR-mediated multidrug
tolerance in stationary-phase P. aeruginosa and suggest that inhibi-
tion of SOD activity may potentiate current antibiotics.
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Treatment of chronic bacterial infections in the clinic often
results in failure or relapses. A drug refractory state, com-
monly referred to as antibiotic tolerance, occurs even when the
infecting organisms harbor no genotypic (heritable) resistance to
the antibiotic, and renders many chronic infections difficult to
eradicate (1-3). Medically important examples include chronic
Pseudomonas aeruginosa lung infections in individuals with the
genetic disease cystic fibrosis. Tolerance can also promote the
emergence of genotypic drug resistance, thereby posing a major
public health challenge (4). Bacteria develop drug tolerance
during growth-limiting conditions when they adopt a slow or
nonreplicating state, and a fraction of the population survives
bactericidal drugs (5). In fact, a large proportion of microbes
found in natural environments and in vivo during chronic human
infections are likely metabolically quiescent (2, 6).

Laboratory stationary-phase bacteria provide a valuable win-
dow into the metabolically quiescent organisms widely observed
in nature. The physiology of exponentially growing bacteria
change remarkably as they enter stationary phase, yet little is
known about the survival strategies of slow or nongrowing cells
(7, 8). Stationary-phase bacteria must respond and adapt to a
variety of growth-limiting stress and starvation cues (e.g., nutri-
ent exhaustion, pH changes, oxidative or nitrosative stress)
through processes regulated by the alternative o-factor RpoS and
(p)ppGpp signaling in Escherichia coli and P. aeruginosa (9, 10).
The alarmone (p)ppGpp accumulates upon stress and starvation,
leading to a global reorganization of cellular and metabolic
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functions that promote stress adaptation and cell survival, a
process termed the stringent response (SR) (11, 12).

Antibiotic tolerance among metabolically quiescent bacteria is
widely attributed to the notion that drug targets are unavailable or
inactive when cellular replication and macromolecule synthesis
are shut down. Although antibiotic killing typically correlates with
bacterial growth rate (13, 14), the lack of replication alone in the
absence of (p)ppGpp signaling and downstream adaptive re-
sponses is often insufficient to confer tolerance (15-17). The
downstream cellular processes that protect against antibiotic tox-
icity remain poorly understood. We previously observed that SR
inactivation in the (p)ppGpp-null Areld spoT mutant of P. aeru-
ginosa (ASR) impairs multidrug tolerance in nutrient-limited,
biofilm and stationary-phase bacteria (16, 18). Notably, the ASR
mutant exhibited impaired superoxide dismutase (SOD) and cat-
alase activities, leading us to propose that SR-mediated multidrug
tolerance is linked to enhanced antioxidant defenses (16, 18).

Superoxide radicals are by-products of aerobic metabolism
and a primary source of intracellular oxidative stress (19). Su-
peroxide causes toxicity through direct damage of iron-containing
enzymes, and indirectly through highly reactive hydroxyl radicals
generated by Fenton chemistry (20). SODs rapidly dispropor-
tionate superoxide to oxygen and hydrogen peroxide, and the
latter is detoxified by catalases and peroxidases. P. aeruginosa
encodes two different SODs, SodA and SodB. The Fe-cofactored
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Fig. 1. SR inactivation impairs multidrug tolerance in stationary phase P.
aeruginosa. (A) Stationary phase (STAT) or (B) exponential phase (EXP) cells of
(®) WT, () ASR, and (A) +SR challenged with 50 pg/mL gentamicin, 5 pg/mL
ofloxacin, or 300 pg/mL meropenem in antibiotic killing assays. Note the dif-
ferent time scale in A and B. Results are mean + SEM (n = 6). **P < 0.01 vs. WT.

SodB is the most abundant in iron-replete conditions, while the
Mn-cofactored SodA is under iron-dependent repression and only
expressed under iron limitation (21, 22). In this study, we dem-
onstrate that SOD activity is a critical effector of SR-mediated
multidrug tolerance in stationary-phase P. aeruginosa, and that
SOD activity is correlated with membrane permeability and drug
internalization. Our data demonstrate a link between antioxidant
defenses, drug permeability, and SR-mediated drug tolerance when
P. aeruginosa are metabolically quiescent.

Materials and Methods

Experimental details can be found in the SI Appendix.

Bacterial Strains and Plasmids. All strains and plasmids used are listed in S/
Appendix, Tables S1 and S2. The P. aeruginosa laboratory strain PAO1 is the
parental WT strain. The (p)ppGpp-null isogenic ASR mutant carries un-
marked deletions of both (p)ppGpp synthetases relA and spoT, and the +SR
strain is the ASR mutant complemented for the relA and spoT genes (16).

Media and Growth Conditions. Bacteria were grown in LB Miller medium as
described in S/ Appendix. Exponential phase cells were grown for ~2 h to an
ODgoo = 0.2, and stationary-phase cells for 16 h to an ODggo = ~3.5.

SOD Activity Assays. Total SOD and Sod-specific activities of cell lysates were
measured using an in-solution and an in-gel activity assay respectively as
described previously (23).

Antibiotic Killing Assays. Exponential or stationary-phase cultures were
challenged with antibiotics without addition of fresh medium, and incubated
in 96-well plates at 37 °C with shaking at 250 rpm. At specific time points,
cells were mixed with 1:1 activated charcoal to bind free drug, and viable
bacteria were measured by serial microdilution and overnight growth of
CFU on LB agar plates.

Results

(p)ppGpp Signaling Is Required for the Multidrug Tolerance of
Stationary-Phase P. aeruginosa. Stationary-phase bacteria are
highly drug tolerant compared with their exponentially growing
counterparts. To examine the contribution of (p)ppGpp signal-
ing in P. aeruginosa stationary-phase drug tolerance, we chal-
lenged the (p)ppGpp-null ASR mutant to multiple distinct
classes of bactericidal antibiotics and compared it to its WT
isogenic parental strain. Stationary-phase ASR mutant cells are
highly impaired for tolerance compared with WT (Fig. 14), with
3-4 logyo greater antibiotic killing by the aminoglycoside genta-
micin (5.9- vs. 2.9-log; killing of ASR vs. WT, respectively, at t =
6 h), the fluoroquinolone ofloxacin (4.9- vs. 1.9-log; killing at # =
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10 h), and the B-lactam meropenem (6.0- vs. 2.9-log, killing at ¢ =
24 h). In contrast, exponential phase WT and ASR bacteria are
equally susceptible to all three drugs and undergo rapid killing (Fig.
1B). Multidrug tolerance is fully restored to WT levels upon com-
plementation of the ASR mutant with the rel4 and spoT genes
(+SR), confirming that the loss of tolerance is attributable to rel4
and spoT mutations. Notably, the bacterial viability in stationary
phase and growth rate in exponential phase are similar between the
WT, ASR, and +SR strains (S Appendix, Fig. S1 A and B). Deletion
of relA and spoT in two additional P. aeruginosa clinical strains to
abrogate (p)ppGpp synthesis also results in loss of stationary-phase
multidrug tolerance, although the magnitude of this effect differs in
different P. aeruginosa genetic backgrounds (SI Appendix, Fig. S24).

SOD Activity Is Induced During Stationary Phase and Requires (p)
ppGpp Signaling. Our recent observation that ASR mutant bio-
films exhibit low SOD activity led us to examine whether SOD
activity requires (p)ppGpp signaling in planktonic stationary-phase
bacteria. We first note a fourfold increase in SOD activity upon
transition of the WT from exponential to stationary phase. How-
ever, this induction is largely abrogated in the ASR mutant and the
SOD activity in stationary-phase ASR cells is reduced to 35% of
WT levels (40 vs. 14.5 U/mg, P < 0.01) (Fig. 24). We also observed
similar effects upon inactivation of the rel4 and spoT genes in two
P. aeruginosa clinical isolates (SI Appendix, Fig. S1B). Notably,
differences in SOD activity are not due to disparities in bacterial
growth rate, viability, or total cellular protein content (SI Appendix,
Fig. S1 B and C). In addition, complementation of the ASR mutant
with the rel4 and spoT genes restores SOD activity to WT levels,
and confirms that the SOD defect is attributable to the rel4 and
spoT mutations. These observations thus indicate that (p)ppGpp
signaling is required for full SOD activity during stationary phase.

SodB Is the Dominant SOD in Stationary Phase and Is Regulated by
the SR and RpoS. We showed by in-gel SOD activity assay that SodB
confers all SOD activity in stationary-phase WT, ASR, and +SR
cells, while SodA activity is undetectable under these conditions
(Fig. 2B). Mirroring SodB activity, sodB expression, as measured
by a sodB-lacZ transcriptional reporter, is induced in WT cells but
not in the ASR mutant once cells enter stationary phase (t = 8 h).
For example, sodB expression is 2.2- to 2.8-fold lower in stationary
phase ASR compared with WT cells (Fig. 2C) in the absence of
any differences in growth rate (SI Appendix, Fig. S1D).

The SR and the alternative o-factor RpoS regulatory networks
significantly overlap to control gene expression during stationary
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Fig. 2. SOD activity and sodB expression are induced during stationary phase
in the WT but not the ASR mutant. (A) Total SOD activity of exponential (EXP)
or stationary phase (STAT) WT, ASR, +SR, and sodB strains. (B) SodA and SodB
specific activities in stationary phase cells measured by in-gel SOD activity as-
says, with a representative gel image shown. SodB activity in the sodA mutant
and SodA activity in the sodB mutant were confirmed as control. (C) sodB-lacZ
reporter activities in the WT (@) or ASR ([J) cells during growth in LB medium.
(D) Total SOD activity in stationary-phase WT, ASR, rpoS, and ASR rposS strains
measured by in-solution assay. All results are shown as mean + SEM (n > 5).
**P < 0.01 vs. WT in the corresponding growth phase.
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Fig. 3. Inactivation of the SR is associated with increased superoxide levels
and paraquat killing. (A) Relative intracellular superoxide levels using the
DHE/EtBr fluorescence ratio. (B) Paraquat (PQ) killing of exponential (EXP) or
stationary-phase (STAT) cells, calculated as percent bacterial survival after
6-h challenge with 10 mM PQ, compared with similar conditions without PQ.
Results are shown as mean + SEM (n > 6). **P < 0.01 vs. WT.

phase (24), and here we show that SodB activity is under both SR
and RpoS control. The ASR and rpoS mutants show equally
reduced SOD activity compared with WT (~15 vs. 42 U/mg, P <
0.01) (Fig. 2D). Furthermore, the modest reduction in SOD
activity in the ASR oS triple mutant compared with the rpoS
mutant (10 vs. 14 U/mg, respectively, P < 0.05) further supports
the overlapping SR- and RpoS-dependent regulation of SodB
activity, and presumably sodB expression.

Stationary-Phase ASR Cells Have Higher Superoxide Levels and Lower
Paraquat Tolerance than WT Cells. Because of reduced SOD activity,
we predicted that ASR cells would be impaired in superoxide de-
toxification, leading to elevated superoxide levels and greater sus-
ceptibility to paraquat, a superoxide-generating compound. We
therefore monitored relative intracellular superoxide levels using
dihydroethidium (DHE), a cell-permeable probe that, when oxi-
dized by superoxide, is converted to the fluorescent product 2-
hydroxyethidium (25). DHE fluorescence intensity is ~2.5-fold
higher in the ASR and sodB mutants compared with WT and +SR
strains in stationary, but not exponential phase (SI Appendix, Fig.
S3 A and B). To account for potential differences in DHE probe
loading, we used structurally similar ethidium bromide (EtBr) as a
loading control and calculated DHE/EtBr fluorescence ratios as an
estimate of relative superoxide levels. The DHE/EtBr ratio is 1.4-
fold higher in the ASR and sodB mutants compared with the WT
and +SR in stationary phase, but no differences are seen in ex-
ponential phase (Fig. 34). Because aerobic respiration is a major
source of superoxide (26), we also estimated the respiratory activity
using resazurin reduction (27) and found no differences between
the strains (SI Appendix, Fig. SIE). This leads us to infer that the
excess accumulation of superoxide in the ASR mutant is likely
attributable to its SOD defect, although other nonrespiratory
sources of superoxide cannot be excluded. Additionally, we tested
susceptibility to paraquat, a superoxide-generating compound, and
found that killing by paraquat correlated with the SOD activity
profiles across strains and growth phases (Fig. 3B). Combined,
these results suggest that inactivation of the SR impairs protection
against superoxide-mediated toxicity during stationary phase.

Genetic or Biochemical Restoration of SOD Activity Rescues Stationary-
Phase Multidrug Tolerance. We first expressed pBAD-sodB in the
ASR mutant (ASR +sodB), which restores its SOD activity (Fig.
4A4) and DHE fluorescence levels (Fig. 4B) to WT levels. Notably,
sodB expression in the ASR mutant also restores ofloxacin (Fig.
4C), gentamicin, and meropenem tolerance (SI Appendix, Fig. S4
A and B) to WT levels. Expression of sodA4, the Mn-dependent
SOD, similarly restores SOD activity and drug tolerance (SI Ap-
pendix, Fig. S5). Next, we chemically complemented the ASR
mutant with 100 yM Mn""TMPyP, a cell-permeable SOD mimetic
that catalytically dismutates superoxide at rates ~10-fold lower
than Mn-SodA and Fe-SodB (4 x 10’ M~'s™! vs. 7 x 108 M~'s7)
(28, 29). Mn""TMPyP confers protection against antibiotic killing,
with 2- to 3-log;o higher viable CFU counts following challenges
with ofloxacin (Fig. 4D), gentamicin, and meropenem (SI Ap-
pendix, Fig. S4 C and D). These results thus suggest that restoring
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SOD activity in the ASR mutant is sufficient to rescue its
stationary-phase tolerance defect.

SOD Activity Correlates with Multidrug Tolerance in a Dose-Dependent
Manner. We exploited the biological variability of SOD activity in
independent replicate batch cultures to assess the dose-dependent
relationship between SOD activity and antibiotic tolerance. We
measured SOD activity of a culture before antibiotic challenge
and its bacterial viability following antibiotic challenge, and found
a strong positive correlation with ofloxacin (R* = 0.60, P < 0.01)
(Fig. 4F), gentamicin (R? = 0.62, P < 0.01), and meropenem
tolerance (R* = 0.64, P < 0.01) (SI Appendix, Fig. S4 E and F).

Stationary-Phase ASR Cells Have Increased Membrane Permeability,
Which Correlates with Antibiotic Killing. Internalization EtBr, which
was used as a loading control for the DHE probe, also provides a
well-established measure of global membrane permeability (30,
31). As expected, we first observed that EtBr internalization is 5-
to 10-fold higher in exponential vs. stationary phase for all strains
(Fig. 54 and SI Appendix, Fig. S3C). However, EtBr internaliza-
tion is ~twofold higher in the ASR and sodB mutants compared
with WT and +SR strains during stationary phase, while no dif-
ferences are seen during exponential phase. Furthermore, genetic
restoration of SOD activity with pBAD-sodB expression in the
ASR mutant restores its EtBr internalization to WT levels (Fig.
5B). Given that EtBr is a substrate for efflux pumps, which are
highly expressed in P. aeruginosa, we wanted to confirm that dif-
ferences in EtBr internalization were not due to differential efflux.
To estimate of efflux activity, we measured the ratio of EtBr
fluorescence with and without CCCP, a proton ionophore that
inactivates efflux pumps, and found no differences between WT,
ASR, and +SR cells (S Appendix, Fig. S6 A and B). Finally, to
further assess the outer membrane permeability, we carried out a
periplasmic p-lactamase leakage assay (32) and found that ASR
cells have leakier outer membranes than WT cells (SI Appendix,
Fig. S6C), consistent with the EtBr results. Together, our results
demonstrate that membrane permeability decreases in the WT
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Fig. 4. Complementation of SOD activity restores superoxide levels and
rescues ofloxacin tolerance in the ASR mutant. Stationary-phase WT and ASR
cells carrying the pBAD-sodB (+sodB) or control (+vc) vector were assayed for
(A) total SOD activity, (B) relative superoxide levels (DHE/EtBr fluorescence
ratio), or (C) killing by 5 pg/mL ofloxacin. (D) Stationary-phase ASR cells
pretreated + the SOD mimetic Mn""TMPyP before challenge with 5 pg/mL
ofloxacin. All results are shown as mean + SEM (n > 6). *P < 0.05 and **P <
0.01 vs. WT +vc (in A to C) or vs. “+ofloxacin” (in D). (E) Correlation between
bacterial viability of stationary-phase cells after ofloxacin challenge and SOD
activity. The SOD activity was measured in stationary-phase cultures before
ofloxacin challenge, and bacterial viability of the same culture was measured
after 10-h challenge of 5 pg/mL ofloxacin. Data from different strains (WT,
ASR, ASR +sodB, ASR +sodA, +SR) were combined and each data point
represents an independent replicate (n > 40). The correlation coefficient R?
was calculated using linear regression.
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cells, (B) stationary-phase WT and ASR cells carrying the pBAD-sodB
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PMBN. (C) Killing of stationary-phase WT with 5 pg/mL ofloxacin + PMBN
pretreatment. All results are shown as mean + SEM (n > 6). **P < 0.01 vs.
"WT+vc"” or vs. “+PMBN". (D) Correlation between bacterial viability of
stationary-phase cells after ofloxacin challenge and membrane permeability,
as measured by the EtBr internalization assay of the same culture before
ofloxacin challenge (5 pg/mL for 10 h). Data from different strains (WT, ASR,
ASR +sodB, ASR +sodA, +SR) noted as @ or WT +50 pg/mL PMBN noted as [,
were combined and each data point (n > 40) represents an indepen-
dent replicate. The correlation coefficient R? was calculated using linear
regression.

upon transition from exponential to stationary phase, and this
process is impaired in the ASR and sodB mutants.

To further validate the contribution of membrane permeability
to drug tolerance, we permeabilized stationary-phase cells using a
chemical approach with polymyxin B nonapeptide (PMBN).
PMBN is a cationic peptide that binds outer membrane lipopoly-
saccharides, leading to permeabilization of the outer membrane
without intrinsic bactericidal activity (33). Stationary-phase
WT cells challenged with 50 pg/mL PMBN alone show an
~twofold increase in EtBr fluorescence (Fig. SB) without loss of
viability (Fig. 5C). Importantly, pretreatment of stationary-phase
WT cells with PMBN significantly enhances ofloxacin killing
(Fig. 5C) (4.4- vs. 1.4-logy killing at # = 10 h), as well as gen-
tamicin and meropenem Kkilling (SI Appendix, Fig. S7 A and B).
Finally, we observed a significant linear correlation between
EtBr fluorescence and tolerance to all three drugs (Fig. 5D and
SI Appendix, Fig. S7 C and D), suggesting that membrane per-
meability is a major determinant of SR- and SOD-dependent
antibiotic tolerance in stationary-phase P. aeruginosa.

Drug Penetration Is Enhanced by the ASR and sodB Mutant Permeability
Defect. Membrane permeability is a major determinant of drug
uptake and internalization. We thus directly assessed intracellular
drug levels in stationary-phase cells using ofloxacin (which is
intrinsically fluorescent) (ST Appendix, Fig. S6 A and B), Texas Red-
labeled gentamicin (SI Appendix, Fig. S8 A and B), and FITC-
labeled meropenem (SI Appendix, Fig. S8 C and D). Stationary-
phase ASR and sodB cells exhibit 2- to 2.5-fold higher drug
uptake than WT or +SR complemented cells for all three drugs:
ofloxacin (Fig. 64), Texas Red gentamicin (SI Appendix, Fig. S84),
and FITC-meropenem (SI Appendix, Fig. S8C). Furthermore, sodB
expression in the ASR mutant restores drug accumulation to WT
levels (Fig. 6B and SI Appendix, Fig. S8 B and D). As controls, we
confirmed that uptake of unconjugated Texas Red and FITC flu-
orophores is minimal and that the bactericidal activity of labeled
drugs is similar to that of unconjugated ones (SI Appendix, Fig. S9).
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Taking these data together, we demonstrate that ablation of
(p)ppGpp signaling or deletion of sodB compromises membrane
permeability specifically during stationary phase, leading to en-
hanced drug penetration and thus drug killing. Because resto-
ration of SOD activity in the ASR mutant is sufficient to rescue
both membrane impermeability and drug accumulation, this
suggests that SOD activity is critical to SR-mediated membrane
impermeability and multidrug tolerance in stationary-phase cells.

Loss of SOD Activity Abrogates the Emergence of Drug Resistance.
Genotypically resistant mutants likely arise from tolerant bac-
terial populations that survive sustained antibiotic exposure (1, 4).
Hence, the loss of tolerance should abrogate the emergence of
genotypic resistance. To test this, we measured the emergence of
drug-resistant colonies from cell suspensions (~10'' CFU per
plate) of stationary-phase bacteria spread and incubated for 5 d on
agar plates containing ofloxacin. We enumerated newly emerging
ofloxacin-resistant colonies after 72-h drug exposure to exclude
those stemming from preexisting resistant cells. Consistent with
our previous observations (16), we find that ablation of (p)ppGpp
signaling all but eliminates the emergence of ofloxacin resistance,
and this defect is restored in the complemented +SR strain (Fig.
6C). The development of ofloxacin resistance is also abrogated in
sodB cells, while sodB expression in the ASR mutant restores the
rate of ofloxacin-resistant mutants to WT levels (Fig. 6D). Hence,
perturbations in SOD activity are sufficient to supress the emer-
gence of ofloxacin resistance.

Discussion
Our group and others have shown that the SR and (p)ppGpp sig-
naling mediate antibiotic tolerance, likely through several different
mechanisms (15, 16, 34, 35). Among these, the most extensively
studied mechanism is the formation of specialized drug-tolerant cells
termed persister cells (36). In E. coli, (p)ppGpp signaling is central to
the regulation of toxin—antitoxin module-dependent pathways in-
volved in persister formation (15, 36). In P. aeruginosa, Verstraeten
et al. (34) reported that the Obg GTPase induces generation of
aminoglycoside-tolerant cells, but through mechanisms yet unclear in
P. aeruginosa. Although such recent studies provide important in-
sights into the molecular basis of persister formation, it remains
unclear to what degree persister mechanisms overlap or differ from
those implicated in stationary-phase tolerance.

P. aeruginosa remains viable in a nonreplicating state for pro-
longed periods of time (8) and displays a high level of multidrug
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Fig. 6. Loss of (p)ppGpp signaling and SOD activity increase ofloxacin
internalization and abrogates emergence of genotypic resistance to
ofloxacin. Intracellular ofloxacin levels (RFU, EXEm 292/496 nm) in (A)
stationary-phase WT, ASR, +SR, and sodB strains or (B) WT and ASR
expressing the pBAD-sodB (+sodB) or control (+vc) vector. The number of
ofloxacin-resistant colonies that arose between 3 and 5 d after incubation
of 10" cells of each strain on 12 pg/mL ofloxacin LB agar plates in (C) WT,
ASR, +SR, and sodB strains and (D) WT and ASR expressing the pBAD-sodB
(+sodB). Results are mean + SEM (n > 6). **P < 0.01 vs. WT (for A and C) or
WT +vc (for B and D).
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tolerance during stationary phase. The SR acts as a major global
regulator of bacterial stationary-phase physiology and stress re-
sponses that exerts widespread direct and indirect effects on gene
transcription (11, 12). We show here that the SR modulates sodB
transcription and total SOD activity in stationary-phase P. aeruginosa
primarily through RpoS, which underscores the significant overlap
between SR- and RpoS-dependent gene regulation, as we and others
have previously noted (18, 37, 38). The link between the SR and
SOD regulation is not widely conserved across different bacterial
species (39-41) but SodB expression in E. coli is SR-dependent (42),
and carbon starvation induces both SodA and SodB synthesis (43).

Despite the pleiotropic effects of the SR, genetic and chemical
complementation of SOD activity is sufficient to restore multidrug
tolerance of the ASR mutant to WT levels. This suggests that
SOD activity is protective against antibiotic toxicity and plays a key
role in (p)ppGpp-dependent multidrug tolerance during station-
ary phase. We observed a strong correlation between SOD activity
and antibiotic survival to all three classes of drugs, across different
isogenic strains constructed in the PAO1 genetic background. The
role of the SR and SOD appears conserved in other P. aeruginosa
clinical strains, although the magnitude of their effect likely varies
based on the genetic background.

We recognize that our measurements of SOD activity and
stationary-phase survival following antibiotic challenge reflect
population rather than single-cell phenotypes. Gene expression is
highly heterogeneous during stationary phase (8), and phenotypic
heterogeneity allows bacterial populations to persist in the face of
fluctuating environments and lethal stress, including antibiotics
(17). Future studies with single-cell analyses would be informative
in demonstrating whether variations in SOD activity confers sur-
vival to antibiotic stress at the individual cell level.

We used DHE to probe superoxide levels and acknowledge its
lack of specificity because it can also react with hydroxyl radicals
(44). However, in our experiments DHE fluorescence intensity
varied with SOD activity in the sodB mutant (which has ~30% of
the SOD activity of WT cells) (Fig. 24) and in the sodB expression
constructs (Fig. 4B), suggesting that the DHE signal reflects rel-
ative superoxide levels.

Although superoxide radicals are considered a primary source of
intracellular oxidative stress and likely contribute to the lethal ef-
fects of antibiotics (45-47), the biological consequences of elevated
superoxide are not fully understood. Whether SOD activity confers
tolerance directly through its ability to detoxify superoxide radicals,
or indirectly through downstream cellular processes responsive to
SOD activity, remains to be determined. The relationship between
SOD activity, SOD-dependent effects, and superoxide metabolism
is complex. SODs appear to have moonlighting functions in
eukaryotic cells. For example, SOD1 in the yeast Saccharomyces
cerevisiae also functions in signal transduction as its SOD activity
stabilizes kinases involved in oxidative and metabolic responses
(48), and it can act as a nuclear transcription factor (49). Whether
such unorthodox SOD functions exist in bacteria remains unknown.

To date, studies that examined the role of SODs in antibiotic
lethality in various bacteria report divergent conclusions. Sod mu-
tants show increased susceptibility to bactericidal antibiotics in
Campylobacter jejuni (50), Staphylococcus aureus (51), and Entero-
coccus faecalis (52), but not Acinetobacter baumannii (53). A sodA
sodB mutant of E. coli is reportedly no more susceptible than WT to
ampicillin, gentamicin, and norfloxacin killing (54, 55). Furthermore,
expression of sodA or sodB did not mitigate ampicillin and ofloxacin
killing of E. coli (56). However, several important biological and
experimental differences likely account for the different observations
on the relationship between SOD and antibiotic susceptibility. First,
many metabolic and antioxidant responses differ between E. coli and
P. aeruginosa, including RpoS (57) and SoxR (58), particularly dur-
ing growth arrest (8). Second, experimental conditions to assess
antibiotic lethality differ significantly between the different studies.
Most notably, antibiotic killing assays in the E. coli studies (54-56)
were carried out on actively replicating (exponential phase) cells, or
cells that exit stationary phase to resume growth upon dilution into
fresh medium. In contrast, we challenged stationary-phase cells
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under nongrowing conditions where new nutrients are not supplied,
and our results demonstrate that SOD-mediated tolerance is growth
phase-specific. Others have also reported that stationary-phase sodA
sodB mutant E. coli is more susceptible to gentamicin killing when
maintained in a nongrowing state (59). Combined, these results
suggest that SOD is particularly important to antibiotic survival
during stationary phase.

Interestingly, Dukan et al. (43) previously observed that SOD-
deficient E. coli mutants exhibit increased protein oxidation, but
only in stationary-phase cultures. They proposed that superoxide
stress was a hallmark of respiring but nonreplicating stationary-
phase cells (60). More recently, studies in E. coli and S. aureus
reported that the antibiotic-tolerant stationary-phase cells and
persister cells have low cellular ATP levels, and that manipulations
that increase ATP levels also enhance antibiotic killing (61-63).
Although increased respiration increases both ATP levels and
superoxide generation, it is not known if SOD activity in turn alters
ATP levels. Our results show that the differences in SOD activity
and tolerance cannot be attributable to differences in respiration.

Here, we show that the P. aeruginosa cell envelope becomes less
permeable during stationary phase, thus limiting drug penetration,
and this process is SR- and SOD-dependent. Loss of cell perme-
ability likely represents a common adaptive strategy for bacteria to
survive under growth-limiting conditions (2). Alterations in cell en-
velope composition and permeability have been described in bacteria
that transition into growth-limiting conditions, and those in stationary
phase (64, 65). For example, the cell wall structure of stationary-
phase S. aureus displays reduced cross-linking and increased peptido-
glycan mass (66). Nutrient-starved and nonreplicating Mycobacterium
tuberculosis have altered cell walls that display decreased permeability
to chemically distinct classes of drugs, including fluoroquinolones
(67). How SOD activity directly or indirectly contributes to the al-
terations in the cell envelope remains to be determined.

We measured intracellular drug concentrations, which result
from the net effect of drug uptake and efflux. Because our results
showed comparable efflux activity in the ASR and sodB mutants,
this implies that increased drug accumulation is likely due to in-
creased internalization. In Gram-negative bacteria, the outer
membrane is widely recognized as the primary barrier to drug in-
ternalization, although the molecular mechanisms of drug uptake
are often still poorly understood (68). We tested gentamicin,
ofloxacin, and meropenem, three distinct classes of bactericidal
antipseudomonal antibiotics targeting the bacterial ribosomal
translational machinery, DNA gyrase, and peptidoglycan cell wall
synthesis, respectively. We recognize that these chemically distinct
drugs are likely internalized through different pathways. Amino-
glycosides, such as gentamicin, require active uptake through a
proton-gradient dependent process (69), while meropenem and
ofloxacin likely diffuse passively through the membrane bilayer
via outer membrane porins, such as oprD (70) and ompF (71),
respectively. The mechanisms by which SR- and SOD-dependent
tolerance influence these uptake processes remain unknown.

Our study uncovers an unprecedented link between SOD
activity, SR-mediated multidrug tolerance, membrane permeabil-
ity, and antibiotic internalization in stationary-phase P. aeruginosa.
We also demonstrate that deletion of SOD-dependent pathways
enhances antibiotic lethality and abrogates the emergence of ge-
notypic resistance in stationary-phase P. aeruginosa. Thus, targeting
the (p)ppGpp and SOD-dependent pathways may improve bac-
tericidal activity against slow-growing bacteria and prevent the
emergence of drug resistance in chronic infections.
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