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Antimicrobial efficacy, which is central to many aspects of medicine,
is being rapidly eroded by bacterial resistance. Since new resistance
can be induced by antimicrobial action, highly lethal agents that
rapidly reduce bacterial burden during infection should help restrict
the emergence of resistance. To improve lethal activity, recent work
has focused on toxic reactive oxygen species (ROS) as part of the
bactericidal activity of diverse antimicrobials. We report that when
Escherichia coli was subjected to antimicrobial stress and the stressor
was subsequently removed, both ROS accumulation and cell death
continued to occur. Blocking ROS accumulation by exogenous miti-
gating agents slowed or inhibited poststressor death. Similar results
were obtained with a temperature-sensitive mutational inhibition of
DNA replication. Thus, bacteria exposed to lethal stressors may not
die during treatment, as has long been thought; instead, death can
occur after plating on drug-free agar due to poststress ROS-mediated
toxicity. Examples are described in which (i) primary stress-mediated
damage was insufficient to kill bacteria due to repair; (i/) ROS over-
came repair (i.e., protection from anti-ROS agents was reduced by
repair deficiencies); and (i) killing was reduced by anti-oxidative
stress genes acting before stress exposure. Enzymatic suppression
of poststress ROS-mediated lethality by exogenous catalase supports
a causal rather than a coincidental role for ROS in stress-mediated
lethality, thereby countering challenges to ROS involvement in anti-
microbial killing. We conclude that for a variety of stressors, lethal
action derives, at least in part, from stimulation of a self-amplifying
accumulation of ROS that overwhelms the repair of primary damage.

reactive oxygen species | poststress cellular response | antimicrobial |
antioxidant | damage repair

Discovering ways to manage antimicrobial resistance is among
the most important medical challenges of our time (1).
Since many antimicrobials can stimulate the production of re-
sistant mutants, often via the SOS response (2-8), one way to
limit the emergence of new resistance is to more rapidly and
extensively reduce pathogen populations during infection. To-
ward that end, we and others have been studying how antimi-
crobials and other lethal stressors kill bacteria. Recent work has
drawn attention to the contribution of stress-stimulated accu-
mulation of toxic reactive oxygen species (ROS) (9-21). Finding
ways to stimulate ROS-mediated killing could in principle en-
hance the efficacy of a broad range of antimicrobials. However,
an ROS contribution to antimicrobial killing became contro-
versial when the original observation (9) was challenged (22-24).
Subsequent work countered many of the challenges (13-15, 25)
and extended the phenomenon to thymineless death (26), phage
infection (27), the type VI secretion system (27), and over-
expression of a MalE-LacZ fusion (28). Moreover, nitric oxide
and hydrogen sulfide interfere with antimicrobial killing by sup-
pressing ROS generation/accumulation (17-19). Among the
questions to be addressed are whether ROS accumulation is a
cause or a consequence of cell death, and whether intracellular
ROS levels are sufficient to kill bacteria once the original inducing
stressor is removed, that is, whether ROS accumulation can be
self-sustaining or even self-amplifying.
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ROS, which are commonly considered to include superoxide,
hydrogen peroxide, and hydroxyl radical, cause several types of
intracellular damage. For example, hydroxyl radical breaks DNA,
peroxidates lipids, and carbonylates proteins (14). ROS also oxi-
dize the dGTP and dCTP pools, causing misincorporation of bases
into DNA that leads to double-stranded breaks (DSBs) in DNA
through disrupted repair intermediates (11, 29, 30). In principle,
ROS-mediated damage, which is secondary to the primary stress-
induced lesion, could stimulate additional rounds of ROS accu-
mulation, thereby making ROS accumulation a self-amplifying,
unstoppable process that could be the terminal step in a bacte-
rial response to lethal stress. Whether endogenous ROS are sufficient
to kill cells is unclear, because the lethal effect from the primary
stressor and that from subsequent ROS accumulation have not been
separated. Indeed, it has been suggested that endogenous ROS
concentrations are unlikely to reach lethal levels (24).

In the present work, we devised a way to separate lethality due to
a primary stressor from that triggered by subsequent intracellular
ROS accumulation. In this assay, we treated cultured Escherichia
coli with a lethal stressor, removed the stressor, and plated the
bacteria on stressor-free agar containing an agent known to suppress
the accumulation of toxic ROS. We found that ROS-mitigating
agents, present in or on agar, interfered with killing by diverse le-
thal stressors, even after stressor removal. In these cases, ROS is a
cause, not a consequence, of stress-induced cell death. In addition, we
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report a case in which primary damage to DNA was insufficient to
cause cell death; accumulation of toxic ROS is required unless cells
contain a deficiency in primary damage repair. The work also reveals
a misconception concerning the traditional antimicrobial killing assay
in which bacteria are thought to be dead at the time of posttreatment
plating; they can actually still be alive, dying on drug-free agar plates
during poststress recovery due to ROS accumulation. Overall, our
findings provide insight into antimicrobial lethality and support ef-
forts to find broad-spectrum ROS-related enhancers of antimicrobial
action.

Results

Poststress Cell Death Associated with Antimicrobial Stress. To sep-
arate lethality due to a primary stressor from that due to the ac-
cumulation of ROS, we examined ROS-mediated death occurring
after removal of the primary stressor (Fig. 14). For example, we
treated E. coli cultures with nalidixic acid [~1 minimum inhibitory
concentration (MIC); SI Appendix, Table S1]|, washed cells to
remove the drug, and then plated cells on agar containing a sub-
inhibitory concentration (0.5 MIC) of bipyridyl to halt the pro-
duction and accumulation of hydroxyl radical. The presence of
bipyridyl in agar raised survival by ~30-fold (Fig. 1B), indicating
that ROS are responsible for death (SI Appendix, Fig. S1 A-G).
Residual nalidixic acid is unlikely to contribute to the ROS-
mediated killing on agar, because quinolone-gyrase-DNA com-
plexes are reversible, and washing cells to remove quinolone fully
restores DNA synthesis blocked by formation of the complexes
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Fig. 1.

(31-33); if the complexes are rendered irreversible by crosslinking
of quinolone to gyrase, DNA synthesis is not restored (32). In
addition, a mass spectrometry-based assay showed that washing
and diluting cells lowered intracellular quinolone concentration to
0.002 times MIC (SI Appendix, Fig. S1H). Since MIC correlates
with cleaved-complex formation (34, 35), which results in the pri-
mary quinolone-mediated lesion, few complexes are likely to be
present at 0.002 MIC. Moreover, no growth inhibition was ob-
served at nalidixic acid concentrations as high as 0.5 MIC (SI Ap-
pendix, Fig. S1I). These data are consistent with biochemical studies
showing that dilution reverses quinolone-topoisomerase-DNA
complex formation (36). Finally, potential growth-inhibitory ef-
fects of anti-ROS agents on stressor action are irrelevant, due to
stressor removal. We conclude that poststress ROS-mediated tox-
icity is responsible for lethality due to nalidixic acid treatment.

In a similar experiment, E. coli cells were treated with tri-
methoprim to induce a process similar to thymineless death that
is also associated with ROS accumulation (SI Appendix, Fig. S2
A-D) (26, 37). As with nalidixic acid, trimethoprim (6 MIC) was
removed before plating by washing and diluting cells. When
applied to LB agar, the samples were overlaid with catalase to
degrade peroxide and thereby remove a source of hydroxyl radical.
Catalase increased survival by 5- to 25-fold (Fig. 1C and SI Ap-
pendix, Fig. S2E). Mass spectrometry measurement of intracellular
drug concentration indicated that washing/dilution of trimethoprim-
treated cells removed most of the drug, lowering the drug con-
centration to 0.06 MIC (SI Appendix, Fig. S2F). Thus, trimethoprim
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ROS-mediated poststress death (PSD). (A) Assay design. Cultures were stressed, the stressor was removed, and cells were plated on agar containing/lacking

agents that interfere with ROS accumulation; then cfu was determined. (B) Nalidixic acid-stimulated PSD. Wild-type strain 3001, treated with drug (1 MIC), was
plated on agar containing/lacking bipyridyl (Bip, 0.5 MIC; n = 5). (C) Trimethoprim-stimulated PSD. Wild-type strain (2428), treated with trimethoprim (6 MIC), was
plated on agar overlaid (or not) with catalase (n = 4). (D) Ampicillin-stimulated PSD. As in B but with ampicillin (2.5 MIC) in the presence/absence of bipyridyl (0.4
MIQ) plus thiourea (0.45 MIC) (BT). Cultures were plated on agar containing/lacking the bipyridyl-thiourea combination plus sucrose (BTS; n = 3). (E) ROS accu-
mulation on agar after removal of nalidixic acid (2.5 h treatment) and pulse-labeled with carboxy-H2DCFDA (20 min) immediately after drug removal. n = 4. (F)
Inhibition of dnaB-Ts-stimulated PSD. Strain 2429 was shifted to 42 °C for the indicated times and then plated at 30 °C on agar, agar plus 15 mM (0.15 MIC)
thiourea (n = 5), or agar in which spotted samples were overlaid with catalase (200 U; n = 3). The percentage of cells recovered is relative to cfu at the point at
which cultures were shifted to 42 °C. (G) Time for PSD completion. dnaB-Ts mutant was incubated at 42 °C for 2.5 h and then plated at 30 °C for the indicated
times before catalase was added for 48 h (n = 6). n, number of independent experiments. Data are mean + SD.
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action is a second example of poststress ROS-mediated death. The
protective effect of catalase also provides strong evidence that ROS
cause death rather than resulting from it.

We next examined the lethal action of ampicillin, which in-
hibits cell wall synthesis and can lead to cell lysis under some
conditions (38). Previous work showed that bipyridyl or thiourea,
added to broth cultures during ampicillin treatment, inhibits
killing (9, 10), a finding consistent with increased ROS accu-
mulation during ampicillin treatment (SI Appendix, Fig. S2 G
and H). To prevent ROS from accumulating so rapidly that cells
are killed in broth culture, an event that would obscure detection
of poststress death on agar (see Discussion), we added sub-
inhibitory concentrations of bipyridyl plus thiourea to broth
cultures containing ampicillin at 2.5 MIC. Subsequent plating on
drug-free agar after removal of ampicillin from cells showed that
thiourea plus bipyridyl in agar increased survival by 350-fold (Fig.
1D and SI Appendix, Fig. S2 I and J). Ampicillin was readily re-
moved from cells by the washing/dilution procedure, with mass
spectrometry measurements indicating 600- and 20,000-fold lower
drug concentrations in cells after a single washing compared with
those seen for trimethoprim and nalidixic acid, respectively. After
the four 10-fold dilutions used with the poststress killing assay, the
level of ampicillin was below the detection limit (a decrease of at
least 100-fold relative to cells that were not diluted) (SI Appendix,
Fig. S2K).

For the three antimicrobials tested above, we looked for the
accumulation of ROS in cells on agar. Immediately after removal
of antimicrobial, we pulse-labeled the culture for 20 min with
carboxy-H2DCFDA, an ROS-sensitive fluorescent dye, plated the
cells, and examined them by fluorescence microscopy. Little fluo-
rescence was evident when cells were examined immediately after
labeling with the dye, indicating that little ROS was carried over
when cells were plated on agar. However, after incubation on agar
for 1 h, a strong ROS signal was seen in cells that had been treated
with nalidixic acid, trimethoprim, or ampicillin (Fig. 1E and SI
Appendix, Fig. S3). These data indicate that damage due to the
action of lethal antimicrobials stimulates a self-amplifying accu-
mulation of ROS that continues after antimicrobial removal.

Poststress Cell Death with a dnaB-Ts Mutant. To extend the study to
a conditional lethal mutation (a nonantimicrobial stress), we
examined a temperature-sensitive helicase mutant (dnaB-Ts; SI
Appendix, Fig. S44). An ROS increase was observed as elevated
fluorescence of ROS-indicator dyes (carboxyl-H2DCFDA and
Peroxy Orange 1) and as increased activity of the ROS-sensitive
promoters of oxyS and soxS (13) (S Appendix, Fig. S4 B-E). As
expected, ROS accumulation paralleled a drop in survival (S
Appendix, Fig. S4F). Moreover, a shift to restrictive temperature
for 1 h caused a twofold increase in expression of four ROS-
responsive detoxifying genes (SI Appendix, Fig. S4G). The ad-
dition of a subinhibitory combination of bipyridyl plus thiourea
suppressed the ROS accumulation and completely blocked kill-
ing (SI Appendix, Fig. S4 H-J). Control experiments showed that
this combination of bipyridyl plus thiourea had little effect on
growth rate (SI Appendix, Fig. S4K). Moreover, no ROS accu-
mulation was detected in the dnaB-Ts mutant grown at permis-
sive temperature or in wild-type cultures incubated at 42 °C;
likewise, no autofluorescence was observed with the mutant at
42 °C (SI Appendix, Fig. S4 L-P). Thus, the temperature shift
stimulated lethal events associated with toxic ROS accumulation.

The dnaB-Ts system appeared to be suitable for assaying post-
stress death following a pulse of incubation at 42 °C, because
downshift from 42 °C to permissive temperature (30 °C) allowed
recovery of DNA synthesis in 1 h (SI Appendix, Fig. S54). Since
mutant and wild-type cells exhibited the same growth rate at 30 °C,
and since the mutant showed similar cfu on agar incubated at 30 °C
and 22 °C (SI Appendix, Fig. S5 B and C), the activity of mutant

10066 | www.pnas.org/cgi/doi/10.1073/pnas.1901730116

DnaB appears to be normal at permissive temperature, as is re-
quired for a downshift to eliminate stress.

When we exposed dnaB-Ts cultures to 42 °C for 2.5 h, fol-
lowed by immediate chilling and plating at 30 °C, survival was
only 0.2% relative to cell density at the time when cultures were
shifted to 42 °C (Fig. 1F). However, survival was almost 100%
when mutant cells incubated at 42 °C were subsequently plated at
30 °C on agar either containing thiourea or overlaid with catalase
and then incubated at 30 °C (Fig. 1F). In control experiments, we
found that survival of mutant cells maintained at 30 °C throughout
the experiment was unaffected by either thiourea or catalase on
agar; likewise, substitution of an unrelated protein (BSA) for cat-
alase had no effect on growth/survival of the mutant incubated at
restrictive temperature before plating (SI Appendix, Fig. S5 D-F).
The addition of either thiourea or catalase to agar also blocked
killing of a dnaB-Ts-AkatG hyperlethal double mutant (SI Ap-
pendix, Fig. S4H), indicating that the anti-ROS treatments were
effective even when the absence of the KatG catalase allowed el-
evated levels of oxidative stress (20, 26). Overall, poststress ROS
action accounts for DnaB-Ts-mediated killing.

Poststress death at 30 °C, stimulated by a 2.5-h treatment of the
dnaB-Ts mutant at 42 °C, takes several hours to complete; even
after incubation on agar at 30 °C for 2-6 h, the addition of catalase
prevented the death of most cells (Fig. 1G). However, when cat-
alase addition was delayed for longer than 40 h, little protection
was observed (Fig. 1G). Consequently, by 40 h, the poststress death
process was largely complete; catalase could not revive dead cells.
These data show that ROS cause death, because if only bacterial
growth were blocked on agar or if cells entered a viable but not
culturable physiological state, then catalase-mediated rescue would
have been independent of the time of catalase addition.

Genes Involved in dnaB-Ts-Triggered Poststress Cell Death. Since
poststress ROS contributes 100% to the death of the dnaB-Ts
mutant (Fig. 1F and SI Appendix, Fig. S4H), we used the mutant
to search for genes whose deficiency may affect poststress death. A
variety of DNA repair mutations showed little effect with the dnaB-
Ts mutant (SI Appendix, Fig. S6 A-C), but a deficiency in ahpC/F,
which encode a peroxidase (39), almost completely suppressed the
killing arising from incubation at restrictive temperature (Fig. 24).
The ahpC deficiency had no effect on culture growth of the dnaB-Ts
mutant. An ahpF deficiency showed a protective behavior similar to
that seen with ahpC (SI Appendix, Fig. S7 A and B). The results with
ahpC and ahpF deficiencies were paradoxical, because reduced
ROS detoxification should increase rather than decrease killing.
To address the ahpC/F paradox, we performed RNA-seq with
the dnaB-Ts and dnaB-Ts-AahpC mutants (40). The combination
of the two mutations elevated the expression of many genes in-
volved in the reduction of oxidative stress; elevation occurred at
both permissive and nonpermissive temperatures (Fig. 2B and S/
Appendix, Table S2). Elevated expression of protective genes at
permissive temperature could enable cells to better tolerate dam-
age from subsequent stress-stimulated ROS increases. Indeed, the
ahpC mutation reduced ROS accumulation at restrictive temper-
ature when present in the dnaB-Ts mutant (Fig. 2C); it also
eliminated killing in a dnaB-Ts strain that carried a deficiency in
katG (Fig. 2D), thereby overcoming the loss of KatG-mediated
hyperlethality. Moreover, the dnaB-Ts-AahpC mutant grown at
permissive temperature exhibited protection from killing by p-lactams
and quinolones (ST Appendix, Fig. S7 C and D). Collectively, these
observations explain the protective action of the ahpC deficiency, as
increased expression of protective genes and support the conclusion
that ROS contribute in a general way to antimicrobial lethality.

Contribution of Primary Damage and Damage Repair to Cell Death.
To better understand the roles of ROS and primary damage in
stress-mediated killing, we used RecN-YFP-based fluorescence
microscopy (26, 41) to monitor the accumulation of DSBs in DNA;
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Effect of ahpC deficiency on dnaB-Ts-stimulated poststress death. (4) Inhibition of dnaB-Ts-stimulated death. Strains 2429 (dnaB-Ts) and 3780 (dnaB-Ts

AahpC) were shifted to 42 °C for the indicated times and then plated at 30 °C on agar, agar plus catalase (Left), or agar plus 15 mM (0.15 MIC) thiourea (Right). After
incubation, cfu were measured (n = 3). (B) Up-regulation of antioxidant and stress response genes associated with deficiency of ahpC in a dnaB-Ts strain (strains as in
A). RNA-seq data are from two independent cultures. (C) Decrease in ROS accumulation associated with ahpC deficiency. Peroxide levels in dnaB-Ts (strain 2429) and
dnaB-Ts-AahpC (strain 3780) during incubation at 42 °C were measured using Peroxy Orange-1 and flow cytometry. n = 5. (D) Suppression of the hyperlethal
phenotype due to a AkatG mutation in a dnaB-Ts mutant by an ahpC deficiency (strain 4503). n = 3. n, number of independent replicates. Data are mean + SD.

both quinolone and ROS are known to generate DNA breaks (11,
26, 28, 30, 42, 43). Treatment with the quinolone nalidixic acid led
to rapid accumulation of DSBs; after 1 h treatment, 97% of cells
scored positive (Fig. 34). Agents that suppress ROS accumulation
(thiourea plus bipyridyl) failed to block DSB accumulation but
inhibited killing (S Appendix, Fig. S1 E and F). These data indicate
that (i) quinolones can generate DSBs without ROS participation
and (i) primary quinolone-mediated DSBs are insufficient to kill
cells. Finding examples in which the primary damage (e.g., nalidixic
acid-mediated DSBs) fails to correlate with death while ROS ac-
cumulation does correlate with death constitutes evidence for a
decisive role of ROS in stress-mediated killing.

The behavior of DNA breaks associated with the dnaB-Ts mutant
differed from that described for nalidixic acid. When the dnaB-Ts
mutant was shifted to 42 °C, DSBs appeared more slowly than seen
with nalidixic acid, beginning at 1 h after upshifting and being seen
in almost every cell by 3 h after upshifting (Fig. 3C). Moreover,
dnaB-Ts-mediated DSBs were not observed when ROS accumu-
lation was suppressed in broth cultures by bipyridyl plus thiourea or
when cells contained both the AahpC and dnaB-Ts mutations (Figs.
2C and 3 D and E and SI Appendix, Fig. S4I). However, as with
nalidixic acid, dnaB-Ts-mediated DSBs were insufficient to kill
cells, since 100% of the cells in which 60% contained DSBs were
viable at 2 h after the temperature upshift (Figs. 1F and 3C). These
data suggest that incubation at nonpermissive temperature leads to
ROS-induced DSBs, but that those initial lesions do not kill cells
without additional ROS-mediated damage (Figs. 1F and 24).

DNA repair is one explanation for the failure of the quinolone-
induced DNA DSBs to kill cells when an ROS surge is blocked.
With cells harboring a deficiency in rec4, treatment with a bipyridyl-
thiourea combination failed to fully protect cells from quinolone-
mediated killing (Fig. 4 A4 and B and SI Appendix, Fig. S6 D and E),
in contrast to the full protection seen with wild-type cells. More-
over, a combination of recA and recBC deficiencies further reduced
protection by a bipyridyl-thiourea combination. These observations
indicate that successive reduction in DNA repair capacity may in-
crementally lower the requirement for ROS to execute quinolone-
mediated death. Examination of mutants deficient in repair of
protein damage indicated that for kanamycin, unrepaired primary
damage also reduces the contribution of ROS to death (Fig. 4 C
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and D). Thus, in repair-proficient strains, death may derive from
ROS overwhelming repair.

To assess the nature of ROS-mediated secondary damage dur-
ing stress, we treated E. coli cultures with oxolinic acid, which, like
nalidixic acid, is a first-generation quinolone that generates DNA
lesions (34) as primary damage. We then measured protein car-
bonylation and lipid peroxidation, neither of which was expected to
be a direct effect of the drug (e.g., ROS-mediated secondary dam-
age), and both were increased unless thiourea and bipyridyl were
present (SI Appendix, Fig. S8 A-C). Likewise, kanamycin, which
creates mistranslated/misfolded proteins (44) as primary damage,
caused lipid peroxidation; polymyxin, which primarily acts on
lipids (45), produced protein carbonylation, and ampicillin, which
primarily blocks wall synthesis (38), created ROS-dependent DNA
damage (SI Appendix, Fig. S8 D-G). In principle, such secondary
damage can stimulate additional rounds of ROS production that
generate further (tertiary) damage. As expected, treatment of cells
with oxolinic acid generated more lipid peroxidation in a protein
repair mutant than in wild-type cells (SI Appendix, Fig. S8C).
These data support the conclusion that the ROS surge can be self-
amplifying; successive rounds of ROS attack occur and overwhelm
cellular repair with massive secondary and tertiary damage.

Exogenous Hydrogen Peroxide Stimulates Cell Death During Stress.
To examine the converse of suppressing ROS accumulation with
antioxidants, we monitored the effect of hydrogen peroxide added
to cells also stressed by other agents. We first determined a sub-
lethal dose (1.5 mM, which in a 3-h treatment did not kill other-
wise unstressed cells; SI Appendix, Fig. S9 A and B). We next
added sublethal peroxide for 20 min either (i) after shifting the
dnaB-Ts mutant to 42 °C for 2.5 h and then to 30 °C or (i) after a
2-h treatment with nalidixic acid (~1 MIC). With both stressors,
exogenous peroxide added as a sublethal dose only to broth cul-
tures eliminated protection by bipyridyl subsequently added to
agar following removal of the stressor (Fig. 5 4 and B). Exogenous
hydrogen peroxide also contributed to ampicillin-mediated death.
When bipyridyl and thiourea were added to broth cultures, they
inhibited cell lysis (Fig. 5C); subsequent addition of sublethal
(1.5 mM) hydrogen peroxide rapidly lysed otherwise intact cells
(Fig. 5D). High concentrations of peroxide alone also lysed cells
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Fig. 3. Primary and ROS-mediated DNA damage. (A) DNA DSBs due to nalidixic acid (1 MIC, 8 pg/mL). DSBs in strain 4245 were detected by fluorescence mi-
croscopy using RecN-YFP fusion. n = 4. (B) Non-ROS-mediated DSBs due to nalidixic acid treatment. As in A, thiourea (0.75 MIC), bipyridyl (0.5 MIC) were added
with drug. n = 4. (C) DSB accumulation during 42 °C treatment (for indicated times) of dnaB-Ts strain 2429, detected as in A. n = 6. (D) Chemical suppression of
ROS accumulation inhibits generation of DSBs during thermal stress with dnaB-Ts mutant. As in A, thiourea (0.5 MIC) and bipyridyl (0.5 MIC) were added to
suppress ROS accumulation. n = 3. (E) AahpC inhibits accumulation of DSBs during thermal stress of dnaB-Ts strain 3780 as in A. n = 4. In all panels, values of n
indicate the number of independent experiments, arrows indicate DSB fluorescent foci, and numbers below panels indicate the percentage of cells with at least

one fluorescent focus. (Upper) Bright field images. (Lower) Fluorescent images.

(SI Appendix, Fig. S9C). These data suggest that the sublethal
peroxide kills E. coli by adding to the ROS stimulated by ampi-
cillin. As a control, we found that addition of a sublethal level of
peroxide to cultures stressed with a bacteriostatic agent (chlor-
amphenicol) showed little killing (S Appendix, Fig. S9D).

Collectively, our peroxide data support a role for ROS in stress-
mediated lethality and show that if high levels of ROS are achieved
in broth, cells die before stressor removal and plating. Once cells
are dead, subsequent reduction in ROS with antioxidants cannot
revive them. Thus, ROS present before stressor removal may mask
the detection of subsequent ROS-mediated poststress killing on
agar (SI Appendix, Fig. S2 I and J).

Discussion

The work described above supports the idea that diverse stressors
(nalidixic acid, trimethoprim, ampicillin, and thermal stress with a
dnaB-Ts mutant) create potentially lethal primary lesions and also
stimulate a self-amplifying accumulation of toxic ROS. The latter
can be essential for cell death, as indicated by the lethal action of
several diverse stressors being halted or reduced by treatment with
anti-ROS agents even after removal of the primary stressor (Fig. 1

10068 | www.pnas.org/cgi/doi/10.1073/pnas.1901730116

B-D, F, and G and SI Appendix, Figs. S1G, S2 E, I, and J, and S4H).
As expected, ROS continued to increase inside cells after removal
of stressors (Fig. 1E and SI Appendix, Fig. S3). An example was
found in which a primary antimicrobial lesion was necessary but
insufficient for bacterial death; when cells were treated with nali-
dixic acid and ROS accumulation was suppressed, death did not
occur unless cells were deficient in the repair of quinolone-generated
lesions (Figs. 34 and B and 4 A and B and SI Appendix, Figs. S1 E
and F and S6 D and E). A similar phenomenon was observed for
kanamycin-mediated killing and /s/l’-mediated repair of protein
damage (Fig. 4 C and D). Since ROS have many toxic effects (46),
including DNA breakage (11, 26, 47), membrane depolarization
(48) (SI Appendix, Fig. S10), protein carbonylation (49), and cell
wall damage (Fig. 5 C and D), ROS-mediated damage likely trig-
gers subsequent rounds of ROS production, leading to even more
damage. Accumulated damage eventually overwhelms the capac-
ity of a cell to repair potentially lethal primary lesions and ensures
cell death. Our current view of stress-mediated lethality, which
includes both direct lesion-based death and ROS-based death, is
sketched in Fig. 6.
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Fig. 4. Deficiency in primary damage repair reduces dependence on ROS for killing by quinolones and aminoglycosides. (A) Reduced dependence on ROS for
killing by nalidixic acid in recA and recABC DNA damage repair mutants. Midlog phase cultures of wild-type strain (strain 10), recA-13 (strain 14), and recA-13 recB-
21 recC-22 (strain 156) were treated with bipyridyl (Bip, 0.5 MIC) plus thiourea (Thi, 0.5 MIC) and nalidixic acid (10 MIC) for the indicated times before dilution,
plating, and determination of cfu. (B) Killing by nalidixic acid increased by rec mutations. Conditions and strains were as in A, except that bipyridyl and thiourea
were omitted. (C) Reduced dependence on ROS for killing by kanamycin with the hs/V protein damage repair mutant. Midlog phase cultures of wild-type strain
(3001) and AhslV (strain 3325) were treated with kanamycin (1.1 MIC) in the presence of bipyridyl (0.5 MIC) plus thiourea (0.5 MIC) for the indicated times before
dilution, plating, and determination of cfu. (D) Killing by kanamycin increased by protein damage repair mutation. Strains and conditions were as in C, except that
bipyridyl and thiourea were omitted. In A and C, the addition of antioxidants had no effect on antimicrobial MIC. In all panels, n = 3. Data are mean =+ SD.

While our data do not rule out small amounts of primary, stressor-
specific damage persisting after stressor removal, such damage is
likely to be of little consequence once ROS become self-amplifying.
In cases where anti-ROS agents blocked killing (Figs. 1, 2, and 5),
any persistent primary damage must be insufficient to kill cells. We
note that the poststress death assay was performed shortly after the
initiation of antimicrobial treatment. If the assay is delayed, many
cells die before drug removal and plating, thereby reducing the
ability of anti-ROS agents to distinguish ROS-mediated poststress
death from overall killing. After long exposure to stressor, survival
curves with anti-ROS agents in agar approach those obtained in the
absence of the agents (SI Appendix, Figs. SIG and S2E). In such
situations, failure to detect ROS-mediated poststress death does not
mean that ROS made no contribution to death, as ROS action likely
occurred before plating on agar.

We encountered two situations in which little effect of ROS-
mitigating agents was observed after washing, diluting, and plating
cells. In the case of ampicillin (Fig. 1D), coadministration of
bipyridyl and/or thiourea with the antimicrobial inhibits killing (9,
10), indicating that ROS contribute to ampicillin lethality. Killing via
ROS apparently occurs rapidly, since observing poststress death
required cotreatment of broth cultures with anti-ROS agents (Fig.
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1D and SI Appendix, Fig. S2 I and J), presumably to suppress rapid
ROS accumulation and death before drug removal and plating.
With kanamycin treatment (Fig. 4 C and D), coadministration of
bipyridyl and/or thiourea with the antimicrobial inhibits killing (9,
10), indicating that ROS contribute to cell death. Unlike the situa-
tion with ampicillin, cotreatment of kanamycin with bipyridyl plus
thiourea before plating did not reveal poststress killing (S Ap-
pendix, Fig. SI0H). When we measured residual drug by mass
spectrometry following washing and dilution of cells, we found that
kanamycin was not effectively removed; cell-bound kanamycin de-
creased by only 50% (SI Appendix, Fig. S11), much less than the
degree observed with other antimicrobials (SI Appendix, Figs. S1H and
S2 F and K). This carryover of kanamycin precludes measurement of
kanamycin-mediated poststress ROS-mediated killing using the
washing/dilution method. Overall, our data emphasize that detection
of poststress ROS effects requires effective residual drug removal and
may require damping of ROS-mediated toxicity before plating.

How initial lesions lead to ROS accumulation is poorly un-
derstood. Since many types of stressor-specific damage occur,
multiple pathways likely exist. Evidence for distinct processes is seen
in a comparison of genes involved in death stimulated by quino-
lones and thymine starvation (genes participating in downstream

C DBip-Thi +Amp_2.5h
i
Bip-Thi Bip-Thi
+ + +
Amp  Amp H,0, H,0,
Oh 3h 15h |Control 1h 5min

R — S

Fig. 5. ROS-mediated exacerbation of stress-stimulated death. (A) Exogenous peroxide-stimulated killing of dnaB-Ts mutant. Strain 2429 was shifted to 42 °C for
130 min and then treated for 20 min with 1.5 mM H,0O,, a sublethal dose (S/ Appendiix, Fig. $9), before shifting to 30 °C and plating on agar lacking/containing
thiourea (Thi) at 15 mM (0.15 MIC). n = 4. Data are mean =+ SD. (B) Peroxide-stimulated killing by nalidixic acid (8 pg/mL (1 MIC) for 100 min, followed by 20 min of
1.5 mM H,0,). After drug and peroxide treatments, cells were plated on agar lacking/containing bipyridyl (Bip) at 0.5 MIC. n = 5. Data are mean + SD. (C) In-
hibition of ampicillin (2.5 MIC)-mediated lysis of strain 3001 by bipyridyl (0.4 MIC) plus thiourea (0.45 MIC). n = 4. (D) Peroxide-stimulated, ampicillin-mediated cell
lysis. Following cotreatment by ampicillin (Amp), bipyridyl and thiourea (concentrations as in C) for 2.5 h, cells were resuspended in fresh medium and then treated
with 1.5 mM H,0, with/without bipyridyl and thiourea for the indicated times (n = 4). n, number of independent replicates; all replicates gave similar results.

Hong et al. PNAS | May 14,2019 | vol. 116 | no.20 | 10069

>
e
<
=
=
w
=
=
(=]
o
w
[T}
n

MICROBIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901730116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901730116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901730116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901730116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901730116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901730116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901730116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901730116/-/DCSupplemental

L T

/

1\

BN AS  DNAS P

Downloaded by guest on February 26, 2022

A DNAreplication B DNA  Cell wall Protein
p
dnaB-Ts | (i) W (i) (iii)
l Nalidixic acid Ampicillin Aminoglycoside

Fork stalling
I (i)
—— ROS
¥ (i)
DNA damage

Antioxidant gene \ (iv)
Antioxidant agent )

—— 1 ROS

(vi) / / (v)

,—— Additional damage

DNA breaks
Membrane depolarization
Other damage ?

(viii)

Trimethoprim

Y \A

Survival

l (vii)
Cell death

Survival

- Primary damage————
Repair

T (vi)
—

Antioxidant gene
Antioxidant agent
Iron chelator

Slow respiration
Ribosome inhibitor

' (v)

S

RO
/ / (iv)

Secondary damage
DNA breaks
Wall damage
. Membrane depolarization
(vii) Protein carbonylation
Lipid peroxidation
Other damage ?

i (vi)
Cell death <———

Repair

Fig. 6. Schemes describing poststress death and relationship to direct killing by stress. (A) dnaB-Ts-mediated poststress death. Inactivation of the DnaB

helicase by incubation of the dnaB-Ts mutant at nonpermissive temperature

stalls replication forks (i), which stimulates ROS accumulation by unknown

mechanisms (ii). ROS generate early DNA damage that is insufficient to directly cause death (ii/). However, the DNA damage likely stimulates further ROS
accumulation (iv). ROS attack macromolecules, causing secondary damage, such as DNA breakage, protein carbonylation, and membrane depolarization (v).
Secondary damage is expected to further elevate levels of ROS (vi). Extensive damage is expected to kill cells (vii). Reduction of ROS, as seen with deficiency of
ahpCF or with antioxidants (catalase, thiourea), leads to cell survival (viii). (B) Poststress death and direct killing due to chemical and physical stressors. Soon
after application of stress, DNA damaging agents (i), p-lactams (ii), and aminoglycosides (iii) create primary damage. Such damage, if severe or within a
primary repair deficiency background, may directly kill cells without the need for ROS (iv). Primary damage, which can be insufficient to kill cells, activates
pathways leading to the accumulation of ROS (v), which can then cause secondary damage and more ROS accumulation. When damage is too great to be
repaired (vi), it causes death. ROS accumulation can be blocked or reduced in several ways, such as by overexpression of antioxidant genes, the addition of
antioxidants or iron chelators, and inhibition of respiration (vii). Such blockage can lead to survival, which is called tolerance. ROS may contribute to killing by
overwhelming repair of primary stress damage (viii), since deficiencies in primary damage repair reduce the dependence on ROS to kill cells.

events are identified by allelic deficiencies that are protective from
lethal stress). With quinolones, such protective deficiencies occur
in mazF, lepA, cpx, and arcA (12, 50, 51); in contrast, thymineless
death, which also involves ROS accumulation, is not influenced by
mutations in these genes (26). Genes involved in iron metabolism,
the TCA cycle, and oxidative stress have also been implicated in
ROS production and accumulation for a variety of stressors (14,
21). Learning how the effects of diverse types of stressor converge
to induce an ROS cascade will require more work.

The existence of a toxic, self-amplifying process implies that
protective mechanisms exist for survival in a variety of environ-
ments. Indeed, regulons that suppress the effects of oxidative stress
have been studied for many years (52). In the present work, we
observed a protective effect arising from a deficiency in the ahpCF
peroxidase genes in the dnaB-Ts background; the deficiency ele-
vated the expression of many other oxidative stress-mitigating genes
at permissive temperature, thereby suppressing ROS-mediated
death that would otherwise follow exposure to restrictive temper-
ature or to antimicrobials (Fig. 2 and SI Appendix, Fig. S7 and Table
S2). A similar phenomenon likely follows a short treatment of E.
coli with hydrogen peroxide (13) or treatment with low concentra-
tions of paraquat or plumbagin (53). The latter stimulators of su-
peroxide production protect from killing by bleomycin (54) and
quinolones (53, 55); in contrast, high concentrations are toxic (56,
57). This dichotomy suggests that superoxide is bifunctional: pro-
tective at low concentration and destructive at high levels. The
protective function likely derives from low to moderate levels of
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superoxide and hydrogen peroxide inducing the expression of many
protective oxidative stress-responsive genes (13).

The existence of a runaway (i.e., self-amplifying) death mechanism
raises questions about the potential roles of ROS in developmental
processes sometimes termed programmed cell death. ROS amplifi-
cation could serve as the terminal stage. ROS could also be involved
in the association of apoptotic biomarkers with stress-mediated
bacterial death (48, 58-61). For biomarkers, a relevant question is
whether the presence of a biomarker reflects death derived from a
self-sustaining process or from a continuing stimulation of toxic
events by the initiating stressor. To address such questions, exam-
ining the time course of events is important to establish that the
observed signals reflect a death pathway rather than a breakdown
product of dead cells.

Finally, the present work addresses challenges to the idea that
ROS contribute to killing from diverse antimicrobials (22-24).
The ability of ROS-mitigating chemicals and especially of cata-
lase to block death after stressor removal (Fig. 1) provides strong
evidence for a causal role of ROS in antimicrobial-mediated
killing. It has been argued that potential off-target effects are dif-
ficult to rule out for perturbations with chemical agents, such as
thiourea and bipyridyl (23, 24); thus, statements of causality are
questionable when such agents are used. Off-target effects are un-
likely with enzymatic suppression of ROS, as when catalase is added
to agar or when a deficiency of katG (catalase) increases killing (20,
26, 28). A causal role for ROS in stress-mediated death has also
emerged from the effects of mutations in a variety of other genes,
most notably genes involved in the processing of 8-oxoguanine in
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https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901730116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901730116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1901730116

L T

/

1\

=y

Downloaded by guest on February 26, 2022

DNA (reviewed in ref. 30). Whether endogenous ROS levels are
high enough to kill bacterial cells (24) has been addressed in part by
stressors creating lesions that are hypersensitive to ROS attack (20,
26) and, in the present work, by self-amplification of ROS. We
conclude that ROS contribute to the lethal action of many stressor
types. A next step is to find adjunctive therapies for antimicrobials
to more rapidly cause ROS to become self-amplifying.

Materials and Methods

Detailed descriptions of the construction of E. coli strains, poststress survival assay
for dnaB-Ts and antibiotic-treated cells, measurement of ROS and membrane
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