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Recent work indicates that killing of bacteria by diverse antimicrobial classes can
involve reactive oxygen species (ROS), as if a common, self-destructive response to anti-
biotics occurs. However, the ROS-bacterial death theory has been challenged. To better
understand stress-mediated bacterial death, we enriched spontaneous antideath mutants
of Escherichia coli that survive treatment by diverse bactericidal agents that include anti-
biotics, disinfectants, and environmental stressors, without a priori consideration of
ROS. The mutants retained bacteriostatic susceptibility, thereby ruling out resistance.
Surprisingly, pan-tolerance arose from carbohydrate metabolism deficiencies in pzs/
(phosphotransferase) and cyaA (adenyl cyclase); these genes displayed the activity of
upstream regulators of a widely shared, stress-mediated death pathway. The antideath
effect was reversed by genetic complementation, exogenous cAMP, or a Crp variant
that bypasses cAMP binding for activation. Downstream events comprised a metabolic
shift from the TCA cycle to glycolysis and to the pentose phosphate pathway, suppres-
sion of stress-mediated ATP surges, and reduced accumulation of ROS. These observa-
tions reveal how upstream signals from diverse stress-mediated lesions stimulate shared,
late-stage, ROS-mediated events. Cultures of these stable, pan-tolerant mutants grew
normally and were therefore distinct from tolerance derived from growth defects
described previously. Pan-tolerance raises the potential for unrestricted disinfectant use
to contribute to antibiotic tolerance and resistance. It also weakens host defenses,
because three agents (hypochlorite, hydrogen peroxide, and low pH) affected by pan-
tolerance are used by the immune system to fight infections. Understanding and manip-
ulating the PtsI-CyaA-Crp—mediated death process can help better control pathogens
and maintain beneficial microbiota during antimicrobial treatment.

commonly shared death mechanism | cCAMP-Crp transcription regulatory system | reactive oxygen
species (ROS) | stress-mediated killing | carbohydrate phosphotransferase system (PTS)

Knowledge of bacterial cell death has been obtained largely by treating cultures with
lethal agents and then identifying the resulting lesions, their consequences, and their
repair. Such studies establish that bacterial death can derive from many distinct mecha-
nisms, each specific to the type of primary lesion generated. However, in the last
decade, work initiated by the Collins’ group (1) has reported that the lethal action of
three diverse antimicrobials correlates with a metabolic shift in which an increase in
respiration is followed by an accumulation of reactive oxygen species (ROS) and mac-
romolecular damage (2-8). In this scheme, ROS appear to play a central role shared by
lethal agents that generate distinct lesions. The idea that diverse primary lesions would
lead to a general, ROS-based mechanism of self-destruction was counter-intuitive,
because bacteria possess many genes specific for repairing diverse lethal lesions and
robust systems for protecting from oxidative stress. Moreover, challenges to Collins’
initial work (9, 10) led to controversy (11-14). Although subsequent reports largely
support a role for ROS in death triggered by diverse stress types, these studies have
been directed at ROS, largely by perturbing intracellular ROS and then correlating the
perturbation with bacterial survival. Many studies, if not all, show a correlation rather
than a causal relationship between a surge in ROS levels and cell death. To address this
issue in an unbiased way, we asked whether a widely shared death process exists with-
out a priori consideration of ROS. Genetic analysis was then used to identify genes
that connect various types of primary lesions with downstream lethal events.

Since distinguishing dying from dead cells is difficult and since the physiologically
inactive death state is hard to interrogate, directly studying death has been challenging.
Examining antideath mutants whose defects clearly interfere with the active lethal pro-
cess provides an unambiguous way to identify genes involved in death. Such mutants,
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Significance

Finding that pan-tolerance derives
from defects in carbohydrate
regulation connects stress-
mediated lesions with metabolic
change, identifies a stable type of
tolerance, and demonstrates a
widely shared death response.
Manipulation of the response
should improve antimicrobial
efficacy, preserve beneficial
bacteria during antimicrobial use,
and protect industrial bacteria
from toxic products. Mutations in
many genes can interfere with
stress-mediated metabolism; thus,
mutation to pan-tolerance could
be a high-probability event.
Finding that selection of tolerance
to one lethal stressor confers
tolerance to many, if not all,
indicates that massive disinfectant
consumption potentially
undermines antimicrobial efficacy
and immune defenses against
pathogenic bacteria. Since pan-
tolerance is hidden from current
surveillance of resistance, the
work indicates a need for facile
methods to measure tolerance.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2022 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

1J4Z., Y.H., N.Z, Q.L, and W.Z contributed equally to
this work.

2To whom correspondence may be addressed. Email:
daiwang@xmu.edu.cn, Niujianjun211@xmu.edu.cn, or
zhaox5@xmu.edu.cn.

This article contains supporting information online at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2118566119/-/DCSupplemental.

Published June 1, 2022.

10f 11


https://orcid.org/0000-0003-3408-9384
https://orcid.org/0000-0003-4277-1834
https://orcid.org/0000-0002-5018-2450
https://orcid.org/0000-0002-9906-3559
https://orcid.org/0000-0001-9023-860X
https://orcid.org/0000-0003-2281-8586
https://orcid.org/0000-0002-4831-6384
https://orcid.org/0000-0001-8375-8658
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:daiwang@xmu.edu.cn
mailto:Niujianjun211@xmu.edu.cn
mailto:zhaox5@xmu.edu.cn
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118566119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118566119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2118566119&domain=pdf&date_stamp=2022-06-01

2 of 11

A 102 r B 102 'IJI"
T 10" | ©
2 = 100 +
2 2 0
> >
n 2 L
< WT
10 -—— - — — - 102 . . .
St @g® 0 10 20 30
Round of enrichment Time with phenol (min)
E 1 F |
10?2 Dl 102 ﬂg
;\3 I :\g 10" |
g 10° 1 [
g <+ WT E 100 F
a I i 3 < WT
102 10! | o AdgeM
0 10 20 30 0 10 20 30

Time with phenol (min) Time with phenol (min)

C , D
102 § 102
© ©
E 0% E 10° fewr
> > -®- Phen-T
2] | w | -4 Apts/
<~ WT <o pts] 13935
102 102 “¥ Phen-T::pts/""
0 1 2 3 4 0 10 20 30
[Phenol] (mg/mL) Time with phenol (min)
G H o
10° .
~ E
: 2
=) -1
<} 10 S 108
<
c =
S 10? s
15 ]
107 . . . 108 L . .
2 4 6 2 4 6

Growth time (h) Growth time (h)

Fig. 1. Enrichment, identification, and characterization of a mutant tolerant to killing by phenol. (A) Survival of wild-type E. coli after multiple rounds of chal-
lenge with 3.5 mg/mL phenol. (B) Reduced rate of killing from 3.5 mg/mL phenol by a phenol-tolerant mutant (Phen-T), obtained from A. (C) Elevated concen-
trations of phenol required to kill the Phen-T mutant during a 15-min treatment. (D) Ptsl defect is responsible for phenol tolerance. E. coli cultures were
treated with 3.5 mg/mL phenol prior to measurement of survival. Strains: wild-type, Phen-T mutant, Apts/ mutant, pts/ point (1393S) mutant, Phen-T mutant
back-crossed with wild-type ptsl. (E) Expression of ptsHI operon from a plasmid complemented the Phen-T tolerance phenotype. Killing measurements (as in
B) were used with the following strains: wild-type, wild-type harboring pACYC184 vector plasmid, Phen-T, Phen-T harboring pACYC184, and Phen-T harboring
pACYC184-ptsHI (expressing the ptsH/ operon from the plasmid). (F) Mutations in dgcM failed to account for phenol tolerance of the Phen-T mutant. Cultures
of wild-type cells and Phen-T, AdgcM::Kan, and dgcM G228A mutants were treated and processed as in B. (G and H) Phen-T and pts/ deficiencies have little
effect on culture growth. Overnight cultures of wild-type cells and the Phen-T and the Apts/ mutants were diluted 2,000-fold into fresh LB medium and
grown aerobically at 37 °C; at the indicated times turbidity (ODego, G) or colony-forming units (H) were determined. Data represent average of three biologi-
cal replicates; error bars indicate SEM. See S/ Appendix, Tables S1 and S2 for supporting information.

which are also called tolerant mutants (15—17), can be enriched
by treating bacteria with a highly lethal agent and then screen-
ing for cells that neither grow nor die when exposed to a lethal
stressor. The absence of a change in minimal inhibitory con-
centration (MIC) is crucial to the definition of tolerance (17, 18).
High (increased) survival is imprecise, because it could derive
from two mechanistically distinct phenomena: decreased growth
inhibition or decreased killing or both. Tolerance and antideath
refer only to the latter. The key to successful screening for toler-
ance is finding an agent that rapidly and extensively kills wild-type
cells but still allows mutant recovery. The enrichment procedure
must not allow resistant mutants to emerge and amplify, because
resistant growth would make recovery of tolerant mutants very
difficult. Several disinfectants have the properties desired for
enrichment of tolerant mutants.

In the present work, we used phenol to enrich tolerant
mutants of Escherichia coli; we then tested for cross-tolerance to
a wide variety of lethal stressors. Several tolerant mutants were
obtained that, unlike tolerant mutants studied previously (19)
(reviewed in ref. 15), showed little effect on bacterial growth.
Genetic analysis associated tolerance with a deficiency in p#l, a
gene in the carbohydrate uptake phosphotransferase system
(PTS) (20). This deficiency conferred tolerance to a variety of
lethal disinfectants, antimicrobials, and environmental stresses.
The PTS phosphorylation cascade increases levels of cAMP
(21), and deficiencies in adenyl cyclase also conferred pan-
tolerance. The PTS-cAMP-Crp regulatory cascade defines a
broadly applicable death pathway by conveying signals from
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diverse, stress-mediated lesions to a shared, ROS-mediated dam-
aging of macromolecules.

The existence of a widely shared and potentially universal death
pathway implies that massive consumption of disinfectants, which
has been greatly exacerbated during the current COVID-19 pan-
demic, may be enriching mutants that are cross-tolerant to diverse
antimicrobials and thus capable of reducing antimicrobial efficacy
and successful treatment.

Results

Enrichment, Identification, and Characterization of Phenol-
Tolerant Mutants. To determine whether a general death path-
way exists in bacteria, we enriched antideath mutants by exposing
E. coli cultures to phenol, a prototype disinfectant for aseptic
surgery (22). Phenol was chosen because it kills bacteria rapidly
and extensively; no mechanism for resistance is known, and no
phenol-resistant mutant has been reported. As expected, we failed
to obtain low-susceptibility “resistant” mutants after multiple
rounds of challenge, possibly because phenol simultaneously
attacks multiple targets. However, we did recover several mutants
that exhibited tolerance, defined as decreased phenol-mediated
killing (Fig. 1 A-C) with wild-type susceptibility to growth inhibi-
tion (e.g., unaltered MIC) (87 Appendix, Table S1).

Comparative whole-genome sequencing of a representative,
phenol-tolerant mutant (Phen-T) with its parental, ancestral
strain revealed the presence of two point mutations, one in pzs/
(I393S), a gene encoding enzyme I (EI) of the carbohydrate
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Fig. 2. pts/ deficiency protects from the lethal action of diverse stressors. (A) Killing by diverse disinfectants. Exponentially growing cultures of E. coli
wild-type and Apts/ mutant were treated with ethanol (13% for 50 min), isopropanol (9% for 30 min), chlorhexidine (12 pg/mL for 5 h), hydrogen peroxide
(25 mM for 30 min), hydrochloric acid (pH 2.5 for 60 min), sodium hydroxide (pH10 for 40 min), sodium hypochlorite (0.03% for 100 min), potassium dichro-
mate (1 mg/mL for 3 h), or butanol (2% for 25 min) prior to measurement of survival. Complementation was performed by expression of a plasmid-borne
wild-type ptsHI operon (pACYC-184- ptsHI) for two representative disinfectants, chlorhexidine and phenol (also see S/ Appendix, Fig. S1 C and D). (B) Killing by
diverse antimicrobials. Survival of exponentially growing wild-type and Apts/ mutant cells was measured after treatment with ampicillin (5x MIC for 4 h),
meropenem (10x MIC for 8 h), ceftriaxone (20x MIC for 8 h), ciprofloxacin (5x MIC for 2.5 h), oxolinic acid (16x MIC for 5 h), moxifloxacin (10x MIC for 3 h),
kanamycin (3x MIC for 2 h), amikacin (3x MIC for 2 h), or gentamicin (3x MIC for 1 h). Complementation was performed by expression of a plasmid-borne
wild-type ptsHI operon (pACYC-184-ptsHl) for two representative antimicrobials, ciprofloxacin and kanamycin (also see S/ Appendix, Fig. S2 D and G). Data are
averages of three biological replicates; error bars indicate SEM. See S/ Appendix, Figs. S1-S3 and Tables S1 and S3 for supporting information.

PTS (20), and the other in dgeM (G228A), which encodes a
diguanylate cyclase involved in control of curli biosynthesis
(23) (SI Appendix, Table S2). Replacement of the p#s/ mutant
allele with the corresponding wild-type gene, using CRISPR-
based allelic exchange (24), largely reversed phenol tolerance,
and introduction of a prsI (I1393S) or Aprl allele into wild-type
cells conferred phenol tolerance similar to that seen with the
Phen-T mutant (Fig. 1D and S/ Appendix, Table S1). More-
over, a plasmid-borne p#sHI operon reversed Phen-T-mediated
phenol tolerance (Fig. 1E and S Appendix, Table S1). In con-
trast, introduction of dgeM (G228A) or AdgeM alleles into the
parental, wild-type strain conferred neither phenol tolerance
nor resistance (Fig. 1F and SI Appendix, Table S1). dgcM was
not studied further. Collectively, these data indicate a role for
ptsI but not dgeM in phenol-mediated bacterial death.

Unlike findings with previous work on tolerance (15, 25),
slow growth did not account for tolerance, as growth rates were
similar for the Phen-T and Ap#s/ mutants and wild-type cells
(Fig. 1 G and H). Moreover, genetic defects associated with
growth-defective tolerance (15, 19) do not include Apzsl or
genes identified below. Overall, the data establish that a pz#s/
deficiency confers a new type of tolerance to the lethal action
of phenol while retaining wild-type MIC (e.g., no resistance).
Since Phen-T and Apss/ mutants exhibited a similar phenotype,
subsequent work focused on the Ap#s/ mutant.

We note that successful screening for tolerant mutants dem-
onstrates that growth inhibition (measured as MIC) and killing
(measured as loss of viable counts) are distinct events, because
they can be experimentally separated. The former, which is
associated with resistance, derives from the formation of stressor-
specific primary lesions, which is affected by factors such as
stressor uptake, efflux, and drug-target interactions (our experi-
mental design eliminated such factors from consideration). In
contrast, killing (death) arises from a subsequent cellular response
to primary stress-mediated lesions.

A Deficiency in pts/ Confers a Pan-Tolerance (Antideath) Phenotype
to Diverse Lethal Stressors and Treatments. To determine
whether Ptsl is involved in a death process caused by stressors
of diverse types, we examined the Apzs/ mutant for killing by
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a variety of disinfectants. The mutant displayed reduced killing
by ethanol, isopropanol, chlorhexidine, hydrogen peroxide,
hydrochloric acid (pH 3), sodium hydroxide (pH 10), sodium
hypochlorite, potassium dichromate, and butanol (Fig. 24
and SI Appendix, Fig. S1 A-)) with little effect on MIC (87
Appendix, Table S3). Complementation with a plasmid-borne
wild-type p#s gene was achieved with two diverse, representa-
tive disinfectants: phenol and chlorhexidine (Figs. 1E and 24
and S/ Appendix, Fig. S1C). Similar results were obtained with
the Phen-T mutant (S Appendix, Fig. S1 k=S and Table S3)
(quantitative differences between the two mutants with some
stressors may derive from the additional dgcM allele in the
Phen-T mutant, but by itself the dgeM mutation has no effect).
We conclude that a PTS deficiency causes tolerance to killing
by diverse disinfectant types. The absence of an effect on MIC
emphasizes that inhibition of growth and killing are mechanis-
tically distinct.

We next compared killing of wild-type cells and a Apzs/
mutant by a variety of lethal antimicrobials. The p#s/ mutation
reduced killing by all antimicrobials tested, including p-lactams
(ampicillin, meropenem, ceftriaxone), quinolones (ciprofloxa-
cin, oxolinic acid, moxifloxacin), and aminoglycosides (kanamy-
cin, amikacin, gentamicin) (Fig. 2B and SI Appendix, Fig. S2).
For drugs that kill in a concentration-dependent fashion (26),
such as ciprofloxacin and kanamycin, tolerance was also observed
when killing was measured using various drug concentrations for
a fixed time (87 Appendix, Fig. S2 J and K). Complementation
with a plasmid-borne wild-type p#s/ gene was achieved with two
diverse antimicrobials, ciprofloxacin and kanamycin (Fig. 2B and
SI Appendix, Fig. S2 D and G). The Phen-T mutant showed
results similar to those observed with the Apzs/ mutant (S7
Appendix, Fig. S3). As with disinfectants, the p#s/ deficiency
mainly affected antimicrobial-mediated killing, not growth inhibi-
tion (87 Appendix, Tables S1 and S3).

Finally, we tested the p#s/ mutant for killing by two envi-
ronmental stressors, UV irradiation and high osmolarity. The
AptsI mutant displayed the antideath phenotype for both
lethal conditions (S/ Appendix, Fig. S2 L and M). Thus, a ps/
deficiency confers tolerance to killing by a wide variety of
lethal stressors.
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PTS Phosphorelay Affects Stress-Mediated Killing through an
Interplay with Adenyl Cyclase. To examine molecular events
underlying the pan-tolerance phenotype associated with pzs/
deficiency, we focused on phenol and ciprofloxacin as two repre-
sentative probes for diverse stressor types. We found that chemical
inhibition of Ptsl (EI) activity interfered with killing. For example,
dimethyl 2-oxoglutarate, an inhibitor of EI (27), reduced killing
by both phenol and ciprofloxacin (Fig. 3 A and B) without alter-
ing MIC (87 Appendix, Table S1) when supplied at a concentra-
tion that by itself did not inhibit bacterial growth (87 Appendix,
Fig. S4A). The protective effect of dimethyl 2-oxoglutarate on kill-
ing was also concentration-dependent (S/ Appendix, Fig. S4B).
Moreover, blocking the PTS phosphorelay by amino acid substi-
tutions in the phosphoryladon sites of Ptsl (H189Q), PwsH
(H15Q), or Crr (H91Q) reduced killing by phenol and ciproflox-
acin (Fig. 3 C-H) without altering MIC (87 Appendix, Table S1).
Deletion of genes encoding products downstream from Crr
(enzyme 1A or EIIA)—such as ptsG, malX, ascF, and glvC, which
are involved in carbohydrate phosphorylation and uptake (28)—did
not confer tolerance to phenol or ciprofloxacin (87 Appendix,
Fig. S4 Cand D). Collectively, these results indicate that early
steps of PtsI-PtsH-Crr phosphorelay activity, rather than late-
stage PTS carbohydrate transport functions, are required for
lethality by diverse bactericidal agents.

Since phosphorylated Crr (EIIA®") activates adenyl cyclase
(21, 29, 30), we asked whether the p#s/ deficiency confers toler-
ance by lowering cAMP levels. Exposure to phenol or ciproflox-
acin triggered a surge in cellular cAMP levels with wild-type
cells; such a surge was reduced by a deficiency in pzs/ (Fig. 31).
Addition of exogenous cAMP to cultured bacteria partially
reversed Aptsi-mediated protection from the lethal activity
of phenol and almost completely reversed protection from
ciprofloxacin-mediated killing in a concentration-dependent
manner (Fig. 3 J-I). Moreover, cAMP supplementation had
no effect on MIC (87 Appendix, Table S3). Furthermore, a defi-
ciency in cyaA, which encodes adenyl cyclase, reduced killing
by ciprofloxacin and phenol without affecting MIC (Fig. 3 M
and N and SI Appendix, Table S1); such protection from killing
was reversed when a plasmid-borne wild-type ¢yaA was used to
complement the AcyaA mutation (Fig. 3 M and N). We also
combined Apzsl with a crp* allele, which encodes a constitu-
tively active variant of the transcription regulator Crp that
bypasses the requirement for cAMP binding to activate Crp
(31, 32). The added crp* allele eliminated Apzsi-mediated
tolerance (Fig. 3 O and P and S/ Appendix, Table S1). This
observation suggests that PtsI stimulates death through cAMP
activation of Crp. Finally, when we examined a deficiency of
¢yaA or crp for pan-tolerance, we found that both mutations
protected from killing by various agents while exhibiting little
effect on MIC (Fig. 4 and SI Appendix, Figs. S5 and S6 and
Tables S1 and S3). Again, complementation with a wild-type
copy of cyaA or crp restored the protection from killing by a
deficiency in either of these two genes with four diverse stressor
types (Fig. 4 and ST Appendix, Figs. S5 Fand [and S6 C, F, H,
and ). Overall, the data indicate that Apzsimediated pan-
tolerance is achieved by blocking the PTS phosphorelay, which
results in loss of adenyl cyclase activation that normally occurs
via phosphorylated Crr (EIIAS") (21, 30). Reduced cAMP pro-
duction and subsequent lack of Crp activation protect from
killing by diverse lethal agents.

Both p#s/ and ¢yaA mutants were also obtained in a tolerance
screen using antimicrobials rather than phenol. In this set of
experiments, the antimicrobials (kanamycin, ciprofloxacin, and
ampicillin) were administered sequentdially to E. coli cultures,
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with two challenge rounds per drug. Four pan-tolerant mutants
were obtained. One harbored a D300E substitution in CyaA;
the other three exhibited mutations in p#/ (two were premature
stop-codon defects, and one was an 81-bp deletion) (S7 Appendix,
Table S2). The difference in pan-tolerance alleles obtained from
the two different enrichment approaches may derive from the two
experiments being carried out at different times using different
starting cultures.

PTS-mediated modulation of CyaA (adenylate cyclase) activ-
ity by Crr phosphorylation and the subsequent connection to
the cAMP-Crp master transcription regulatory system fit well
with previous observations in which factors affecting cAMP lev-
els modulate killing by p-lactams, fluoroquinolones, hydrogen
peroxide, and hypochlorous acid (33-36). We conclude that
E. coli evades the lethal action of antimicrobials and disinfec-
tants through the same mechanism, with the PTS lying
upstream of the cAAMP-Crp regulatory cascade.

ptsl Deficiency Confers Tolerance through Down-Regulation
of Genes Encoding Enzymes of the TCA Cycle, Electron
Transport Chain Units, and ATP Synthases. Since the cAMP-
Crp system regulates carbon utilization and energy metabolism
(37), we next examined the effect of a deficiency in the PTS on
energy metabolism. For this experiment, we performed RNA-
sequencing (RNA-seq) assays using ciprofloxacin rather than
phenol as a stressor, because the latter kills so rapidly that mas-
sive killing might occur before transcription patterns change.
When we compared cells treated with ciprofloxacin to those
serving as untreated controls, we found that ciprofloxacin treat-
ment elevated expression of many genes involved in the TCA
cycle, glycolysis, pentose phosphate pathway (PPP), and oxida-
tive phosphorylation with both wild-type and the pzs/ mutant
cells; however, such elevation was lower with the pzs/ mutant
than with wild-type cells (ST Appendix, Fig. S7 A and B). When
ciprofloxacin-treated samples were compared, the p#s/ mutant
showed reduced expression of many genes involved in the TCA
cycle, electron transport chain, and glycolysis, but elevated
expression of several genes in the PPP relative to wild-type cells
(Fig. 54).

Even in the absence of stress, the p#s/ deficiency reduced the
expression of many genes involved in the TCA cycle, oxidative
phosphorylation, and the conversion of pyruvate to acetyl-CoA,
a substrate that fuels the TCA cycle. Elevated expression of
many genes involved in glycolysis and PPP was seen in the
same comparison (S/ Appendix, Fig. S7C). Thus, a deficiency in
p1si shifts energy metabolism from the TCA cycle to glycolysis
and PPP; that shift would precondition bacterial cells for
becoming tolerant to lethal agents.

Shifting metabolic flux away from the TCA cycle to glycoly-
sis and PPP was expected to reduce ATP synthesis. Indeed,
when we measured intracellular ATP levels during phenol or
ciprofloxacin treatment, they were 50- to 200-fold lower in the
Apts] mutant than in the wild-type control (Fig. 5B). Similar
suppression of a ciprofloxacin-induced, time-dependent ATP
increase was observed with the ¢yad and c¢7p mutants (S7
Appendix, Fig. S8 A-C). When the p#s/ mutant was further
examined by RNA-seq, samples from ciprofloxacin-treated and
-untreated cells showed that ciprofloxacin increased the expres-
sion of only half of the ATP synthase genes, while with wild-
type cells expression of all the genes in the set was up-regulated
by two- to fourfold. Moreover, the level of up-regulation was
lower in the mutant than in the corresponding wild-type cells
(Fig. 50). Comparison of the pzs/ mutant and wild-type cells

revealed that with ciprofloxacin treatment, the p#s/ deficiency
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Fig. 3. Ptsl participates in phenol- and ciprofloxacin-mediated killing via early steps of the PTS phosphorelay and a subsequent interaction with the cAMP-
Crp transcription regulatory axis. (A and B) Protective effect of dimethyl-2-oxoglutarate (dm20G) on phenol- or ciprofloxacin-mediated killing. Wild-type
E. coli (WT) was pretreated with 1 mg/mL dm20G for 40 min before treatment with 3.5 mg/mL phenol (A) or 5x MIC ciprofloxacin (B) for the indicated times.
As a reference, in A the Apts/ mutant received no dm20G pretreatment. (C-H) Protection due to abolished phosphorylation site in Ptsl, PtsH, or Crr. Wild-
type, a pts/ (H189Q) mutant (C and D), a ptsH (H15Q) mutant (E and ), and a crr (H91Q) mutant (G and H) were treated with 3.5 mg/mL phenol (C, £ and G) or
5% MIC ciprofloxacin (D, F, and H) for the indicated times. (/) Suppression of stress-induced intracellular cAMP production by Aptsl. Exponentially growing
wild-type and Apts/ mutant cells were treated with 3.5 mg/mL phenol or 5x MIC ciprofloxacin for the indicated times after which intracellular cAMP levels
were determined. (/-L) Suppression of ptsl-mediated protection by exogenous cAMP. Wild-type and Apts/ cells were pretreated with 8 mM cAMP for 15 min
before addition of phenol (/) at 3.5 mg/mL or ciprofloxacin (K) at 5x MIC. L shows the concentration dependence of cAMP-mediated suppression of killing by
5x MIC ciprofloxacin with the Apts/ mutant. (M and N) Deficiency of cyaA protects from phenol- and ciprofloxacin-mediated killing. Cultures of wild-type and
AcyoA mutant cells were treated with 3.5 mg/mL phenol (M) or 10x MIC ciprofloxacin (N) for the indicated times. Complementation was observed with a
plasmid-borne wild-type cyaA. (O and P) Suppression of the protective effect of Apts/ by crp*. Exponentially growing cultures of wild-type, Apts/, crp*, and
Aptsl-crp* double-mutant cells were treated with 3.5 mg/mL phenol (0) or 5x MIC ciprofloxacin (P) for the indicted times. Data indicate average of three bio-
logical replicates; error bars indicate SEM. See S/ Appendix, Fig. S4 and Tables S1 and S3 for supporting information.
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Fig. 4. Deficiency of cyaA or crp protects from killing by diverse lethal stressors. Exponentially growing wild-type, AcyaA, and Acrp cultures were treated
with ampicillin (4x MIC for 3 h), meropenem (6x MIC for 8 h), oxolinic acid (10 MIC for 2 h), moxifloxacin (10x MIC for 2 h), amikacin (3x MIC for 2 h), hydro-
gen peroxide (25 mM for 30 min), ciprofloxacin (10x MIC for 2 h), kanamycin (5x MIC for 2 h), phenol (3.5 mg/mL for 25 min), or chlorhexidine (12 pg/mL for
4 h) prior to measurement of survival. Complementation with plasmid-borne wild-type cyaA or crp (pACYC-184-cyaA or pACYC-184-crp) was performed for
four diverse stressors (ciprofloxacin, kanamycin, phenol, and chlorhexidine). (Also see S/ Appendlix, Figs. S5 F and / and S6 C, F, H, and / for more complemen-
tation data.) Data are averages of three biological replicates; error bars indicate SEM. See S/ Appendix, Figs. S5 and S6 and Tables S1 and S3 for supporting
information.

suppressed expression of all ATP synthase genes, with that of  Intracellular ROS Accumulation Contributes to the Common

atpC suppressed the most (e.g., greater than twofold) (Fig. 50).

Collectively, the data suggest that pan-tolerance is achieved
by the diversion of carbon flux from the TCA cycle to glycoly-
sis and the pentose phosphate pathway via defects in the
PTS-cAMP regulatory system. That diversion reduces electron
transfer and ATP synthesis during lethal stress. The central
nature of this metabolic shift allows it to affect the lethal action
of diverse stressors.

Death Mechanism. Since ROS are byproducts of electron
transfer by the respiratory chain during production of ATP
(38, 39) and since stress-mediated ATP synthesis is reduced in
a AprsI mutant (Fig. 5 Band Cand SI Appendix, Fig. S8 A-O),
we expected stress-mediated ROS accumulation to also be
lower in the mutant. Moreover, pilot work by us and others
(33-35) suggested that reduction of cAMP levels correlates
with suppression of stressor-mediated ROS accumulation and
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Fig. 5. pts/ deficiency associated with a metabolic flux shift and down-regulation of ATP synthesis. (A) Effects of a deficiency in pts/ on ciprofloxacin-induced
(5% MIC) expression of genes involved in metabolic flux (glycolysis, PPP, TCA cycle) and oxidative phosphorylation. Shown are genes up-regulated (orange;
number in parenthesis represents log, increase) or down-regulated (blue; number in parenthesis represent log, decrease) by greater than twofold in the
indicated metabolic pathways, as revealed by RNA-seq analysis. (B) Deficiency in pts/ restricts the increase in cellular ATP level stimulated by phenol or cipro-
floxacin. Wild-type and Apts/-mutant cells were treated with 3.5 mg/mL phenol for 20 min or 5x MIC ciprofloxacin for 60 min. ATP levels were determined
and expressed as pmol/10° cells. Data are averages of three biological replicates; error bars indicate SEM. (C) Suppression of ciprofloxacin-mediated
up-regulation of ATP synthase genes by a deficiency in pts/. Ciprofloxacin treatment at 5x MIC for 90 min up-regulated all eight genes encoding ATP syn-
thases in wild-type cells; a deficiency in pts/ inhibited all up-regulation and suppressed atpC expression, as revealed by RNA-seq analysis. Panel shows com-
parisons; far right bar shows color scale. See S/ Appendix, Fig. S7 for supporting information.
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Fig. 6. Intracellular ROS associated with stress-mediated death. (A and B) pts/ deficiency lowers phenol- and ciprofloxacin-stimulated intracellular ROS

levels. Wild-type and Apts/-mutant cells were pretreated with carboxy-H2DCFDA for 20 min and then treated with 3.5 mg/mL phenol (A) or with 5x MIC cipro-
floxacin (B) for the indicated times. Samples were subjected to flow cytometry for analysis of intracellular ROS levels. Similar results were obtained in three
replicate experiments. (C and D) Protective effect of DMSO on survival. Exponentially growing wild-type cultures were treated with 3.5 mg/mL phenol (C) or
5% MIC ciprofloxacin (D) for the indicated times in the absence or presence of 5% DMSO. (E and F) Suppression of ROS accumulation by DMSO. Wild-type
cells were pretreated with carboxy-H2DCFDA for 20 min and then treated with 3.5 mg/mL phenol (E) or with 5x MIC ciprofloxacin (F) for the indicated times
before intracellular ROS levels were measured by flow cytometry. (G and H) Catalase/peroxidase deficiency increases phenol- or ciprofloxacin-mediated
killing. Exponentially growing cultures of wild-type and a katG-katE double mutant were treated with 3 mg/mL phenol (G) or 5x MIC ciprofloxacin (H) for the
indicated times. Data are averages of three biological replicates; error bars indicate SEM. See S/ Appendix, Tables S1 and S3 for supporting information.

protection from stress-mediated killing. When ROS accumula-
tion was measured by flow cytometry using the fluorescent dye
carboxyl-H2DCFDA [5(6)-carboxy-2',7'-dichlorodihydrofluor-
escein diacetate], treatment with phenol or ciprofloxacin ele-
vated ROS levels, but to lower extents with the p#s/-deficient
mutant than with wild-type cells (Fig. 6 4 and B). Moreover, a
deficiency in any of three key genes (p#s], cyaA, or ¢rr), which define
the lethal pathway currently studied, suppressed a ciprofloxacin-
induced ROS surge (SI Appendix, Fig. S8D).

A contribution of ROS to stress-mediated killing can be
assessed by treating cells with agents that lower ROS accumula-
tion. In the present work, addition of dimethyl sulfoxide
(DMSO), which can scavenge hydroxyl radicals (40, 41), pro-
tected wild-type cells from being killed by phenol and lowered
the rate of killing by ciprofloxacin (Fig. 6 C and D) without
affecting MIC (81 Appendix, Table S3). DMSO also lowered
the phenol- or ciprofloxacin-mediated intracellular ROS surge
(Fig. 6 E and F). Moreover, a deficiency in ROS detoxification
(karGE) increased killing by phenol and ciprofloxacin (Fig. 6 G
and H) with no effect on MIC (87 Appendix, Table S1). Collec-
tively, our data, plus earlier work showing that ROS contribute
to killing by lethal stressors (7, 11, 12) but not to growth inhi-
bition (42, 43), indicate that reduced ROS accumulation is
responsible for the pan-tolerance phenotype of Apisi.

Discussion

Challenging E. coli cells with phenol or antimicrobials resulted
in the recovery of pan-tolerant mutants. Characterization of

PNAS 2022 Vol. 119 No.23 2118566119

these mutants revealed a death pathway shared by lethal insults
of many diverse types. These data demonstrate that, unlike
resistance, which is usually stressor-class-specific, tolerance may
be a cellular property that is not stressor-specific and is likely
to simultaneously apply to many, if not all, lethal stressors.
Pan-tolerance was conferred by a genetic deficiency in prs/ that
reduced cAMP synthesis, since 1) lethal stress stimulated an
increase in intracellular cAMP, which was suppressed by Apisi,
and exogenous cAMP reversed Aprsl-mediated tolerance; 2)
defects in cAMP synthase caused pan-tolerance; and 3) com-
bining Apssl with crp* an allele encoding a variant Crp that
bypasses the requirement of cAMP binding for transcription
activation (31, 32), eliminated Apz/-mediated pan-tolerance.
Reduced levels of cAMP were associated with a shift in meta-
bolic flux from the TCA cycle to the PPP and glycolysis,
thereby lowering ATP production and the associated ROS
accumulation. The concordance among stress-mediated cAMP
level increase, reduction in stress-stimulated ATP production,
and ROS accumulation in Apzsl, AcyaA, and Acrp mutants
defines a PTS-cAMP-Crp regulatory cascade that controls cell
death. The metabolic shift to glycolysis and PPP also produces
metabolic intermediates, such as nucleotides, fatty acids, and aro-
matic amino acids (44, 45), that are needed for repair of stress-
mediated damage (1, 3, 7). In addition, NADPH generated from
the PPP provides reducing power to synthesize glutathione, which
counters oxidative stress (46). Thus, the PTS-cAMP-Crp regula-
tory axis can regulate stress-mediated cell death in several ways.

A scheme describing stress-mediated metabolic death emerges
from combining the present observations with previous reports
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Fig. 7. Proposed relationships of PTS, cAMP-Crp, respiration, ROS accumu-
lation, and damage repair in stress-mediated bacterial death. Bactericidal
treatments produce primary lesions (a) that are recognized by repair sys-
tems (b). If repair is sufficient, cells survive (c) unless overwhelmed by
downstream damage. Repair increases demand for ATP and stimulates
respiration (d), resulting in elevated ATP synthesis. ROS accumulate as
by-products during ATP synthesis (e); ROS damage macromolecules (f),
including DNA, protein, and lipids. Macromolecular damage from ROS stim-
ulates additional ROS accumulation and damage in a self-amplifying cycle (f
and g) that leads to cellular repair being overwhelmed and ultimately to
cell death unless ROS-detoxifying systems are sufficient to suppress ROS
accumulation (h). The demand for ATP by repair also stimulates carbohy-
drate metabolism via the PTS (i), which in turn stimulates adenyl cyclase
() to synthesize cAMP (k). cAMP binds to and activates Crp (/), which
up-regulates genes involved in the TCA cycle (m), thereby producing ele-
vated levels of NADH that fuel respiration (n), subsequent ATP synthesis,
and ROS production. L-shaped green shading indicates pathways from
which pan-tolerance mutants may emerge.

(Fig. 7). We postulate that repair of primary damage imposes a
sudden demand for ATP (47, 48), which stimulates carbohy-
drate metabolism (via the PTS-cAMP-Crp pathways), respiration,
ATP synthesis, and ROS accumulation. In turn, ROS damage
macromolecules; such damage stimulates additional ROS accumu-
lation in a self-amplifying cycle that eventually overwhelms repair
and leads to cell death (7). Bacteria also possess ROS-detoxifying
systems whose deficiencies do not affect normal growth or stressor
resistance but render cells more vulnerable to killing by diverse
stressors (3, 43). Wild-type versions likely protect cells from mod-
erate levels of lethal stress.

Since energy metabolism involves multiple steps and enzymes,
pan-tolerance mutations are unlikely to be limited to the PTS or
cAMP-Crp pathways. Discovery of additional pan-tolerant muta-
tions will expand our knowledge of the general death pathway.
We emphasize that the death pathway we describe refers to a cel-
lular response to stress and not to death from physical destruction,
such as cell lysis or macromolecular denaturation from very high
temperature or high-dose irradiation. Thus, the existence of a
broadly applicable and even potentially universal death pathway
that we propose does not exclude the existence of other lethal
mechanisms.

The stable, prsl-cyaA-ROS-mediated tolerance we describe is
unique, as these tolerance mutations do not affect bacterial growth.
That provides a clear separation of the tolerance we describe from

https://doi.org/10.1073/pnas.2118566119

reduced killing due to a growth defect, a caveat that affects the
“high-survival” phenotype for most, if not all, growth defect-based
tolerance: in such cases, reduced killing can derive from either
slow growth or tolerance unrelated to growth. In growth defect-
associated tolerance, a key role is played by the stringent response
(49-51). Genes involved in growth-defective tolerance include
amino acyl tRNA synthetases (merG), ribosephosphate diphos-
phokinase (p75), ATP-dependent proteases (cfpX, clpP), and puta-
tive toxin-antitoxin modules (vapBC) (19, 52, 53). Whether
ROS is involved is not known. Another type of tolerance derives
from increases in endogenous hydrogen sulfide or nitric oxide.
These compounds affect intracellular ROS accumulation (54, 55).

Since the p#s/ mutant in our study displayed no growth
defect, we considered the possibility that the Luria-Bertani (LB)
growth medium contributed to tolerance. This medium is poor
in sugar but rich in small peptides and amino acids that do not
rely on the PTS for carbon-source transport. The mutant did
not grow in M9 medium containing glucose as the sole carbon
source, consistent with the PTS being the major transporter of
glucose. The mutant did grow in M9 plus pyruvate, albeit more
slowly than with LB; no growth rate difference was observed
between wild-type and prs/ mutant cultures (87 Appendix, Fig. S9
A and B). When we measured ciprofloxacin-mediated killing,
which was slower than with LB medium, pzsi-mediated tolerance
was observed (SI Appendix, Fig. S9C). Thus, tolerance was not
medium-specific, nor did it derive from a growth defect.

Tolerance has two important consequences. First, it likely
favors the emergence of resistance by preventing an antimicrobial
from rapidly reducing the bacterial burden during infection.
Resistant mutants can then spontaneously emerge from large sur-
viving bacterial populations. Those mutant subpopulations are
then enriched, as they survive the selective conditions (56).
Indeed, recent work associates the emergence of clinical resistance
with tolerance during infection by Staphylococcus aureus, even
during combination therapy (56). We note that the tolerant
mutants we reported exhibited small increases in MIC for some
antimicrobials (SI Appendix, Tables S1 and S3); such increases
would have made them appear even more tolerant to killing than
when we normalized drug concentrations to MIC for killing
assays in the present work (we used the same fold of MIC rather
than an absolute drug concentration, which is generally not the
case in clinical practice). A second consequence, even without the
emergence of resistance, is the loss of lethal activity with patients
having compromised immune systems (57-59). Tolerance may
increase treatment failure and the frequency of relapse (60, 61).
Thus, understanding bacterial death well enough to limit the
emergence of tolerance is likely to be clinically important.

Limiting tolerance may be difficult, since involvement of metab-
olism in the death process implies that many different genes can
mutate to confer the pan-tolerant phenotype, which makes the
emergence of pan-tolerance a high-probability event. At present,
the extent of pan-tolerance in pathogen populations is unknown,
because susceptibility assays used for surveys measure MIC rather
than tolerance. Although agar-plate assays for tolerance have been
reported (62), measuring tolerance with large numbers of clinical
isolates remains labor intensive. Regardless of the current preva-
lence of tolerance, we expect that unrestricted, massive disinfectant
consumption will increase the prevalence of tolerance and eventu-
ally contribute to the emergence of antimicrobial resistance.

Materials and Methods

Bacteria and Reagents. £. coli K-12 strains (S/ Appendix, Table S1) were
grown aerobically at 37 °C in LB medium (63) with shaking at 200 rpm. Colony
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formation was on LB agar at 37 °C. Bacteriophage P1-mediated transduction
(64) or CRISPR-based allelic exchange (24) was used for strain construction. Flow
cytometry reagents were purchased from Becton Dickinson. Tryptone, yeast
extract, powder for LB broth and agar, and carboxy-H2DCFDA were obtained from
Thermo Fisher Scientific. Other reagents, including antimicrobials (ciprofloxacin,
oxolinic acid, kanamycin, ampicillin, tetracycline, moxifloxacin, and chloram-
phenicol), phenol, dimethyl 2-oxoglutarate, cyclic AMP, sodium pyruvate, and
DMSO were purchased from Sigma-Aldrich. Gentamicin, amikacin, hydrogen
peroxide, chlorhexidine, ethanol, isopropanol, 1-butanol, potassium dichro-
mate, sodium hypochlorite solution (5.2%), hydrogen chloride, and sodium
hydroxide were purchased from Sangon Biotech. Meropenem (Shenghuaxi
Pharmaceutical) and ceftriaxone (Roche) were from Zhongshan Hospital
(Xiamen, China) pharmacy.

Susceptibility Determinations. MIC was determined using a staggered, two-
fold broth dilution method for each antibiotic and disinfectant. Midlog-phase cul-
tures were diluted 1:5,000 in LB broth to ~10° cells/mL, mixed with various
amounts of each stressor, and incubated for 24 h. MIC was determined as the
lowest drug concentration that inhibited culture growth, measured by turbidity,
by at least 90% relative to an untreated control.

Bacterial Killing Assays. Bacterial cultures grown overnight were diluted by
100-fold into fresh medium and then grown to exponential phase (ODggp~0.25)
before cultures were aliquoted into glass culture tubes and incubated with vari-
ous antimicrobials either at a fixed concentration (e.g., a particular fold of MIC)
for various times or at various drug concentrations (normalized to MIC) for a fixed
time. For UV light-mediated killing, 10 pL of serially diluted bacterial samples
were spotted in triplicate on LB agar before exposing the agar plates to UV light
at a fixed intensity (0.056 mW/cm?) for various times. Survival following lethal
treatment was determined by plating culture aliquots on agar incubated at 37 °C
for 24 h. At the end of incubation, colony-forming units were determined visually.
Percent survival was determined relative to an untreated control sampled at the
time lethal treatment was initiated. When dimethyl 2-oxoglutarate, cyclic AMP, or
DMSO were used to inhibit or potentiate killing by disinfectants or antimicrobials,
they were added at noninhibitory/subinhibitory concentrations 40, 15, or 0 min
before initiation of lethal treatments.

Enrichment of Tolerant Mutants. To obtain phenol-tolerant mutants, cul-
tures of the wild-type (strain 1) were grown to exponential phase (ODgog ~0.25)
in 30 mL LB medium at 37 °C with shaking at 200 rpm, and they were then
treated with 3.5 mg/mL phenol for 20 min, which killed roughly 99% of the
cells. Cells were concentrated by centrifugation (4,600 x g, 4°C, 5 min) and
resuspended in 20 mL LB medium. Centrifugation and culture resuspension
were performed two more times to remove residual phenol. Cultures were then
diluted 100-fold, grown overnight, and subjected to an additional round of
enrichment. After 10 rounds of enrichment, treatment with 3.5 mg/mL phenol
for 20 min killed less than 70% of cells. These cultures were washed, plated on
phenol-free agar and on agar containing 1x MIC of phenol. No colony grew on
phenol-containing agar while hundreds grew on phenol-free agar, indicating
that few phenol-resistant mutants were enriched. When colonies recovered on
phenol-free agar were tested for killing and growth inhibition by phenol, their
MIC for phenol was similar to that of the parental, wild-type strain, but survival
was much higher (>100-fold). Thus, they were considered tolerant to phenol.
One representative tolerant mutant and the parental wild-type strain were sub-
jected to comparative whole-genome sequencing to identify mutations involved
in tolerance.

Mutants that were tolerant to antibiotics were obtained in a similar way,
using three different agents sequentially at 5x MIC for 3 h (ampicillin), 2.5 h
(ciprofloxacin), and 0.5 h (kanamycin) to minimize the selection of resistant
mutants from masking enrichment of tolerant mutants. Cultures were treated
with each agent once in a round for two rounds, and then they were plated on
drug-free agar to obtain single colonies for subsequent confirmation of the
tolerance phenotype (little change in MIC but greatly reduced killing). The
enrichment was stopped after two rounds, because two rounds allowed sufficient
enrichment of tolerant mutants while minimizing the presence of resistant
mutants that would overwhelm the tolerant population. Representative tolerant
mutants and the wild-type parental strain were subjected to comparative whole-
genome sequencing to identify mutations involved in tolerance.
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Whole-Genome Sequencing. Chromosomal DNA was isolated from overnight
cultures of wild-type and mutant strains using the Bacterial Chromosome DNA
Isolation Kit (Tiangen Biotech) according to the vendor's technical manual. DNA
samples were sent to Novogene for whole-genome sequencing and comparative
sequence analysis against the E. coli BW25113 whole-genome sequence
(GenBank accession no.: CP009273.1). Nonsynonymous mutations found in
mutants but not in the wild-type strain were reconstructed by CRISPR-based
allelic exchange (24) in the wild-type parental strain for verification of the toler-
ance phenotype.

RNA-Seq Analysis. Exponentially growing cultures (ODggo = 0.3) of the wild-
type strain and the Apts/ mutant were treated with 5x MIC ciprofloxacin for
0 or 90 min. Samples were collected by centrifugation (4,600 x g, 4°C,
10 min), frozen using liquid nitrogen, and stored at —80°C before being
shipped to Novogene for RNA extraction, library construction, and RNA-seq.
Briefly, total RNAs were prepared using the RNA Extraction Kit (Tiangen Biotech).
Sequence libraries were generated using the NEBNext Ultra Directional RNA
Library Prep Kit for lllumina (New England Biolabs) following the manufacturer's
recommendations; index codes were added to attribute sequences to each sam-
ple. The rRNAs were removed by the Ribo-zero Kit (lllumina) to enrich mRNA,
followed by treatment with fragmentation buffer (NEBNext RNA First Strand
Synthesis Reaction Buffer, New England Biolabs) to break the mRNA into short
fragments. One strand of cDNA was synthesized using a six-base random primer
and mRNAs as templates followed by synthesis of the corresponding double-
stranded cDNAs. The purified double-stranded ¢(DNAs were first end-repaired,
Atailed, and ligated to the sequencing linker; fragments (150~200 bp) were
selected using the AMPure XP system (Beckman Coulter) before PCR amplifica-
tion was performed and the products were purified using the AMPure XP system
to obtain the final library (65). All samples were sequenced on an lllumina HiSeq
2500/Miseq instrument. HTSeq v0.6.1 was used to count the read numbers
mapped to each gene (66, 67). RNA-seq data were analyzed using the DEGSeq
R package (v1.20.0) (68-71), and the results were deposited into the Gene
Expression Omnibus (GEO) database (accession no: GSE133439; access token:
gfuleowglfulfah).

Plasmid Construction, Complementation, and Allelic Exchange. Plas-
mids used for complementation and CRISPER-based genetic knockout or allelic
exchange (24) were constructed by PCR amplification of the targeted wild-type
or mutant gene fragments using primers listed in S/ Appendix, Table S4, fol-
lowed by cloning the fragments into pACYC184 or pTargetF after digestion of
both plasmids and fragments with the appropriate restriction enzymes (enzyme
cutting sites for each cloning are shown as bold, underlined bases in the primer
sequences in S/ Appendix, Table S4). After ligation with T4 DNA ligase, the
fragment-plasmid ligation mixtures were introduced into E. coli DH5a by bacte-
rial transformation, and transformants were selected on agar containing the
appropriate antibiotic. Recombinant plasmids were isolated and confirmed by
DNA sequencing before they were used for complementation or mutant con-
struction. The N20 sequences for Cas9 recognition were designed to target the
kanamycin-resistance cassette of the Keio mutant (72) of interest when the wild-
type allele or mutant alleles containing single-base mutations for the targeted
gene were constructed. The back-cross of a wild-type allele into a strain contain-
ing a point mutation in the same gene was carried out by targeting the mutant
allele with an N20-mediated Cas9 cleavage followed by providing a wild-type
template refractory to Cas9 cleavage due either to the absence of mutant-specific
N20 or to introduction of a synonymous mutation that abolishes the NGG
PAM site needed for Cas9 cleavage. A frame-shift mutation in cyad was found in
the Keio collection pts/ mutant during the present work; this cya mutation
was restored to wild-type by CRISPR-based allelic exchange for all strains
that were prepared from the Keio-collection pts/ mutant. Double-mutant con-
struction was performed either by bacteriophage P1-mediated transduction
(64, 73) or by CRISPER-mediated introduction of the second, marker-less muta-
tion after using pCP20-based kanamycin marker removal from the first mutation
locus (24, 72).

Measurement of Cellular ATP Levels. Exponentially growing cultures of
wild-type, the ptsl mutant (strain 2), the cyaA mutant (strain 17), and the crp
mutant (strain 34) were treated with 3.5 mg/mL phenol or 5 MIC of ciprofloxacin
for various times before cells were concentrated by centrifugation (12,000 x g,
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2 min). Cell pellets were washed two times with cold saline (0.9% NaCl) before
they were resuspended in lysis buffer provided in the assay kit. Cells were lysed
by repeated (10-s treatment followed by 10-s rest) ultrasonic treatment with a
VC-750 ultrasonic processor (Sonics & Materials) at 40% power setting on ice for
a total of 2 min. After lysis, cell debris was removed by centrifugation (12,000 x g,
2 min) and the supernatant was used for determination of ATP levels using a
firefly luciferase-luciferin-based Enhanced ATP Assay Kit (Beyotime Biotechnol-
ogy) and a luminometer (CLARIOstar, BMG Labtech) according to the vendor's
technical manual. The amount of ATP was calculated and normalized to
cell numbers.

Measurement of Intracellular cAMP. Exponentially growing cultures of
wild-type and the ptsl mutant (strain 2) were treated with 3.5 mg/mL phenol or
5 MIC of ciprofloxacin for various times before cells were concentrated by centri-
fugation (12,000 x g, 2 min). Cell pellets were washed two times with cold
saline (0.9% NaCl) before they were resuspended in lysis buffer provided in the
assay kit. Cells were lysed by repeated (10-s treatment followed by 10-s rest)
ultrasonic treatment with a VC-750 ultrasonic processor (Sonics & Materials) at
40% power setting on ice for a total of 2 min. After lysis, cell debris was removed
by centrifugation (12,000 x g, 2 min), and the supematant was used for deter-
mination of cAMP levels using a monoclonal anti-cAMP antibody-based direct
cAMP ELISA Kit (NewEast Biosciences) and a luminometer (CLARIOstar, BMG
Labtech) according to the vendor's technical manual. The amount of cAMP was
calculated and normalized to cell numbers.

Measurement of ROS by Flow Cytometry. Intracellular ROS accumulation
was measured using an ROS-sensitive fluorescence dye as described previously
(7). Carboxy-H2DCFDA (74, 75) (final concentration 10 uM) was added to cul-
tures for detection of total intracellular ROS. A culture lacking the fluorescent dye
was included as a control for autofluorescence (little was detected). At various
times after phenol or ciprofloxacin treatment, the fluorescence intensity of bacte-
rial cells was measured using fluorescence-based flow cytometry with a CytoFLEX
A00-1-1102 flow cytometer (Beckman Coulter; distributor: Suzhou Xitogen Bio-
technologies Co., Ltd.). All tubes with cultures were wrapped with aluminum foil
to avoid light. Samples (200 pL), taken at various times, were chilled on ice and
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subsequently analyzed by flow cytometry. A total of 100,000 cells was analyzed
at a speed of 35 pl/min for each sample to determine fluorescence values. The
detection parameters were 20-mV laser power, 533/30-nm band pass filter (FL1-
channel). Data were analyzed using FlowJo software. Each data point represents
the average of at least three independent measurements.

Statistical Considerations. At least three biological replicates were obtained
for all experiments except for RNA-seq analysis. Each data point represents
the mean of replicate experiments; error bars show SEMs, unless otherwise
stated.

Data Availability. Data supporting the findings of this study are all shown in
the main text and S/ Appendix. The RNA-seq data are availaﬁgle from the GEO
database, https://www.nchi.nlm.nih.gov/geo (accession no. GSE133439). Bacte-
rial mutant strains and plasmids constructed in the work are listed in S/
Appendix, Tables ST and S4; they are available upon request.
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