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Abstract

A recent work reports that the single treatment of p-lactams can cause a SOS-independent
superfast evolution of multi-drug resistance in the DNA repair deficiency Escherichia coli (E.
coli), but the mechanism is not yet clear. Here, we find that the induction of PinR, a lambdoid
prophage Rac, is involved in this process and facilitates the evolution of antibiotic resistance
in DNA repair deficiency bacteria through the repression on the transcription of antioxidative
genes and the thereafter ROS burst in cells. It is highlighted that the bacteriophage PinR can
orchestrate the mutagenesis induced by the overaccumulation of ROS in cells. More
importantly, we for the first time demonstrate that the deletion of pinR can avoid the rapid
evolution of antibiotic resistance induced by either the single or long-term exposure to
antibiotics, while strategies to target RecA, e.g., the inactivation on RecA, can be safely
implemented to disarm the bacterial resistance to other antibiotics. Therefore, from a drug
development perspective, our work suggests future studies on the “evolutionary potentiators”

towards a safe and more effective strategy to be developed for infectious disease treatment.

Main

Antibiotics can kill bacteria by inducing the DNA damage and repressing the DNA repair in
cells (1), but bacteria can repair the DNA damage via a series of intrinsic pathways including
the SOS response that supports cell survival upon DNA damage (2-5). The master regulator of
the SOS response is RecA, which can enable bacteria to repair DNA damage and help bacteria

to drive the development and spreading of antibiotic resistance determinants (6-8). Thus, it has
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been believed that deactivating the RecA may disarm the bacterial resistance to antibiotics.
However, as a double-edged sword, the deficiency of DNA repair, such as a result of RecA
inactivation, may also increase the drug resistance-related mutagenesis induced by the
exposure to antibiotics (9, 10). Notably, our recent work reports that a single treatment of -
lactams can cause a SOS-independent superfast evolution of multi-drug resistance in the DNA

repair deficiency E. coli MG1655 (ArecA strain) (11), but the mechanism is not yet clear.

To better understand the mechanism, we here treated the wild type and the ArecA strain with a
single exposure to ampicillin at 50 pg/mL for 8 hours. In line with our previous findings, a
superfast evolution of antibiotic resistance was determined in the ArecA strain (Fig. SIA and
B) (11). We explored the transcriptomic changes in surviving isolates induced by ampicillin,
and found that the single treatment of ampicillin markedly affected the transcriptomic profile
of the wild type and the ArecA strain compared to that of untreated control (Fig. 1A), with
changes to the expression of 161 and 248 coding sequences (log2FC > 2 and P value < 0.05),
respectively. However, the principal component analysis (PCA) showed that the effect of
ampicillin on the ArecA strain remarkably differed to that of the wild type strain (Fig. 1B).
Moreover, Venn diagrams confirmed that there were 115 and 202 genes specifically regulated
by the exposure to ampicillin in the wild type and the ArecA strain, respectively (Fig. 1C).
Because the formation of tolerance was observed in the wild type strain (Fig. S1C), these results
collectively indicated that the drug exposure-induced differential regulation of bacterial

transcriptomes led to different evolutionary directions.

To study the different evolutionary trajectory, genes that were specifically regulated by
ampicillin in the wild type and the ArecA strain were characterized. Genome-wide expression
changes are visualized as volcano plots (Fig. S2) to identify specific genes with large fold
changes and statistical significance (log2FC > 2 and P value < 0.05). Differential expression of
genes related to certain biological functions defined by Gene Ontology (GO) enrichment
analysis is shown in Fig. 1D and E. Kyoto Encyclopaedia of Genes and Genomes (KEGG)
pathway analysis is shown in Fig. 1F and G. Overall, ampicillin had a major effect on the
tolerance-related pathways in the wild type strain, including the quorum sensing, flagellar
assembly, biofilm formation, and bacterial chemotaxis (12-14). In comparison, two functional
categories were uniquely regulated in the ArecA strain, including the oxidative stress response,

such as the sulfate transporter activity, iron-sulfur cluster assembly, oxidoreductase activity
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68 and carboxylate reductase activity, and the DNA damage response, such as the cellular
69  response to DNA damage stimulus, DNA repair and recombinase activity.
70
71 Functional groups corresponding to biological processes were manually curated and visualized.
72 First, the single treatment with ampicillin caused a significant downregulation of antioxidative
73 genes transcription in the ArecA strain, including cysJ, cysl, cysH, soda and sufD (Fig. 2A),
74 which indicated an overaccumulation of reactive oxygen species (ROS) in cells. The evolution
75  of antibiotic resistance caused by the in vivo and in vitro elevated oxidative stress has been
76  widely reported, since the induction of mutagenesis can be stimulated by the overproduction
77 of ROS throughout the administration of antibiotics (15). We therefore asked whether the
78  overproduction of ROS resulted in the superfast evolution of antibiotic resistance in the ArecA
79  strain. To test this hypothesis, we added 50 mM glutathione (GSH), a natural antioxidative
80  compound, into the culture medium and treated them with ampicillin at 50pug/ml for 8 hours. It
81 s of significance that the addition of GSH prevented the evolution of resistance to ampicillin
82  in the drecA strain (Fig. 2B), and more importantly, it did not impair the bactericidal efficacy
83  of ampicillin (Fig. 2C). We sequenced the surviving isolates and further found that the addition
84  of GSH inhibited drug resistance-related DNA mutations in the ArecA strain, which could be
85  detected in the ArecA resistant isolates including the gene ampC and acrB (Fig. 2D and Table
86  Sl1). Taken together, these findings showed that the ROS burst is supposed to be a driver of the
87  evolution of antibiotic resistance in DNA repair deficiency bacteria, but it is not the mechanism
88  of death in ampicillin-treated cells.
89
90  Next, by comparing the expression of genes in biological processes of DNA replication,
91 recombination and repair, SOS response, ABC transport system, and quorum-sensing system
92  (Fig. 3A and Fig. S3), we found a series of genes related to the DNA damage response were
93  slightly changed, but the transcription of gene pinR was considerably upregulated in the ArecA
94  strain after the single treatment of ampicillin (Fig. 3A). The gene pinR encodes a putative site-
95  specific recombinase PinR, which is a lambdoid prophage and exists in many bacterium types,
96 including the E. coli, Tetragenococcus halophilus, Lactococcus lactis, Salmonella enterica and
97  Streptococcus (16-19). Although the function of PinR is yet to be clear, it is predicated that
98 PinR shares a similar structure with the DNA invertase (Fig. S4) (20,21). Recent studies
99  showed that PinR an catalyse an inversion of a 177-bp DNA fragment in the Streptococcus
100 acting as a bacterial recombinase (17). We asked whether the induction of prophage PinR

101  facilitated the evolution of antibiotic resistance in the ArecA4 strain. To test it, we constructed a
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102 recA/pinR double deletion strain (4drecA/pinR) and treated them with ampicillin at 50 pg/mL
103  for 8 hours. Interestingly, the evolution of antibiotic resistance was inhibited in the ArecA/pinR
104  strain (Fig. 3B). We further explored a cyclic adaptive laboratory evolution (ALE) experiment
105  in the ArecA/pinR strain, and found that the long-term treatment with ampicillin for 3 weeks
106  no longer induced the evolution of antibiotic resistance in the ArecA/pinR strain, even though
107  the establishment of antibiotic resistance was indeed determined in the wild type strain (Fig.
108  3C), which suggested that targeting PinR offered a way out of the dilemma whether to target
109  RecA to suppress the SOS response towards preventing the antibiotic resistance.

110

111 We further compared the mRNA levels of antioxidative genes including cysJ, cysl, cysH, soda
112 and sufD by using ddPCR in the ArecA/ApinR strain and found that transcriptions of these genes
113 were not affected by the single exposure to ampicillin (Fig. 3D). We finally sequenced the
114 ArecA/ApinR surviving isolates and confirmed that the drug resistance-related DNA mutations
115  were not detected in the ArecA/ApinR strain after a single or long-term treatment of ampicillin
116  (Fig. 3E and Table S2). Collectively, these results indicated that the induction of prophage
117  PinR played a role of “evolutionary potentiator” in facilitating the evolution of antibiotic
118  resistance.

119

120  Although the role of ROS in the evolution of antibiotic resistance has been identified, our
121  findings for the first time show that the induction of bacteriophage PinR can facilitate the
122 evolution of antibiotic resistance in DNA repair deficiency bacteria through the suppression on
123  the transcription of antioxidative genes and the thereafter ROS burst in cells (Fig. 4). These
124  findings highlight the function of bacteriophage PinR that orchestrates the mutagenesis induced
125 by the overaccumulation of ROS. Meanwhile, the SOS response is responsible for the induction
126  of many lambdoid lysogens (22), thus the spontaneous SOS induction is proposed to trigger
127  the induction of prophages (23). In addition, Little and Michalowski found that the intrinsic
128  switching rate of E. coli lambda lysogens is almost undetectably low (<10 %/generation) in a
129  recA mutant background indicating the spontaneous prophages induction has coevolved with
130  specific triggers, e.g., SOS response and activation of RecA (24). However, to our knowledge,
131  these results first show a different mechanism by which the antibiotic explore can induce the
132 reactivation of prophages in DNA repair deficiency cells in a RecA-independent manner.

133

134  From a drug development perspective, strategies to directly target the transcription of

135  “evolutionary potentiators” can combat the antibiotic resistance. Our results first demonstrate
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136  that deletion of pinR can avoid the rapid evolution of antibiotic resistance induced by the
137  antibiotic exposure in DNA repair deficiency cells, while strategies to target RecA, e.g., the
138  inactivation on RecA, can be safely implemented to disarm the bacterial resistance to other
139  antibiotics. Moreover, with the role of PinR being clear, our evolutionary model can be generic,
140  as the overproduction of ROS is a common action upon the treatment of many antibiotics and
141  maintaining the transcription of oxidative stress response genes by inhibiting the “evolutionary
142  potentiators” becomes a perspective approach to stop the stress-induced mutagenesis that is
143  otherwise unavoidably induced by the treatments of other varieties of antibiotics. Therefore,
144 our work suggests future studies on the “evolutionary potentiators” towards a safe and more
145  effective strategy to be developed for infectious disease treatment.
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Figure 1. Transcriptional response of the wild type and the AdrecA strain after a single

treatment with ampicillin at 50 pg/ml for 8 hours. (A) The clustered heatmap of relative

expression of coding sequences in the wild type and the ArecA strain with large fold changes

and statistical significance (log:FC > 2 and P value < 0.05). (B) Bi-plot of the principal-

component analysis (PCA) of normalized read counts for all strains. (C) Venn diagrams of

differentially expressed genes (log2FC > 2). GO analysis scatter plot of different genes in the

wild type (D) and the ArecA strain (E). KEGG pathway enrichment scatter plot of different

genes in the wild type (F) and the ArecA strain (G). Top 20 enrichment pathways are listed in

the GO and KEGG enrichment analysis. The global transcriptome sequencing was performed

with two repeats in each group.
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172 Figure 2. Overaccumulation of ROS is a driver of the evolution of antibiotic resistance
173 but not the mechanism of death in ampicillin-treated cells. (A) Levels of transcription of
174  antioxidative genes in the wild type and the ArecA strain after the single treatment with
175 ampicillin at 50 pg/ml for 8 hours. (B) Addition of 50 mM antioxidative compound GSH
176  prevented the evolution of antibiotic resistance in the ArecA strain. (C) Survival fraction after
177  the exposure to ampicillin at 50 pg/ml for 8 hours in the wild type and the ArecA strain with or
178  without the addition of GSH at 50 mM. (D) Whole genome sequencing confirms the DNA
179  mutations in the ArecA strain with or without the addition of GSH at 50 mM after the single

180  treatment of ampicillin at 50 pg/ml for 8 hours.
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Figure 3. Induction of bacteriophage PinR facilitates the evolution of antibiotic resistance.
(A) Levels of transcription of DNA replication, repair and recombination genes in the wild type
and the ArecA strain after the single treatment with ampicillin at 50 pg/ml for 8 hours. (B)
Deletion of pinR prevented the evolution of antibiotic resistance in the ArecA/ApinR strain after
the single exposure to ampicillin at 50 pg/ml for 8 hours. (C) Deletion of pinR stoped the
evolution of antibiotic resistance following an intermittent treatment with ampicillin at 50
pg/ml for 3 weeks in the ArecA/ApinR strain. (D) The mRNA levels of antioxidative genes in
the in the wild type, ArecA and ArecA/ApinR strain after the single treatment of ampicillin at
50 pg/ml for 8 hours. (E) Whole genome sequencing confirms the DNA mutations in the ArecA
and ArecA/ApinR after a single exposure to ampicillin at 50 pg/ml for 8 hours, or an intermittent

treatment with ampicillin at 50 pg/ml for 3 weeks.
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Figure 4. Mechanism of superfast evolution of antibiotic resistance. In the wild type strain,
short-term exposure to antibiotics can induce the emergence of tolerance, and long-term
treatment of drugs is able to trigger the bacterial evolution of antibiotic resistance from the
tolerance. In this process, the induction of SOS response and the activation of its master
regulator RecA contribute to the accumulation of drug resistance-related mutagenesis in cells.
However, we here for the first time report that, in the ArecA strain, short-term exposure to the
antibiotic can make bacteria evolve to be drug resistance in 8 hours. The induction of
bacteriophage PinR induced by the single treatment with antibiotics plays a role of
“evolutionary potentiator” in promoting the DNA mutations and facilitating the evolution of
antibiotic resistance in the DNA repair deficiency bacteria through the repression on the

transcription of antioxidative genes and the thereafter ROS burst in cells.
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206  Materials and Methods

207  Bacterial strains, medium and antibiotics

208  Bacterial strains and plasmids used in this work are described in Table S3 and Table S4. Luria-
209  Bertani (LB) was used as broth or in agar plates. E. coli cells were grown on LB agar (1.5%
210  w/v)plates at 37°C, unless stated otherwise, antibiotics were supplemented, where appropriate.
211 Whenever possible, antibiotic stock solutions were prepared fresh before the use.

212

213 Treatment with antibiotics to induce evolutionary resistance

214  For the single exposure to antibiotic experiment, an overnight culture (0.6 mL; 1 x 10° CFU/mL
215 cells) was diluted 1:50 into 30 mL LB medium supplemented with antibiotics (50 pg/mL
216  ampicillin, 1 mg/mL penicillin G, or 200 pg/mL carbenicillin) and incubated at 37°C with
217  shaking at 250 rpm for 8 hours. After the treatment, the antibiotic-containing medium was
218  removed by washing twice (20 min centrifugation at 1500 g) in fresh LB medium.

219

220  To test the capacity for tolerance, surviving isolates were immediately used or stored at -80°C
221 for future use. To test resistance, the surviving isolates were first resuspended in 30 mL LB
222 medium and grown overnight at 37°C with shaking at 250 rpm. The regrown culture was then
223  plated onto LB agar supplemented with the appropriate selective antibiotics and incubated 16
224 hours at 37°C. Single colonies were isolated and used to test the resistance or stored at -80°C
225  for future use.

226

227  For the intermittent antibiotic treatment experiments, an overnight culture (0.6 mL; 1 x 10°
228 CFU/mL cells) was diluted 1:50 into 30 mL LB medium supplemented with 50 pg/mL
229  ampicillin and incubated at 37°C with shaking at 250 rpm for 4 hours. After treatment, the
230  antibiotic-containing medium was removed by washing twice (20 min centrifugation at 1500
231  g) in fresh LB medium. The surviving isolates were resuspended in 30 mL LB medium and
232 grown overnight at 37°C with shaking at 250 rpm. The killing treatment was applied as above
233 to the regrown culture and repeated until resistance was established.

234

235  Antibiotic susceptibility testing

236 The susceptibility of E. coli cells to antibiotics was measured by using minimum inhibitory
237  concentration (MIC) testing (25). In brief, diluted overnight bacterial culture (10’ CFU/mL,
238  determined by CFU counting) was used to inoculate wells of a sterile 96-well flat-bottomed

239  plate. Various concentrations of antibiotics were added to the designated wells by serial
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240  dilutions with LB media to a final volume of 150 pL. Untreated controls were also included.
241  The plate was incubated in the Synergy HT BioTek plate reader (BioTek Instruments Inc.,
242 USA) at 37°C with continuous moderate shaking to prevent biofilm formation (1800 rpm, amp.
243 0.549 mm x-axis) for 24 h and was programmed to measure the OD hourly at 595 nm (Gen5
244  software, BioTek Instruments Inc., USA). The MIC was defined as the lowest concentration of
245  antimicrobial agent that inhibited 99% growth of E. coli when compared to the untreated
246  control.

247

248  The capacity of tolerance was measured by using the minimum duration for killing 99% of the
249  population (MDKyo) testing (26). After the treatment with antibiotics, surviving cells were
250 loaded in a 96 wells plate (approx. 10* bacteria/well) that was filled with fresh LB medium
251  supplemented with increasing amounts of ampicillin in which the lowest concentration of
252  ampicillin was 100 pg/mL. Inoculation times are set so that all rows end their respective
253  treatment at the same time. Once incubation is concluded, the plate is spun down to terminate
254 the antibiotic exposure by washing away antibiotic remains and resuspending in fresh medium.
255  The plate is then returned for overnight incubation. Empty wells indicate killing of > 99% of
256  the population, because growth in the well would imply that at least one bacterium. An
257  evaluation of MDKy9 can be read directly from the plate depending on the treatment duration
258  at which the plateau forms.

259

260  Construction of deletion mutants

261 Lambda Red recombination was used to generate various gene deletions in E. coli strains
262  followed by previous reported methods with modifications (27,28). Genomic DNA of E. coli
263  K-12, containing insertions of a tetracycline or chloramphenicol resistance cassette to replace
264  the open reading frame of recA, was used to make subsequent gene deletions. Primers (Table
265  S5) were designed approximately 50 bp upstream and downstream to genes of interest on the
266  chromosome, in order to amplify the tetracycline or chloramphenicol cassette as well as the
267  flanking DNA sequence needed for homologous recombination. Phusion polymerase (NEB)
268  was used to amplify DNA sequence (Table S5) and the reaction was cleaned up using a
269  PureLink™ PCR purification kit (ThermoFisher Scientific) as per the manufacturer’s
270  instructions. Background E. coli was made electro-competent and transformed with
271  recombinase plasmid pKD46 and selected on LB agar plates containing 100 pg/mL ampicillin
272 at 30°C. The strain now containing the plasmid was made electro-competent again using LB

273  media containing 100 pg/mL ampicillin and 0.2% arabinose at 30°C. Amplified DNA was
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274  transformed into recipient strain by using 50 ng of DNA and 50puL of competent cells. Cells
275  were allowed to recover in LB media for 1 hour at 30°C. Transformation was plated onto LB
276  agar plates containing 10 pg/mL tetracycline or 17 pg/mL chloramphenicol and incubated
277  overnight at 37°C. PCR was used to confirm insertion of the tetracycline or chloramphenicol
278  resistance cassette at the correct site on the chromosome using primers upstream and
279  downstream to the gene of interest. The newly constructed mutant strains were cured of plasmid
280 pKD46 through incubation of LB streak plates at 42°C overnight. Loss of the plasmid was
281  confirmed by lack of ampicillin sensitivity on LB agar plates. Mutant strains were made
282  electro-competent and 50 puL of cells were transformed with plasmid pCP20 and incubated on
283 100 pg/mL ampicillin plates at 30°C overnight. A few colonies were then restreaked onto LB
284  plates and incubated overnight at 42°C. Loss of cassette and plasmid was confirmed by PCR
285  products.

286

287  DNA extraction

288  Chromosomal DNA was extracted and purified using the PureLink™ Genomic DNA mini kit
289  (ThermoFisher Scientific). In summary, a volume of 1 mL of overnight culture of the required
290  strain was centrifuged for 2 minutes at 10,000 g. The cell pellet was resuspended in 180 pL
291  PureLink™ genomic digestion buffer and 20 uL of Proteinase K and incubated at 55°C for 60
292  minutes until lysis was complete. A volume of 20 pL. of RNase A (provided with the kit) was
293  added to the lysate and mixed for 10 seconds on the vortex. The sample was then incubated for
294 2 minutes at room temperature. A volume of 200 pL of PureLink™ genomic Lysis/Binding
295  buffer was added to the sample and mixed for 20 seconds by vertexing until a homogenous
296  solution was obtained. 200 puL of 100% ethanol was added to the lysate and mixed well by
297  vortexing for 5 seconds. The lysate (approximately 650 pL) was loaded onto a PureLink™ spin
298  column in a collection tube and centrifuged at 10,000 g for 1 minute at room temperature. The
299  flow through liquid was discarded and the column was washed twice with wash buffer 1 and
300  wash buffer 2. The column was dried with a final spin for 3 minutes at 10,000 g. DNA was
301  eluted using 200 pL of PureLink™ genomic elution buffer into a new 1.5 mL Eppendorf tube.
302

303  Whole genome sequencing

304 The genomic sequencing was conducted following the Nextera Flex library preparation kit
305  process (Illumina), and processed by Sangon Biotech, Shanghai, China. Briefly, genomic DNA
306  was quantitatively assessed using Quant-iT picogreen dsDNA assay kit (Invitrogen, USA). The

307 sample was normalised to the concentration of 1 ng/pL. 10 ng of DNA was used for library
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308  preparation. After tagmentation, the tagmented DNA was amplified using the facility’s custom
309 designed i7 or i5 barcodes, with 12 cycles of PCR. The quality control for the samples was
310 done by sequencing a pool of samples using MiSeq V2 nano kit - 300 cycles. After library
311  amplification, 3 pL of each library was pooled into a library pool. The pool is then clean up
312 using SPRI beads following the Nextera Flex clean up and size selection protocol. The pool
313 was then sequenced using MiSeq V2 nano kit (Illumina, USA). Based on the sequencing data
314  generated, the read count for each sample was used to identify the failed libraries (i.e., libraries
315  with less than 100 reads). Moreover, based on the read count, libraries were pooled at a
316 different amount to ensure equal representation in the final pool. The final pool was sequenced
317  on Illumina NovaSeq 6000 Xp S4 lane, 2 x 150 bp.

318

319 RNA extraction

320 RNA was extracted from the cell pellets using a PureLink RNA mini kit (Invitrogen) as per the
321  manufacturer’s instructions. Briefly, 1x10° log-phase bacterial cells were harvested and
322 transferred to a microcentrifuge tube to centrifuge at 4°C for 5 minutes (500 g) to pellet cells.
323 100 pl of prepared lysozyme solution was added to the cell pellet to resuspend the cells by
324  vertexing. 0.5 pul 10% SDS was then followed to be added and the cells were incubated at room
325 temperature for 5 minutes. After the incubation, 350 pl lysis buffer prepared with 2-m-
326  mercaptoethanol was added and cells were vortexed to mix well. Lysate was transferred to a
327 1.5 ml RNase-free tube and passed 5 times through a needle attached to an RNase-free syringe.
328  The supernatant was collected through the centrifuge at 12,000 g for 2 minutes at room
329  temperature. 250 pl 100% ethanol was added to each volume of bacterial homogenate and
330  mixed thoroughly by vertexing to disperse any visible precipitate. Sample was then transferred
331  to a Spin Cartridge and centrifuged at 12,000 g for 15 seconds at room temperature. Flow-
332 through was discarded. 700 pl wash buffer I was added to the Spin Cartridge and centrifuged
333  at 12,000 g for 15 seconds at room temperature. Flow-through was discarded. Wash buffer II
334  was then added with ethanol to the Spin Cartridge and centrifuged at 12,000 g for 15 seconds
335  at room temperature. Flow-through was discarded. After the washing, the Spin Cartridge was
336  centrifuged at 12,000 g for 1 minute to dry the RNA attached onto the membrane to a Collection
337  tube. 50 ul RNase-free water was followed to be added to the collection tube and all tubes were
338 incubated at room temperature for 1 minute. All samples were centrifuged at 12,000 g for 2
339  minutes to collect the RNA, which was stored at -80°C for further use.

340

341  Global transcriptome sequencing
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342 The global transcriptome sequencing was processed and analysed by Genewiz, Jiangsu, China.
343  Primers used in this work are listed in the Table S5.

344

345  Droplet digital PCR (ddPCR)

346 Genomic DNA samples were added to the Bio-Rad 2 x ddPCR supermix at amounts of 0.05
347 ng DNA per 22 pL ddPCR reaction, according to the ddPCR Bio-Rad user manual. Samples
348 were converted into droplets using a Bio-Rad QX200 droplet generator. After the droplet
349  generation, the plate was transferred to a thermal cycler and reactions were run under the
350 standard cycling conditions. After PCR, the plate was loaded onto the Bio-Rad QX200 Droplet
351  Digital Reader, and data analysis was performed using Bio-Rad Quantasoft™ software. CNV
352  analysis by ddPCR involves quantification of target and reference loci through the use of
353  duplex target and reference assays. In QuantaSoftTM software, copy number is determined by
354  calculating the ratio of the target DNA concentration to the reference DNA concentration, times
355 the number of copies of reference species in the genome. The error bars on a CN estimate in
356  QuantaSoftTM software are the 95% confidence interval of this measurement.

357

358  Statistical analysis

359  Statistical analysis was performed using GraphPad Prism v.9.0.0. All data are presented as
360 individual values and mean or mean + s.e.m. A one-tailed unpaired Student’s t-test using a 95%
361 confidence interval was used to evaluate the difference between two groups. For more than two
362  groups, a one-way ANOVA was used. A probability value of P < 0.05 was considered
363  significant. Statistical significance is indicated in each figure. All remaining experiments were
364  repeated independently at least fourth with similar results.

365
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430
431  Figure S1. Superfast evolution of B-lactam resistance. The changes of MICs in the wild type

432 (A) and the AdrecA E. coli strain (B) after a single treatment with ampicillin at 50 pg/mL for 8
433 hours. (C) Changes of the MDKyg in wild type strain after the exposure to ampicillin at 50

434 pg/mL for 8 hours.
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Figure S2. Summary of genome-wide expression changes in the wild type strain (A) and the
ArecA strain (B) after the single exposure to ampicillin at 50 pg/mL for 8 hours. The top 10
most differentially expressed genes are labelled in each plot. Blue dots indicate genes with a
significant downregulation compared to the untreated control (log2FC > 2 and P value < 0.05),
and yellow dots indicate genes with a significant upregulation compared to the untreated

control (log2FC > 2 and P value < 0.05).
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Figure S3. Heatmaps show logFC data for each strain treated with or without single
exposure to ampicillin at 50 pg/ml for 8 hours. (A) Quorum-sensing system genes. (B) SOS

response genes. (C) ABC transport system genes.
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448  Figure S4. The proposed structure of DNA invertase PinR predicted by AlphaFold.
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449 Table S1. DNA mutations detected in the ArecA resistant isolates.

Genomic

Addition Gene Mutation Position Phenotype
ampC G>A 4379014
ampC A>T 4379035 :
ArecA Resistance
acrB G>A 482581
acrB C>T 482387
GSH - _ _ ArecA Sensitive

450
451  Table S2. DNA mutations detected in the wild type and ArecA resistant isolates.

Exposure Gene Mutation Gen.o Tnic Phenotype
time Position
8 hours ampC G>A 4379014
8 hours ampC A>T 4379035 )
ArecA Resistance
8 hours acrB G>A 482581
8 hours acrB C>T 482387
3 weeks ampC G>A 4379014
3 weeks ampC +TA 4379017 Wild typefResistance
3 weeks ampC G>A 4379014
- - - - ArecA/pinRSensitive
452
453  Table S3. Strains used in this study
Strain Relevant Genotype I;:‘::il: Source
DH5a - - Lab stock
E. coli K-12 recA” lexA* - Lab stock
LZ101 lexA™ ArecA: : Tet K-12 Lab stock
LZ102 ArecA::Tet, ApinR::Kan LZ101 This study
454
455  Table S4. Plasmids used in this study
Plasmid Relevant Genotype Parent strain
pKD46 Helper plasmid for Lambda RED recombination Lab stock

456
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457  Table SS. Primers used in this study.

Name Sequence

recA-FWD AAAAAAGCAAAAGGGCCGCAGATGCGACCCTTGTGTATCAAACAAGA
CGAGAAACGAGAGAGGATGCTCAC

recA-REV CAACAGAACATATTGACTATCCGGTATTACCCGGCATGACAGGAGTAA
AAGACGTCTAAGAAACCATTATTATCATGAC

pinR-FWD CAAGGAAGGGGGCTTGGAAGACGTAAAGCATCTCACACCGAGATTATT
TTCATATGAATATCCTCCTTAGTTCCTATTC

pinR-REV TTTCTGAGATGCATTATGATATGAACACCAATTTCGTATAGAGTCTCAC
TGAGCTGCTTCGAAGTTCCTA

P5 adapter  AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT

P7 adapter ~ AGATCGGAAGAGCACACGTCTGAACTCCAGTCA

458
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