UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

Reactive oxygen species accelerate de novo acquisition of antibiotic resistance
in E. coli

Qi, W.; Jonker, M.J.; de Leeuw, W.; Brul, S.; ter Kuile, B.H.

DOI
10.1016/j.isci.2023.108373

Publication date
2023

Document Version
Final published version

Published in
iScience

License
CcCBY

Link to publication

Citation for published version (APA):

Qi, W., Jonker, M. J., de Leeuw, W., Brul, S., & ter Kuile, B. H. (2023). Reactive oxygen
species accelerate de novo acquisition of antibiotic resistance in E. coli. iScience, 26(12),
Article 108373. https://doi.org/10.1016/j.isci.2023.108373

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UVA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

Download date:27 May 2024


https://doi.org/10.1016/j.isci.2023.108373
https://dare.uva.nl/personal/pure/en/publications/reactive-oxygen-species-accelerate-de-novo-acquisition-of-antibiotic-resistance-in-e-coli(310f3f83-e4f4-4bfa-93e6-24bf92a1c2c2).html
https://doi.org/10.1016/j.isci.2023.108373

iIScience

¢? CellPress

OPEN ACCESS

Reactive oxygen species accelerate de novo
acquisition of antibiotic resistance in E. coli

B-lactams

D A

% Aminoglycosides

-
Ribosome

) Quinolones

%

Gyrase

Antibiotic inactivation
Target alteration
Efflux pumps
Reduced permeability

Mutated
genes
accumulation

SO0S
G C gy <
D
Mutation
selection

Strand break
T>Tg
A > fapyA

G > oxoG

TN
Superoxide *

Damage * }

%

Fe-S L

| - ¥

cluster @ ° ®@
«EB

Fenton reaction

* Hydroxyl radical

Damage

— ROS formation
— ROS mutagenesis
— ROS elimination

Wenxi Qi, Martijs J.
Jonker, Wim de
Leeuw, Stanley
Brul, Benno H. ter
Kuile

b.h.terkuile@uva.nl

Highlights

The ROS scavenger
thiourea decelerates the
development of
antimicrobial resistance

E. coli mutants with
reduced ROS elimination
acquire resistance faster

Thiourea downregulates
transcription of DNA repair
genes and lowers the
mutation rate

Bactericidal antibiotics
increase level of 8-hydroxy-
2'-deoxyguanosine;
thiourea reduces it

Qi et al., iScience 26, 108373
December 15, 2023 © 2023 The
Author(s).
https://doi.org/10.1016/
j.isci.2023.108373



mailto:b.h.terkuile@uva.nl
https://doi.org/10.1016/j.isci.2023.108373
https://doi.org/10.1016/j.isci.2023.108373
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.108373&domain=pdf

iIScience ¢? CellP’ress

OPEN ACCESS

Reactive oxygen species accelerate de novo
acquisition of antibiotic resistance in E. coli

Wenxi Qi," Martijs J. Jonker,” Wim de Leeuw,” Stanley Brul,” and Benno H. ter Kuile'-3*

SUMMARY

Reactive oxygen species (ROS) produced as a secondary effect of bactericidal antibiotics are hypothe-
sized to play arole in killing bacteria. If correct, ROS may play a role in development of de novo resistance.
Here we report that single-gene knockout strains with reduced ROS scavenging exhibited enhanced ROS
accumulation and more rapid acquisition of resistance when exposed to sublethal levels of bactericidal an-
tibiotics. Consistent with this observation, the ROS scavenger thiourea in the medium decelerated resis-
tance development. Thiourea downregulated the transcriptional level of error-prone DNA polymerase
and DNA glycosylase MutM, which counters the incorporation and accumulation of 8-hydroxy-2'-deoxy-
guanosine (8-HOdG) in the genome. The level of 8-HOdG significantly increased following incubation
with bactericidal antibiotics but decreased after treatment with the ROS scavenger thiourea. These obser-
vations suggest that in E. coli sublethal levels of ROS stimulate de novo development of resistance,
providing a mechanistic basis for hormetic responses induced by antibiotics.

INTRODUCTION

Globally, the predominant proportion of antibiotic usage occurs within the realm of agricultural livestock.” The utilization of antibiotics ex-
tends beyond the treatment and prevention of infections, as outside of the EU it is also employed to improve feed conversion of animals.”
Non-standard dosing regimens expose animals or environmental microbes to sublethal levels of antibiotics for prolonged periods of time.”*
These long-term sublethal levels of antimicrobials facilitate the selection of drug-resistant mutants, horizontal transfer of antimicrobial resis-
tance genes, and de novo generation of drug resistance.”'” Resistant variants of many microbial species can easily reach humans through
multiple routes, including animal-derived food products, contaminated water, and soil, among others.!"'?

Antibiotics such as quinolones, which specifically target DNA, have been observed to induce de novo DNA mutations partially through the
activation of the SOS response.'*'" The direct DNA damage caused by antibiotics can trigger the SOS response, leading to the upregulation
of error-prone DNA polymerase genes involved in DNA repair and mutagenesis, thereby accelerating acquisition of de novo resistance.”>"”
However, it remains unclear whether exposure to other antibiotics that do not directly damage DNA induces mutations and facilitates devel-
opment of drug resistance.

Reactive oxygen species (ROS) are hypothesized to function as a secondary killing mechanism when bacteria are exposed to certain bacte-
ricidal antibiotics, like aminoglycosides, quinolones, and B-lactams.'® The specific drug-target interactions of these antibiotics generally pro-
mote the oxidation of NADH through the tricarboxylic acid (TCA) cycle-dependent electron transport chain (ETC).'” Consequently, the for-
mation of superoxide and hydroxyl radicals occurs, leading to damage in DNA, proteins, lipids, and the nucleotide pool, ultimately resulting in
cell death."®?0-%?

Bacteria generate mutations as a consequence of exposure to antimicrobial agents. These DNA mutations include mutations directly
related to antibiotic resistance, mutations related to stress response, and mutations related to metabolism and other vital activities.”*
Different antibiotics cause different mutations due to their particular drug targets. However, the specific formation mechanism of these mu-
tations and whether they have a certain commonality are still unclear. ROS can cause DNA damage during cell replication, and subsequently
mismatched or unpaired damaged DNA can cause the formation of mutations.?**

The hydroxyl radicals are the most reactive and damage-causing ROS species, as they attack DNA backbones and bases, inducing single-
or double-strand breaks and oxidative base lesions, for example, generating the guanine derivative 8-hydroxy-2'-deoxyguanosine (8-HOdG)
in the genomic DNA.?*"?” Whether ROS produced under long-term low-dose exposure to bactericidal antibiotic is a common mutagenic
mechanism is still under debate. If yes, one of the possible mechanisms would be the induction of the SOS response to repair ROS-caused
DNA damage, thereby increasing the probability of resistance formation. Based on these observations and considerations, we hypothesized
that sublethal levels of ROS during bactericidal antibiotics exposure may either directly or indirectly cause mutagenesis, thereby stimulating
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Figure 1. ROS scavenger TU slowed down bactericidal antibiotics resistance development

(A—D) Acquisition of resistance to amoxicillin (A), enrofloxacin (B), kanamycin (C), and tetracycline (D) of E. coliwild-type MG1655 (black lines) and the TU-treated
(100mM) E. coli wild-type MG1655 (blue lines) strains. The x axis represents the duration of evolution in days, while the y axis represents the concentration of
acquired resistance.

(E—H) The minimum inhibitory concentration (MIC) at day 10, day 20, and day 30 for each resistant strain (WT and TU-treated E. coli) with respect to amoxicillin (E),
enrofloxacin (F), kanamycin (G), and tetracycline (H) during the process of antibiotic resistance acquisition. Data are presented as means + SD, statistical
significance was determined using a one-way ANOVA, N > 3, *p < 0.05, **p < 0.01.

antibiotic resistance development. Thus, depending on the concentration, ROS could be both a beneficial and a killing agent for bacteria
upon exposure to antibiotics, thus forming a mechanistic basis for the observed hormetic dose responses.™
In this study, we investigated whether the production of ROS by E. coli due to long-term exposure to sublethal levels of bactericidal an-

tibiotics accelerates de novo resistance acquisition. The following questions were addressed.

(1) Does the reduction of intracellular ROS by the scavenger thiourea (TU) effectively reduce mutation rates and decelerate resistance
development?

(2) Do the single-gene knockout strains related to ROS removal have increased in intracellular ROS levels and accelerate the development
of drug resistance?

(3) Are there shared mutations in strains resistant to bactericidal antimicrobials and can any patterns be discerned in the mutations that
accompany the development of resistance?

(4) Are intracellular 8-HOJG levels and/or expression levels of genes involved in DNA repair associated with the rate of development of
resistance?

The outcome suggests a shared mutagenic mechanism as a result of exposure to bactericidal antibiotics induced by ROS in accordance
with the hormesis principle, accelerating the development of resistance. This in turn suggests potential usefulness of antioxidants as strategy
to mitigate development of antibiotic resistance.

RESULTS
ROS scavenger TU reduced the rate of resistance development

To investigate the role of ROS on de novo acquisition of antimicrobial resistance, we exposed wild-type E. coli to step-increasing sub-
lethal concentrations of four antibiotics in the absence and presence of the ROS scavenger TU and documented antibiotic resistance
evolution. These experiments follow up on our studies on the formation of ROS as an effect of exposure to antibiotics®’ and development
of resistance under anaerobic conditions.” According to the “radical-based” theory assuming a common killing mechanism for bacte-
ricidal antimicrobials, bacteria generate ROS when exposed to bactericidal antibiotics such as amoxicillin, enrofloxacin, and kana-
mycin.'®*% In contrast, the bacteriostatic antibiotics exposure generates negligible ROS in cells, so we used tetracycline as a control. Su-
peroxide and hydroxyl radicals are scavenged efficiently by TU. Hence, resistance development of TU-treated cultures was compared to
the wild type.
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Figure 2. ROS produced during bactericidal antibiotic exposure and attenuated by TU treatment

(A—D) Time-lapse photography capturing the ROS generation in E. coli exposed to antibiotics treatment with cells resistant to 32 pg/mL amoxicillin (A),
enrofloxacin (B), kanamycin (C), and tetracycline (D). The scale bar refers to 10 um.

(E) ROS production levels were quantified by flow cytometry. E. coli and TU-treated E. coli resistant strains were exposed to 32 pg/mL of amoxicillin (AMO),
enrofloxacin (ENR), kanamycin (KAN), and tetracycline (TET), separately. The strains used are the same as A-D. Data are represented as means + SD,

statistical significance was investigated using a one-way ANOVA, N = 3, **p < 0.01, ***p < 0.001.

The TU-treated cultures had lower rates of resistance buildup against the bactericidal compounds than TU-absence cultures (Figures 1A~
1C). During amoxicillin and kanamycin exposure, differences between the wild-type and TU-added cultures were observed from the early
stage, as evidenced by significantly higher minimum inhibitory concentrations (MICs) in the wild type at day 10, day 20, and day 30
(Figures 1E and 1QG). The most noticeable difference between the wild-type and TU-treated cultures during enrofloxacin exposure started
from day 20, when the MIC of the wild-type-resistant strain became significantly higher than that of the TU-treated-resistant strain
(Figures 1B and 1F). The final resistance concentrations were lower in one replicate of amoxicillin, enrofloxacin, and both replicates of kana-
mycin exposure in combination with TU treatment. In the case of the bacteriostatic tetracycline, the final concentration was much lower than
the concentration after exposure to bactericidal antibiotics, and there were no meaningful differences between the TU-treated cells and the
wild type in resistance acquisition rate and MIC (Figures 1D and TH).

ROS produced during bactericidal antibiotic exposure and TU treatment

To ascertain the presence of ROS at the moment that the cell was exposed to increased levels of an antibiotic, the intracellular levels of ROS
were visualized using widefield fluorescent microscopy. Cells were taken from cultures at the middle stages where the MIC increased rapidly
when the cells reached the resistance concentrations of 32 pg/mL. Time-lapse images showed that the intracellular presence of ROS was low
immediately at the start of the exposure to one of the bactericidal antibiotics, increased after 3-5 h, and decreased again approximately 2 h
later (Figures 2A-2C). ROS production levels were highest at 6 h of amoxicillin or enrofloxacin exposure, or 4.5 h of kanamycin exposure. Even
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when taking the time dependence into account, the distribution over the population was not homogeneous in the amoxicillin and enroflox-
acin incubations. Hardly any ROS was observed in the tetracycline-exposed strain (Figure 2D). Subsequently, ROS production was quantified
by flow cytometry in these strains exposed to 32 pg/mL amoxicillin, enrofloxacin, kanamycin, and tetracycline (Figure 2E). The bactericidal
antibiotics induced higher ROS levels than the bacteriostatic tetracycline. TU treatment significantly reduced the ROS levels caused by expo-
sure to bactericidal antibiotics. Flow cytometry sorting was applied to divide the ROS positive and negative populations in these strains when
ROS levels were highest, and the DNA of the separated populations was sequenced entirely. No different mutations between the ROS pos-
itive and negative populations were observed (Table S1).

ROS elimination-associated single-gene knockout strains acquire resistance faster

While the previous set of experiments examined the effects of reduced ROS on the development of resistance, the effect of increased ROS
was investigated using six single-gene knockout E. coli strains, AsodA, AsodB, AsoxR, AsoxS, AkatE, and AyggX that are deficient in ROS
elimination. SodA and SodB are superoxide dismutase.** SoxR activates the transcription of SoxS, and both SoxR and SoxS participate in
the removal of superoxide.®” The KatE enzyme is the monofunctional catalase, which decomposes hydrogen peroxide into water and oxy-
gen.* YggX is a putative Fe®*-trafficking protein, which is proposed to play a role in the oxidation resistance of iron-sulfur clusters.”” We as-
sume that when these genes are removed or disabled, bacteria will lose part of the ability to remove excess ROS, thus increasing the ROS
levels during antibiotic treatment.

After prolonged amoxicillin exposure, maximum resistance concentrations of the mutants and wild-type were similar (Figure 3A). How-
ever, the rates of resistance development in these single-gene knockout strains were faster than those in the wild type during the middle-
late stages, as evidenced by significantly higher MIC in AsodA, AsoxR, and AsoxS at day 20 (Figure 3E). For enrofloxacin, the MIC of the
knockout strains started to increase after day 10. Both AsoxR and AyggX exhibited significantly higher MIC compared to the wild type at
day 10 and day 20, while the MIC of AsodA and AkatE was also higher than that of the wild-type-resistant strain at day 20 (Figures 3B and
3F). The final enrofloxacin resistance of the knockout-mutant strains reached maximum concentrations of 2,048 png/mL, double compared
to the wild type (Figure 3B). Of all knockout-mutant strains except AsoxS only one replicate could reach the maximum concentration. The
other replicates were killed while evolving to resist to high concentrations of the antibiotic, probably by the elevated ROS levels. Despite
this, the surviving replicates in AsodA, AsoxR, AkatE, and AyggX showed faster resistance acquisition corroborating that ROS at these
levels lead to cellular conditions that are at a tipping point between being beneficial and detrimental. During kanamycin exposure, all
mutant strains reached the same maximum resistance concentrations as the wild type (Figure 3C). However, mutant strains reached
2,048 pg/mL faster than the wild type, and the MICs of AsodA and AsoxR were significantly higher than that of the wild type at day
10 (Figure 3G). No notable differences were observed in resistance development during tetracycline exposure; only AyggX had a slightly
higher MIC than the wild-type and the other mutants. We doubt this is biologically meaningful, as the rate of resistance development was
roughly the same as that of the wild type (Figures 3D and 3H).

ROS level elevated after knockout of sodA or soxR during exposure to bactericidal antibiotics

Subsequently, we measured the ROS production levels under two conditions. Before inducing resistance, the naive strains were treated with
one-quarter MIC antibiotics, and after acquiring de novo resistance, the final resistant strains were treated with the maximum resistance con-
centrations of these four antibiotics. We chose two single-gene knockout strains AsodA and AsoxR because these strains acquired resistance
faster compared to the wild type during exposure to bactericidal antibiotics (Figure 3). In addition, the wild type and TU-treated wild type
were subjected to the measurement as well. The antibiotic-induced ROS production levels were lower in naive wild-type strains compared
to the de novo resistant strains (Figures 4A and 4B). TU treatment significantly decreased the ROS levels during amoxicillin and enrofloxacin
exposure (Figure 4A). ROS production was significantly increased in AsodA during enrofloxacin and kanamycin exposure, and in AsoxR during
enrofloxacin exposure (Figure 4A). Higher but still non-lethal ROS production was detected in final resistant mutant strains (Figure 4B). TU
treatment decreased ROS levels, compared to the wild type. AsodA and AsoxR significantly increased the ROS production levels during expo-
sure of the maximal bactericidal antibiotics (Figure 4B). The ROS production levels in the naive strains or the de novo resistant strains were low
during tetracycline treatment (Figures 4A and 4B). In short, when ROS scavenger genes were knocked out, the rate of antibiotic resistance
acquisition was higher, accompanied by increased ROS accumulation levels. Together with the TU-treated condition, we conclude that sub-
lethal ROS increase in cells correlated enhanced antibiotic resistance development.

TU decreased the mutation rate during exposure to bactericidal antibiotics

Acquisition of antibiotic resistance is known to be accompanied by the accumulation of mutations.*® To examine whether ROS is related to
mutation formation, we performed fluctuation assays to check the spontaneous mutation rate in different ROS-producing strains. The
E. coli wild-type, TU-treated wild-type, AsodA, and AsoxR naive strains were treated with one-quarter MIC of the four antibiotics used
throughout this study. 50 pg/mL rifampicin LB plates were used to select the mutated cells. The mutation rate was significantly increased
after enrofloxacin and kanamycin exposure in the wild-type and in AsoxR strains compared with the untreated control (Figure 5). Kana-
mycin exposure also significantly increased the mutation rate in AsodA. Compared with the wild type, TU treatment significantly decreased
the mutation rate during exposure to the bactericidal antibiotics amoxicillin, enrofloxacin, and kanamycin. Tetracycline exposure did not
influence the mutation rate. In summary, the spontaneous mutation rate was related to ROS production, and TU treatment decreased the
mutation rate.
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Figure 3. ROS elimination-associated single-gene knockout strains gain antibiotic resistance faster

(A—D) Acquisition of resistance to amoxicillin (A), enrofloxacin (B), kanamycin (C), and tetracycline (D) of E. coli wild-type MG1655 (black lines) and the single-
gene knockout strains AsodA, AsodB, AsoxR, AsoxS, AkatE, and AyggX (colored lines). The x axis represents the duration of evolution in days, while the y axis
represents the concentration of acquired resistance.

(E—H) The MIC at day 10, day 20, and day 30 for each resistant strain (WT, AsodA, AsodB, AsoxR, AsoxS, AkatE, and AyggX E. coli) with respect to amoxicillin (E),
enrofloxacin (F), kanamycin (G), and tetracycline (H) during the process of antibiotic resistance acquisition. Data are presented as means + SD, statistical
significance was determined using a one-way ANOVA, N > 3, *p < 0.05, **p < 0.01.

Mutated genes correlate with antibiotic resistance, oxidative stress, and SOS response

The main antimicrobial resistance mechanisms by which genes are mutated after amoxicillin exposure are antibiotic inactivation,
target alteration, efflux pumps, and reduced permeability (Figure 4A). All amoxicillin-exposed strains contained mutations in ampC and
ompC. AmpC is a B-lactamase with substrate specificity for amoxicillin. The mutations observed in ampC were located in the promoter
area (Table S2). These mutations could trigger the ampC amplifications observed before.”’ Each de novo resistant strain carried an ampC
amplification contig, except one replicate in AkatE. These contigs had different lengths and copy numbers, but they all affected the degra-
dation of amoxicillin (Table 1). OmpC is an outer membrane porin and mediates the entry of various antibiotics including B-lactams.*’ Another
frequent mutation is envZ, which is the sensor histidine kinase of the EnvZ/OmpR two-component system and regulates OmpF and OmpC to
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Figure 4. ROS level elevated after knockout of sodA or soxR during exposure to bactericidal antibiotics

(A) ROS production levels quantified by flow cytometry in naive wild-type strain, TU-treated strain, single-gene knockout strains AsodA and AsoxR, exposed to
one-quarter MIC of amoxicillin, enrofloxacin, kanamycin, and tetracycline. Data are presented as means + SD, statistical significance was determined using a
one-way ANOVA, N = 3, *p < 0.05, **p < 0.01 ***p < 0.001.

(B) ROS production levels quantified by flow cytometry. The final resistant strains after resistance evolution, WT-resistant strain, TU-resistant strain, single-gene
knockout-resistant strains AsodA and AsoxR, exposed to the maximum concentrations of amoxicillin, enrofloxacin, kanamycin, and tetracycline. Data are
presented as means + SD, statistical significance was determined using a one-way ANOVA, N = 3, *p < 0.05, **p < 0.01 ***p < 0.001.

modulate osmosis.’” In AkatE and AyggX strains, an excision of prophage element e14 was found, which is known to occur upon SOS
response activation.*®

Exposure to enrofloxacin induced the mutations in gyrA that are usually involved in de novo enrofloxacin resistance.** Similar mutations
were evolved in the genes coding for gyrase subunit gyrB, DNA topoisomerase 4 subunit parC, and parE (Figure 6B). The single-gene
knockout strains accumulated mutations in HTH-type transcriptional regulator acrR, which regulates acrAB genes. In the wild type and
the TU-treated wild type, mutations in acrA were observed, which codes for a multidrug efflux pump that uses the electrochemical proton
gradient to export antibiotics.”® Several mutations were observed in genes associated with oxidative stress response, the ETC, SOS
response, and DNA repair, especially in the single-gene knockout strains. This indicates that ROS is involved in resistance mutation
acquisition.

The frequently mutated genes after kanamycin exposure are fusA, kdpD, sbmA, trkH, and atpG (Figure 46C). Mutations in atpG and op-
PABCDF have not yet been recorded in the Comprehensive Antibiotic Resistance Database (CARD), even though these mutations emerged
after aminoglycosides antibiotics exposure.**’ Comparable to enrofloxacin-exposed strains, kanamycin-exposed strains developed muta-
tions in genes that are involved in ETC, SOS response, and DNA repair. This further strengthens the notion that ROS is involved in the devel-
opment of de novo drug resistance.

Tetracycline exposure caused the fewest mutations (Figure 6D). The mutations that occurred caused target alteration or appeared in
genes involved in coding for efflux pumps. The genes mutated after tetracycline exposure were sometimes also mutated after exposure
to other antimicrobials, albeit in different positions (Table S2). For instance, the gene coding for RNA polymerase subunit rpoBC was mutated
also after amoxicillin treatment in wild-type E. coliand in the AsodA mutant (Figure 6A). The multidrug efflux pump subunit AcrA and regulator
AcrR have been shared with enrofloxacin-resistant strains (Figure 6B). The mlaA gene that was mutated in most tetracycline-exposed strains is
closely associated with ompC.*

J CON
E AMO
E3 ENR
B3 KAN
B TET

Mutation rate
(10'9 mutations per generation)

A ekl ﬁﬁ

WT TU AsodA AsoxR

Figure 5. Effect of TU on the mutation rate during exposure to antibiotics

Mutation rates were measured by fluctuation analysis. The naive strains of wild-type (WT), TU-treated wild-type (TU), AsodA and AsoxR, exposed to one-quarter
MIC of amoxicillin (AMO), enrofloxacin (ENR), kanamycin (KAN), and tetracycline (TET). Cells were plated on rifampicin (50 pg/mL) LB plates for counting mutated
cells, and LB plates for counting the total cell number. The CFU was counted after 48 h and analyzed by webSlvador.”” Mutation rates were calculated by Lea-
Coulson € < 1.0; the comparison was done by the maximum likelihood ratio statistical test. Error bar represented the upper and lower limit of the 95% confidence
intervals, *p < 0.05, **p < 0.01, N = 10, CON = untreated control culture.
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Figure 6. Mutated genes involved in antibiotic resistance, oxidative stress, and SOS response

(A—D) The genomic DNA sequencing of each final resistant strain compared to each no-antibiotic-treated strain to identify mutated genes. The mutated genes
are determined as defined by the Comprehensive Antibiotic Resistance Database (CARD). Rows show genes that observed mutations, and columns indicate
different strains. Genes are grouped by functions. Red color indicates mutations observed in replicate one, green color mutations found in another replicate,
purple color means mutations observed in both replicates, and black background indicates an absence of mutations. (A) amoxicillin exposure,
(B) enrofloxacin exposure, (C) kanamycin exposure, (D) tetracycline exposure.

TU modulates SOS-response genes, reducing mutM transcription as well as 8-HOdG levels after bactericidal antibiotic
exposure

"“Radical-based” theory suggests that ROS has a secondary role in cell killing by damaging DNA and nucleotide pools. However, cells have
damage-repair mechanisms such as base excision repair and mismatch repair. Incorrect repair causes mutations in surviving bacteria, even-
tually promoting also beneficial mutations and thus resistance acquisition. To check transcription levels of DNA damage-repair-related
genes, we performed RNA sequencing on cells exposed to antimicrobials. During amoxicillin exposure, the transcription of the DNA dam-
age-inducible genes of the SOS response lexA, umuC, umuD, mutM, yebG, and nudG was upregulated. The increase in the transcription level
was attenuated when TU was added (Figure 7A). Transcript levels of recA, recN, and recX were similarly upregulated; addition of TU made no
difference. The up- or downregulation of genes related to DNA damage repair showed the greatest change during enrofloxacin exposure.
Compared with the TU-treated group, only recF, uvrA, mutM, and vsr displayed clearly higher expression levels in the group without TU. Most

iScience 26, 108373, December 15, 2023 7




¢? CellPress iScience
OPEN ACCESS

Table 1. Prolonged exposure to stepwise-increasing concentrations of amoxicillin causes the amplification of a chromosomal DNA fragment of varying
length, but always containing ampC

Strains Length (kb) Copy numbers (times) Upstream gene Downstream gene
WT 2.6 17 frdD ecnB
TU_1 8 22 yjeM efp
TU_2 9 50 yjeO gdx
AsodA_1 132 3 kiB yjcO
AsodA_2 11 67 yjeM yjed
AsodB_1 2.9 47 frdB gdx
AsodB_2 18 15 mscM fxsA
AsoxR_1 37 23 psd lysU
AsoxR_2 175 2 nrdD acs
AsoxS_1 210 2 nrdG malM
AsoxS_2 7 133 yjeM blc
AkatE_1 171 7 nnr metH
AyggX_1 11 15 yjeM yjed
AyggX_2 266 4 holC aceK

In the table the size of the fragment, the amplification factor, and upstream and downstream of the genes contained in the fragment are listed for each strain
tested.

of the other genes, like dinB, dinl, recA, recN, and recX, were upregulated to similar levels with or without TU addition. After kanamycin expo-
sure, transcription levels of umuC, umuD, and mutM in the wild type were higher than those in the TU-treated group. Treatment with the
bacteriostatic tetracycline showed the lowest transcription levels, and no clear difference due to the addition or absence of TU. Interestingly,
the gene whose transcription level was always upregulated after bactericidal antibiotic treatment and whose transcription level was higher in
the absence of TU was mutM. MutM is involved in base excision repair of DNA damaged by the mutagenic lesion 8-HOdG, and other oxidized
nucleobase damage.” On the one hand, the upregulation of base excision repair gene mutM in the TU-absence group indicates that cells
faced more oxidative stress during bactericidal drugs exposure, which suggests a higher mutagenesis frequency compared to the TU-treated
cells. On the other hand, TU treatment decreased the mutagenesis caused by oxidative damage thus presumably slowing down mutagenesis
and, also, lowering the changes of acquiring beneficial stress-related mutations.

To further clarify the emergence of the DNA damage biomolecule 8-HOdG, we measured its levels after antibiotic treatment. We choose
the same strains as for RNA sequencing and performed the same treatment. In the TU-absence group, the 8-HOJG levels were significantly
increased after bactericidal antibiotics exposure (Figure 7B). Only enrofloxacin treatment elevated the 8-HOdG levels in the TU-treated cul-
ture. Compared with the TU-absence strains, the 8-HOJG levels in the TU-treatment culture were significantly reduced. Together with the
transcriptomics, we conclude that the ROS-induced DNA mutagenesis agent 8-HOdG was increased during the bactericidal antibiotics'’
exposure and decreased after TU treatment.

DISCUSSION

The central question this study addressed is whether the ROS formed in E. coli upon exposure to bactericidal antibiotics affects development
of resistance according to the principle of hormesis (Figure 8). In this particular case, low levels of ROS-induced stress would stimulate adap-
tation to the presence of bactericidal antibiotics, while high levels damage the cell or kill it. This hypothesis was postulated based on the ca-
pacity of ROS to induce DNA damage, such as the formation of 8-HOdG, which triggers the SOS response and activates the low-fidelity error-
prone DNA repair systems, ultimately leading to increased mutations accumulation.””>" Two main observations support this notion: 1) mu-
tants that have reduced capabilities to eliminate ROS have higher rates of resistance development and 2) removal of ROS by TU decreased
rates of resistance development. This suggests a mechanism for ROS-induced hormesis: killing occurs during short-time, high-dose antibiotic
exposure, while the mutagenic effect is exerted during long-term, non-lethal dose exposure.®” This effect was more noticeable when E. coli
was exposed to amoxicillin and kanamycin than in the case of enrofloxacin, most likely because the first two increased metabolic rates more
than enrofloxacin. The increased metabolic rates cause the increase in ROS, as demonstrated by the low ROS levels in tetracycline-exposed
cells, which are known to have lower metabolic rates.””

ROS can cause over one hundred different 2-deoxyribose modifications and oxidative nucleobase lesions.” The electrophilic hydroxyl
radical (-OH) can directly react with DNA nucleobases. For example, hydroxyl radicals attack the C5 = Cé double bonds of thymine or cyto-
sine.”® Fragmented formamidopyrimidine is formed by the hydroxyl radical-induced imidazole ring opening in guanine and adenine.”* Addi-
tionally, 8-HOdG is generated from hydroxylation of guanine in nucleotide pools or the genomic DNA level.” Instead of pairing with cytosine,

8 iScience 26, 108373, December 15, 2023



iScience ¢? CellPress
OPEN ACCESS

Genes Products

mn-ﬂ lexA DNA damage repressor

- ;*‘""J 031 ‘ dinB DNA polymerase IV

DNA damage-inducible protein |

056 E umuC DNA polymerase V catalytic protein
umuD DNA polymerase V protein UmuD

DNA recombination/repair protein RecA

DNA replication and repair protein RecF
DNA repair protein RecN
Regulatory protein RecX
: . : L UvrABC system protein A

m 188 mm mutM Formamidopyrimidine-DNA glycosylase
: DNA damage-inducible protein YebG
DNA mismatch endonuclease Vsr
Transcription-repair-coupling factor
Exodeoxyribonuclease |
Exodeoxyribonuclease 10
Protein/nucleic acid deglycase 2
Protein/nucleic acid deglycase 1
Deoxyribodipyrimidine photo-lyase
CTP pyrophosphohydrolase
UPF0339 protein YegP

B

2

oo

2 I CON
< AMO
= B ENR
B 3 KAN
g = TET
I

%

Figure 7. TU modulates SOS response genes, reducing mutM transcription as well as 8-HOdG levels after bactericidal antibiotics exposure

(A) Heatmap showing DNA damage-repair-related gene expression Log, fold change levels (blue, upregulated genes; yellow, downregulated genes). Rows show
genes, and columns indicate different strains. WT-A, resistance-evolved wild-type MG 1655 treated with amoxicillin, TU-A, resistance-evolved TU-added MG 1655
exposed to amoxicillin, etc., E, enrofloxacin, K, kanamycin, T, tetracycline. Scale bar showing the value of Log, fold changes.

(B) 8-HOJG production levels measured by DNA damage competitive ELISA. Culture used are referred to A. Data are represented as means + SD, statistical
significance was investigated using a one-way ANOVA, **p < 0.01, ***p < 0.001. CON, no-treated control, AMO, amoxicillin-treated, ENR, enrofloxacin-treated,
KAN, kanamycin-treated, TET, tetracycline-treated.

8-HOJG prefers to pair with adenine thus causing frequent guanine-to-thymine mutations during replication,”” which were also observed in
our experimental system.32 Consistent with this notion, the 8-HOdG level was increased after bactericidal antibiotics exposure, and it was
significantly reduced after the application of ROS scavenger TU. These findings suggest that the emergence of ROS creates favorable con-
ditions for elevated mutation rates. In addition to this direct nucleobase damage, hydroxyl radicals can interact with lipids, leading to the
formation of malondialdehyde and 4-hydroxynonenal.”® These lipid peroxidation products can react with adenine, guanine, and cytosine
to form mutagenic adducts.”” Along with the nucleobase damage, ROS can also compromise single-strand break and double-strand
break.”’*®

In response to ROS-induced DNA damage, bacteria activate SOS-response genes, firstly lexA and recA.”® RecA searches for
damaged DNA, while the breakdown of LexA activates SOS genes involved in damage repair.”” The activation of repair systems can
exhibit a general nature or be specific to various antibiotics. During exposure to several antibiotics, the transcription levels of recA
and lexA did not show an obvious common pattern between TU-treated or untreated conditions (Figure 7A). However, other
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Figure 8. Scheme depicting the chain of events by which non-lethal concentrations of bactericidal antimicrobials cause mutations resulting in resistance
to the specific antibiotic

In brief: TCA cycle activity mediated oxidation of NADH may lead to the emergence of superoxide causing damage to iron-sulfur cluster containing proteins
which with hydrogen peroxide present can lead to the generation of the hydroxyl radical. The ensuing genome damage can promote the SOS response
which, if initial levels of the reactive oxygen species (ROS) are sublethal, may promote mutation generation in surviving cells some of which are beneficial for
antibiotic survival. The data presented are summarized by the processes and enzymes indicated and provide a mechanistic basis for the observed hormetic
dose responses induced by antibiotics in bacteria.*

damage-repair genes which are subsequently activated by the SOS response were upregulated by bactericidal antibiotic treatment, and
this upregulation was attenuated by the addition of TU, for example, umuC and umuD upon amoxicillin or kanamycin exposure and recF
and uvrA after enrofloxacin exposure. This indicates that transcription levels of DNA damage-repair genes differ as a result of exposure
to different antibiotics and possibly of different ROS levels. Exposure to enrofloxacin yielded more upregulated genes, conceivably
because enrofloxacin targets DNA gyrase and hence causes more direct DNA damage. Transcription levels of mutM were all upregu-
lated upon exposure to the three bactericidal antibiotics and attenuated by TU treatment. mutM codes for a formamidopyrimidine-
DNA glycosylase, with an inclination for, but not limited to, base excision repair for 8-HOdG. For example, it also recognizes and re-
moves oxidized purines, and some oxidized pyrimidines, to leave an apurinic or apyrimidinic (AP) site.®>®" The transcription regulation
of this glycosylase MutM characterizes the DNA damage-repair process that is activated upon exposure to bactericidal antibiotics. SOS
response-induced genes, such as umuC and umuD which code for error-prone DNA polymerase V, contribute to an increase of muta-
tion rates.®”“® As a consequence, they might promote, at sublethal stress levels, the accumulation of beneficial antimicrobial resistance-
conferring mutations.**"%’

The low-fidelity polymerase V is derepressed when DNA is damaged. Due to the absence of an intrinsic 3-5 exonuclease proofreading
activity, it is unable to rectify errors during translesion DNA synthesis.®® This error, however, creates the potential to overcome the DNA dam-
age caused by ROS, thus producing damage-inducing mutations in the E. coli genome.®” During long-term sublethal levels of antibiotic expo-
sure, mutations that favor resistance development will be selected from these damage-inducing mutations. This offers an opportunity for
research on drugs that target the SOS response and so aim to reduce the development of drug resistance. For instance, N°-(1-naphthyl)-
ADP prevents the formation of the RecA—DNA filament.”® Suramin inhibits the RecA-induced cleavage of LexA.”" Antioxidant drugs such
as N-acetylcysteine can attenuate ROS levels, SOS response induction, and mutagenesis during ciprofloxacin treatment.”?
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The various bacterial strategies for resistance development are reflected in the whole-genome sequencing results. In general, these consist
of pumping out, reducing entry, or degrading the drugs and of protecting, modifying, or changing the expression of drug targets.”* Although
the strains at the end of each antibiotic treatment had evolved in a different manner, the final results showed commonality. The most charac-
teristicmutations are in B-lactamase after amoxicillin treatment, DNA topoisomerase after enrofloxacin treatment, and elongation factor G after
kanamycin treatment. E. coli increases the expression of B-lactamase by amplifying ampC, which is also evidenced by the fragments we
observed containing ampC amplification.”* These contigs could come in different sizes, had copy numbers between 20 and 600, and were hor-
izontally transferred, thereby making a sensitive E. coli receptor strain highly amoxicillin resistant.”>”® Quinolone-induced mutations are often
clustered within small regions of DNA topoisomerase-coding genes, known as quinolone resistance-determining regions.”® Mutations may
lead to structural changes in the target site of the enzyme tetramer, resulting in reduced affinity for quinolones and thus resistance to these
drugs.”” When E. coliis exposed to enrofloxacin, gyrA was first mutated, followed by gyrB, parC, or parE.** Elongation factor G (EF-G) fusA
catalyzes the guanosine triphosphate (GTP)-dependent ribosomal translocation during translation elongation.”® Mutations in this gene may
prevent kanamycin from binding EF-G and preventing translation. However, some mutations in fusA have showed several side effects, including
decreased levels of growth rate, reduced stringent response sensors (ppGpp), and increased sensitivity to oxidative stress.”” ! In addition to
these target-specific mutations, other mutations, such as reduced membrane permeability and efflux pumps, appeared in combination. In this
study, we also found mutations in many genes related to oxidative stress and SOS response. This is additional evidence that ROS and SOS
response are involved in the evolution of drug resistance. Moreover, this explains why strains that had developed resistance to bactericidal an-
tibiotics and were next exposed to other bactericidal antibiotics showed increased rates of resistance acquisition.”> ROS and the subsequently
activated SOS response accelerate resistance evolution in E. coli exposed to stepwise-increasing sublethal levels of bactericidal antibiotics.

Limitations of the study

This study demonstrates the role of ROS in the development of antimicrobial resistance. Development of resistance in E. coli exposed to step-
wise-increasing sublethal levels of bactericidal antibiotics was slowed down by treatment with the antioxidant TU, and mutants with reduced
ROS scavenging showed accelerated resistance acquisition. However, no significant increase in the mutation rate was found in the mutant
strains compared to the wild type upon bactericidal antibiotics exposure which may well reflect that we have yet to pinpoint the exact con-
centration of ROS that is responsible for the tipping point from ROS-induced cell death to ROS-induced beneficial mutation acquisition. In
future, we may strengthen the verification of our results by knocking out multiple genes or using the ROS-inducing chemicals such as hydroxy-
urea to come closer to the indicated concentration domain.®” Considering that the purpose of our research is to understand the formation of
resistance and try to reduce or slow down the resistance acquisition, our study demonstrates the feasibility of using antioxidants to reduce
excess ROS formation in vivo and in that manner reduce drug resistance development by inhibiting SOS responses.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

E. coli K12 MG1655 Lab collection N/A

E. coli K12 AsodA CGSC JW3879-1
E. coli K12 AsodB CGSC JW1648-1
E. coli K12 AsoxR CGSC JW4024-1
E. coli K12 AsoxS CGSsC JW4023-5
E. coli K12 AkatE CGSC JW1721-1
E. coli K12 AyggX CGSC JW2929-2
Chemicals, peptides, and recombinant proteins

Sodium phosphate monobasic dihydrate Sigma-Aldrich 71500
Potassium chloride Sigma-Aldrich P5405
Magnesium chloride hexahydrate Sigma-Aldrich M2393
Ammonium chloride Sigma-Aldrich A9434
Sodium sulfate Merck 1.06649
Titriplex | Merck 1.08416
Zinc oxide Merck 1.08849
Iron (lll) chloride hexahydrate Merck 1.03943
Manganese chloride tetrahydrate Sigma-Aldrich M5005
Copper (Il) chloride Sigma-Aldrich 751944
Cobalt (Il) chloride Sigma-Aldrich C8661
Boric acid Sigma-Aldrich B6768
Sodium molybdate Sigma-Aldrich 737860
Calcium chloride dihydrate Sigma-Aldrich C7902
Glucose Sigma-Aldrich D9434
Yeast extract Duchefa Biochemie Y1333
Bacto-tryptone Duchefa Biochemie T1332
Thiourea Sigma-Aldrich T8656
Amoxicillin Sigma-Aldrich A8523
Enrofloxacin Sigma-Aldrich 17849
Kanamycin Duchefa Biochemie K0126
Tetracycline Sigma-Aldrich T3258
Rifampicin Sigma-Aldrich R3501
HPF Invitrogen H36004
Critical commercial assays

DNeasy Blood & Tissue Kits Qiagen 69504
NEBNext Ultra Il FS DNA Library Prep Kit New England Biolabs E7805L
NEBNext Multiplex Oligos New England BioLabs E7335L
RNeasy Protect Bacteria Kit Qiagen 74524
NEBNext rRNA Depletion Kit New England BioLabs E7850L
NEBNext Ultra Il Directional RNA Library Prep Kit New England BioLabs E7760S
DNA Damage Competitive ELISA Kit Invitrogen EIADNAD

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Whole gene sequencing raw data This study BioProject PRINA987436, PRINA954686, PRINA987546,
PRINA987571, PRINA987595, PRINA987616, PRINA987630,
PRINA987644, PRINA987659

RNA-seq raw data This study BioProject PRINA988039

Recombinant DNA

pCP20

Datsenko & Wanner®®

N/A

Software and algorithms

ImageJ NIH https://imagej.nih.gov

Prism 9 GraphPad software https://www.graphpad.com/

webSalvador 0.1 Zheng®’ https://websalvador.eeeeeric.com/

FastQC Andrews et al. https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

MultiQC Ewels et al.®* https://multigc.info/

Cutadapt Martin®® https://cutadapt.readthedocs.io/en/stable/

Bowtie2 Langmead & Salzberg®® http://bowtie-bio.sourceforge.net/bowtie2/index.shtml

Freebayes Garrison & Marth®’ https://github.com/freebayes/freebayes

Lofreq Wilm et al.?® https://sourceforge.net/projects/lofreq/

Snpeff Cingolani et al.®’ https://pcingola.github.io/SnpEff/

IGV Robinson et al.” https://igv.org/

cn.MOPS Klambauer et al.”’ http://www.bioinf.jku.at/software/cnmops/

HTSeq Anders et al.” https://pypi.org/project/HTSeq/

DESeq2 Love etal.” http://www.bioconductor.org/packages/release/bioc/
html/DESeq2.html

Other

NextSeq 550 System

lllumina

https://emea.illumina.com/systems/sequencing-platforms/

nextseq.html

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Benno ter Kuile

(b.h.terkuile@uva.nl).

Materials availability

All antibiotic resistance strains generated in this study can be requested from the lead contact.

Data and code availability

e The binary alignment/map (bam) files of the sequenced strains have been deposited in the NCBI database and can be accessed at
BioProject PRINA987436 (FACS), PRINA954686 (WT), PRINA987546 (TU), PRINA987571 (AsodA), PRINAI87595 (AsodB),
PRINA987616 (AsoxR), PRINA987630 (AsoxS), PRINA987644 (AkatE), PRINA987659 (AyggX), and PRINA9P88039 (RNAseq) and are

publicly available there.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Bacterial strains, media, and growth conditions

The antibiotic sensitive E. coliK12 MG1655, and E. coli K12 Keio strains with specific gene deletions (AsodA, AsodB, AsoxR, AsoxS, AkatE, and
AyggX) were cultured in phosphate-buffered defined minimal Evans medium supplemented with 55mM glucose (pH 6.9).” When described
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"as TU-added"” 100mM thiourea was added to the medium. Cultures were incubated in tubes with a start optical density (OD) 600nm of 0.1 at
37°C under constant shaking at 200 rom. The kanamycin cassette in Keio strains was replaced by temperature-sensitive pCP20 plasmid.

METHOD DETAILS
Evolution experiments

The evolution experiments aimed at inducing resistance were conducted in accordance with the previously established methodology.”
Briefly, susceptible naive E. coli K12 strains of wild-type, TU-treated wild-type, and single-gene knockout strains (AsodA, AsodB, AsoxR,
AsoxS, AkatE, AyggX) were exposed to one-quarter MIC of amoxicillin, enrofloxacin, kanamycin, or tetracycline. An untreated control group
without antibiotics was also included. After 24 h of incubation, if the ODggg of the antibiotic-exposed culture was equal to or greater than 75%
of the ODggp of the antibiotic-free culture, the antibiotic-exposed cells were selected and inoculated with double concentrations of the
respective antibiotic, while retaining the previous low concentrations as a back-up. After another 24 h of incubation, if the ODggg of the
high antibiotic concentration culture was equal to or greater than 75% of the OD,gp of the low antibiotic concentration culture, cells from
the high concentration culture were used; otherwise, cells from the low concentration culture were used, and the antibiotic concentration
was doubled again. The experiment was stopped when the bacteria could no longer tolerate the higher antibiotic concentration. Each strain’s
resistance evolution was independently performed at least twice, and the antibiotic-free control groups were cultured in the absence of
antibiotics but otherwise under identical conditions until the end of the experiment.

To monitor the development of resistance, MIC measurements were conducted three times a week. Cells were cultured in 96-well plates
using a spectrophotometer plate reader (Thermo Fisher Scientific) with antibiotic concentrations ranging from 0.25 pg/mL to 2048 ug/mL,
doubling at each step. The initial OD was 0.05 and the MIC was determined as the lowest concentration that resulted in a final ODggg of
less than 0.2.

ROS measurements

Fluorescence microscopy was performed to monitor ROS generation. The fluorescent dye 3'-(p-Hydroxyphenyl) Fluorescein (HPF) was utilized
for the detection of ROS. Cells were sampled from cultures during the mid-stages of resistance development, specifically when they reached
resistance concentrations of 32 pg/mL for each antibiotic. In each culture, HPF dye was added to achieve a final concentration of 10 uM, fol-
lowed by incubation in a shaking incubator at 37°C for 40 min. Subsequently, bacterial cultures were centrifuged at 6000 rom for 5 min, and the
resulting pellet was thoroughly resuspended in medium. The samples were then treated with the corresponding antibiotic concentration, and
1.3 uL of each sample was pipetted onto a microscope slide glass with 2% agarose mixed with medium. Fluorescence detection was per-
formed using the Nikon Eclipse Ti microscope equipped with NIS-elements AR software, employing an excitation/emission wavelength of
490/515 nm. The assembly of the time-lapse pictures was done using ImageJ software.

Flow cytometry (FACS) was used to quantify the level of ROS production. Overnight cultures were diluted to an ODggg of 0.1 in fresh me-
dium, followed by treatment with the corresponding antibiotics. The cultures were then incubated for 4 h at 37°C in a shaking incubator. Sub-
sequently, a final concentration of 10 uM of the fluorescent dye HPF was added to each culture and incubated for an additional 40 min. All
samples were centrifuged at 6000rpm for 5 min and the pellet was resuspended in 1 mL Evans medium without glucose. For the FACS sorting,
BD FACSAria lll Sorter was used with BD FACSDiva Software version 8.0.1. The laser settings were set on 250V FSC, 400V SSC, and 450V FITC
(GFP). A total of 10,000 events were measured for each sample. The percentage of the ROS-positive population was determined, and each
sample was independently replicated three times.

Mutation rate measurements

Fluctuation assays were performed to determine the mutation rate, rifampicin was used to select for gain-of-function mutations in the rpoB
gene.”? The experimental procedure was carried out as follows: Susceptible E. coli K12 strains, including wild-type, TU-treated wild-type,
AsodA, and AsoxR were exposed to one-quarter MIC of amoxicillin, enrofloxacin, kanamycin, and tetracycline. Each culture was
incubated until reaching ODgp of approximately 0.5-0.6. Next, 200 plL of each culture was plated onto LB agar plates containing rifampicin
(50 ng/mL), while 100 ulL of each culture was stepwise diluted to 10~7 using medium and plated onto antibiotic-free LB agar plates. The plates
were then incubated at 37°C for 24 h for the antibiotic-free LB plates and 48 h for the LB plates containing rifampicin. Colony-forming units
(CFUs) were counted for both plate types. Mutation rates were calculated by Lea-Coulson € < 1.0, the comparison was done by the maximum
likelihood ratio statistical test in webSalvador 0.1, which was powered by rSalvador 1.8.>” WebSalvador provided the maximum likelihood ratio
value, along with the corresponding P-value and the upper and lower limits of the 95% confidence intervals, which were used to generate the
bar graph. Statistical significance was indicated as *p < 0.05 and **p < 0.01. The experiment was independently replicated at least 10 times to
ensure the reliability and reproducibility of the results.

Whole genome sequencing

The genomic DNA was extracted from the final resistant strains and the corresponding antibiotic-free strains utilizing the DNeasy Blood and
Tissue Kit (Qiagen). Libraries were constructed using the NEBNext Ultra Il FS DNA Library Prep Kit for lllumina (New England BioLabs) in com-
bination with NEBNext Multiplex Oligos for lllumina (96 Unique Dual Index Primer Pairs; New England BioLabs), following the manufacturers’
recommended protocols. Subsequently, the genomic DNA libraries were subjected to paired-end sequencing (2 x 150 bp) on the NextSeq
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550 next-generation sequencing system (lllumina). The quality of the raw reads was assessed using FastQC and MultiQC. Adapter sequences
were removed using Cutadapt. After removing the low-quality bases and optical duplicates, the reads were aligned to reference genomes of
wild-type strains (NC000913) and Keio strains (CP009273) using Bowtie2, and the PCR duplicates were removed. Variant calling was performed
using Freebayes and Lofreq, and variant annotation was conducted using Snpeff. Subsequently, the single nucleotide polymorphisms (SNPs)
and small indels were inspected using the Integrative Genomics Viewer (IGV). The mutated genes in the resistant strains were compared to
their corresponding control (antibiotic-free) strains, and shared mutated genes were excluded from further interpretation. In addition to
analyzing small genomic alterations, copy number analysis by cn.MOPS was performed to identify larger genomic alterations, such as ampli-
fications and deletions.

RNA sequencing

Total RNA was isolated and purified from the final stable resistant strains and their corresponding antibiotic-free strains using the RNeasy
Protect Bacteria Kit (Qiagen). For RNA-Seq analysis, libraries were constructed following the manufacturer’s protocols, employing the
NEBNext rRNA Depletion Kit (Bacteria) (New England BioLabs) in combination with the NEBNext Ultra Il Directional RNA Library Prep Kit
for lllumina and NEBNext Multiplex Oligos for Illumina (Unique Dual Index Primer Pairs) (New England BiolLabs). The resulting libraries
were subjected to sequencing on a NextSeq 550 Sequencing System (lllumina) with read lengths of 75 bp. To ensure data quality, FastQC
and MultiQC were employed for comprehensive quality control of the raw sequencing data. Subsequently, the reads underwent trimming
procedures, and were aligned to the reference genomes (NC000913) using Bowtie2. For the determination of differential gene expression,
normalized gene expression values were computed, and Log, fold changes were calculated by comparing the resistant strains to the anti-
biotic-free control by HTSeq and DESeq2. Within each treatment group, DNA damage-repair genes surpassing a cutoff of 2 were selected
and incorporated into the generated heatmap.

8-HOdG level measurements

The DNA Damage Competitive ELISA Kit was employed to quantify the levels of the oxidative stress marker 8-hydroxy-2'-deoxyguanosine
(8-HOdG) according to the manufacturer’s instructions. In brief, the final stable resistant strains of wild-type and TU-treated wild-type
were selected and subjected to treatment with the corresponding antibiotics. The cultures were incubated for 4 h at 37°C in a shaking incu-
bator. Subsequently, the samples were centrifuged at 6000rpm for 5 min, and the resulting pellet was resuspended in 0.3 mL of Lysis Buffer
(containing 10 mM Tris-HCIl, 2 mM EDTA, 1% SDS). A 5-fold dilution of the samples was loaded onto the antibody-coated 96-well plate.
Following the recommended protocol for incubation, the absorbance at 450 nm was measured using a spectrophotometer plate reader
(Thermo Fisher Scientific). The concentrations of 8-HOdG in the samples were determined by referencing to a standard curve. Furthermore,
the DNA concentrations of the samples were measured using a microvolume spectrophotometer (DeNovix) and utilized for normalization. As
controls, antibiotic-free samples of wild-type and TU-treated wild-type were included, and each sample was independently replicated three
times.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted using IBM SPSS Statistics software. Detailed information regarding the statistical methods employed for
each experiment can be found in the figure legends and corresponding figures.
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