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ABSTRACT Escherichia coli is the most commonly identified human pathogen and a
prominent microorganism of the gut microbiota. Acquired resistance to antibiotics in
this species is driven mainly by horizontal gene transfer and plasmid acquisition.
Currently, the main concern is the acquisition of extended-spectrum B-lactamases of
the CTX-M type in E. coli, a worldwide-observed phenomenon. Plasmids encoding
CTX-M enzymes have different scaffolds and conjugate at different frequencies. Here,
we show that the conjugation rates of several plasmid types encoding broad-spec-
trum B-lactamases are increased when the E. coli donor strain is exposed to subinhi-
bitory concentrations of diverse orally given antibiotics, including fluoroquinolones,
such as ciprofloxacin and levofloxacin, but also trimethoprim and nitrofurantoin. This
study provides insights into underlying mechanisms leading to increased plasmid
conjugation frequency in relation to DNA synthesis inhibitor-type antibiotics, involv-
ing reactive oxygen species (ROS) production and probably increased expression of
genes involved in the SOS response. Furthermore, we show that some antioxidant
molecules currently approved for unrelated clinical uses, such as edaravone, p-cou-
maric acid, and N-acetylcysteine, may antagonize the ability of antibiotics to increase
plasmid conjugation rates. These results suggest that several antioxidative molecules
might be used in combination with these “inducer” antibiotics to mitigate the
unwanted increased resistance plasmid dissemination.

KEYWORDS Escherichia coli, ROS, SOS, antibiotic, antioxidant, inducer, plasmid

he concomitant increase in resistance to antibiotics and shortage of newly mar-

keted antimicrobial drugs is raising significant concerns, necessitating alternative
and innovative approaches to mitigate the spread of resistant bacteria but also of the
corresponding resistance genes (1, 2). There are many factors that may influence the
emergence and dissemination of antimicrobial resistance, among which the use, mis-
use, and overuse of antibiotics are important.

Even though acquisition of resistance to antibiotics may occur through chromo-
somal mutations, it is well established that horizontal gene transfer (HGT) is the leading
cause of its dissemination. Another worrying aspect of HGT is the phenomenon of
accumulation that is frequently observed, with genetic structures involved in HGT
(mostly plasmids, transposons, and insertion sequences [IS]) often gathering multiple
resistance genes, leading to a multidrug resistance pattern (3).

Currently, among the most clinically relevant resistance traits in Gram-negative bac-
teria are the extended-spectrum--lactamase (ESBL) genes, encoding enzymes capable
of hydrolyzing most B-lactam substrates, with the exception of cephamycins and car-
bapenems. Among those genes, bldcry.q1s is the most commonly identified in
Enterobacterales (and particularly in Escherichia coli) (4-6). Its emergence and extensive
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FIG 1 Possible mechanisms through which stress conditions could accelerate the evolution and spread of resistance genes.
Drugs present at subinhibitory concentrations in body compartments may act as inducers, leading to increases (arrows) in

mutagenesis (Mut) and horizontal gene transfer (HGT) by means of an ROS/SOS response.

spread worldwide have been hypothesized to be possibly related to the overall
increased usage of broad-spectrum cephalosporins (7).

Noteworthily, antibiotics, apart from their antimicrobial function, also have side
effects on bacterial populations, stimulating their genetic evolution and their dissemi-
nation. In some instances, antibiotics may enhance HGT and therefore complexify the
whole picture of resistance dissemination, with the curative agent itself promoting the
occurrence of corresponding resistance. This is especially true within the gut micro-
biota, which represents a rich source of mobile antibiotic resistance genes and on
which subinhibitory concentrations of orally given antibiotics might exert significant
selective pressure (8, 9) (Fig. 1). The most commonly prescribed and orally given antibi-
otics are fluoroquinolones, trimethoprim (TMP), nitrofurantoin (NIT), B-lactams (penicil-
lins and cephalosporins), and fosfomycin (FOS), particularly for treating urinary tract
infections due to Escherichia coli (10). Those antibiotic molecules have diverse modes
of action. Fluoroquinolones (ciprofloxacin [CIP] and levofloxacin [LEV]) inhibit DNA rep-
lication by binding to the enzyme-DNA complex, blocking movement of the DNA repli-
cation fork, and stabilizing DNA strand breaks created by DNA gyrase and topoisomer-
ase IV, eventually leading to cell death (11). TMP is an analogue of folic acid able to
inhibit the action of the dihydrofolate reductase enzyme by fitting well into its
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nucleotide-binding site (12). NIT is activated intracellularly via the flavoprotein NIT re-
ductase and interferes with enzymes involved in DNA, RNA, and protein synthesis (13).
FOS is a peptidoglycan synthesis inhibitor that acts by blocking the MurA enzyme,
involved in the first steps of the peptidoglycan biosynthetic pathway (14). B-Lactams
act by inhibiting the synthesis of the peptidoglycan layer of bacterial cell walls by inter-
fering with the pp-transpeptidases, also known as penicillin-binding proteins (15).

Several antibiotics such as fluoroquinolones, cephalosporins, and penicillins, when
present at subinhibitory concentrations, have been previously reported to increase the
frequency of plasmid conjugation in E. coli (16-18). Moreover, other studies suggested
that this increased rate of plasmid conjugation was likely related to induction of the
SOS response, production of reactive oxygen species (ROS), and an increase in mem-
brane permeability (19, 20). Furthermore, a single study showed that CIP could
enhance the transfer of multidrug resistance plasmids between commensal E. coli
strains and fluoroquinolone-resistant Shigella sonnei strains (21). Increased mutational
rates have been observed in many studies upon exposure to fluoroquinolones either
in Enterobacterales or in Pseudomonas aeruginosa, in relation to an SOS-mediated mu-
tagenesis phenomenon (22, 23).

Bacteria commonly respond to stress conditions through the activation of the SOS
system, which may also result from increased production of ROS. The SOS response is a
coordinated cellular response to DNA damage and replication blockage. In E. coli, the
SOS regulon is composed of at least 40 genes, many of them coding for DNA repair
functions, such as nucleotide excision repair, translation synthesis, and homologous
recombination (24). Responding to environmental stress may induce a significant SOS
response at the bacterial level (25). Such activation may lead to an increase in expres-
sion of genes related to genetic plasticity, which is actually one pathway by which the
bacteria respond to the stress. Hence, the SOS response promotes horizontal gene
transfer and mutagenesis (26, 27).

Apart from the SOS response, which can be antibiotic induced, oxidative metabo-
lism (which is a process in which oxygen is used to generate energy from nutrients) is
also known to be regulated upon stress conditions. In bacteria growing under aerobic
conditions, as for E. coli, most energy is produced by respiration using molecular oxy-
gen as the final electron acceptor, although unwanted by-products of respiration are
ROS. Bacteria possess defense mechanisms just sufficient to protect themselves against
endogenous ROS. However, a stress-induced increase in ROS production has deleteri-
ous consequences, including increased mutation rates. A series of studies have shown
that some antibiotic selective pressure may increase ROS production and subsequently
mutation rates in E. coli (28, 29).

With respect to this bacterial response to stress conditions that may be deleterious,
a series of molecules have been shown to contribute to a reduction of the mutation
rate, such as N-acetylcysteine (NAC), which acts as a blocker of the SOS system and
ROS production (28, 29), and edaravone (EDA; 3-methyl-1-phenyl-2-pyrazolin-5-one),
which acts as a ROS scavenger. NAC is a glutathione precursor used as a mucolytic
agent and used for the treatment of numerous disorders, including oral paracetamol
intoxication. It has well-known protective effects against oxidative stress, due to its
antioxidant properties (30, 31). EDA is a potent free-radical scavenger approved by the
U.S. Food and Drug Administration for use in humans to treat acute stroke caused by
cerebral thrombosis and embolism and to treat amyotrophic lateral sclerosis (32). This
synthetic pyrazolone derivative was recently shown to modulate oxidative stress and
the production of ROS in bacteria (33, 34). Another interesting molecule is p-coumaric
acid (pCA), a phenolic compound present in many food products and possessing vari-
ous potential properties, including antioxidant, anti-inflammatory, and immunomodu-
latory effects (35-38).

Here, we aimed to investigate two aspects of antibiotic-related selective pressure in
E. coli and their potential inhibition. We focused on the most commonly identified
ESBL-encoding gene, namely, bldcry..1s, as the most prevalent ESBL gene worldwide
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among human isolates but also on other clinically relevant B-lactamase genes, such as
blagyas and blayec, encoding widespread carbapenemases. First, we evaluated
whether any orally given antibiotic, when present at subinhibitory concentrations,
could increase the frequency of conjugation of plasmids carrying those B-lactamase
genes, thus contributing to the dissemination of the corresponding resistance determi-
nant. A particular focus was on the effect of CIP, since this antibiotic is used for treating
infections caused by Gram-negative and Gram-positive bacteria and is one of the main
antibiotics prescribed worldwide (39, 40). Then, several drugs possessing antioxidant
properties were evaluated with the object of preventing or reducing the spread of re-
sistance genes. The ultimate goal of our work was to elaborate strategies mitigating
the effect of antibiotics as inducers of antibiotic resistance gene dissemination.

RESULTS

Increased conjugation frequencies in the presence of subinhibitory concentrations
of oral antibiotics. Orally administered antibiotics, including the B-lactams amoxicillin,
amoxicillin-clavulanic acid (AMC), and cefalexin, but also CIP, LEV, TMP, NIT, FOS, azi-
thromycin, erythromycin, and tetracycline, and the intravenously given drug amikacin
as a representative of the aminoglycoside antibiotic class were tested at subinhibitory
concentrations to evaluate their potential impact on plasmid conjugation frequencies.
E. coli RZ211 harboring the self-conjugative and gentamicin resistance-encoding F-
plasmid derivative pOX38 bearing the bld-ry.m.1s gene was used as the donor for conju-
gation assays. Before it was mixed with the E. coli J53 recipient strain, cultures of E. coli
RZ211 were performed in the presence of 1/2 and 1/4 of the MICs of different antibiot-
ics (preculture steps).

Preliminary evaluation of the relative number of donors and recipients in term of
CFU showed that the number of donors was indeed affected by the exposure to subin-
hibitory antibiotic concentrations. For example, the concentration of the E. coli pOX38
donor strain after 4 h growth was 8 x 107 CFU/ml in the absence of any antibiotic,
while it was 1 x 107 CFU/ml when supplemented with 1/2 the MIC of CIP. Since the
conjugation frequencies were calculated with respect to the number of donors, the
bias created by the exposition to antibiotics was subsequently considered in the pro-
vided values.

Conjugation assays performed at a 1:4 volume ratio showed a significant increase in
plasmid pOX38 conjugation frequencies in the presence of subinhibitory concentra-
tions of TMP, CIP, LEV, and NIT, with changes of ca. 10-, 20-, 40-, and 100-fold, respec-
tively, compared to the control experiment performed in the absence of antibiotic dur-
ing the preculture step (Table 1).

A statistically significant, albeit more moderate, increase in conjugation frequency
was also observed with subinhibitory concentrations of amoxicillin, cefalexin, and FOS,
with ca. 3-fold, 7-fold, and 7-fold changes, respectively (Table 1). Noteworthily, the lat-
ter antibiotics act on bacterial growth by interfering with cell wall synthesis (15, 41).

In contrast, inhibitors of protein synthesis targeting ribosomes, such as azithromy-
cin, erythromycin, amikacin, and tetracycline, did not modify the conjugation rate of
plasmid pOX38 (Table 1). Interestingly, while the effect observed with amoxicillin was
moderate and not statistically significant, a much higher induction effect was observed
when amoxicillin was combined with clavulanic acid at a concentration of 2 ug/ml
(Table 1).

Natural plasmids may disseminate at higher frequencies after CIP exposure.
Since significant increases in plasmid conjugation were observed with CIP in our pre-
liminary E. coli RZ211(pOX38) model, CIP was further retained as an inducer for subse-
quent conjugation assays performed with natural plasmids and using clinical isolates
as donors. A total of five clinical isolates (a single E. coli isolate and four K. pneumoniae
isolates) were thus selected as donors harboring the plasmid types most commonly
identified as sources of acquisition of the most commonly identified and clinically rele-
vant ESBLs or carbapenemases, namely, IncFIB and IncN plasmids bearing blaypc.5, Incll
and IncFll plasmids bearing the blacy .15 gene, and IncL bearing the blagy...s gene
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TABLE 2 Strains used in the study

Strain Plasmid or description Reference
E. coliRZ211 pOX38 (Gen' bldcry p1s) This work
K. pneumoniae KPM26 IncFIB (blaypc.s) 56

K. pneumoniae KPM2 IncN (blayec ) 56

K. pneumoniae KPI1 Incl1 (blacrypas) This work
K. pneumoniae KP11978 IncL (blagya.sg) 57

E. coli EC1010 IncFIl (blacryp.15) This work
E. coli J53 Recipient strain (azide resistant)

(Table 2). Of note, none of these plasmids carried any other known resistance gene
interfering with the activity of quinolone molecules (data not shown). Induction experi-
ments were performed by adding subinhibitory concentrations of CIP to the culture
broth of each donor, before mating-out assays using the same protocol as for the
model strain. A significant increase in plasmid conjugation frequencies was observed
for plasmids IncL (blagya.sg), INClT (blacrya1s), INCFIl (blacrypm-15), and IncFIB (blaypc5) (ca.
5-, 10-, 20-, and 25-fold, respectively) in the presence of half of the MIC of CIP (Table 3).
This increased rate was actually lower with concentrations corresponding to 1/4 the
MIC of CIP (Table 3). In contrast, no increased frequency was observed for plasmid
IncN-blaypc.s.

Increased plasmid transfer in the presence of subinhibitory CIP concentration
using S-sS medium. In order to mirror the potential impact of antibiotics on genetic
plasticity in the gut flora, mating-out assays were then performed in semisolid stool
medium (S-sS medium). E. coli RZ211(p0OX38) and E. coli J53 were used as donor and re-
cipient strains, respectively. In contrast to former experiments during which CIP was
added only during the growth of the donor before mixing both donor and recipient,
the incubation of both donor and recipient was performed in the presence of subinhi-
bitory concentrations of CIP. Concentrations of 1/2 and 1/4 the MIC of CIP (with respect
to the recipient strain) raised the frequency of conjugation of plasmid pOX38, with the
number of transconjugants obtained being increased by 2- and 4.3-fold, respectively
(see Table S1 and Fig. S1 in the supplemental material). Hence, the induction of the
plasmid conjugation frequency by CIP could be further demonstrated in the artificial S-
sS medium.

EDA mitigates the increased rate of conjugation frequency. Since the conjuga-
tion rates of reference plasmid pOX38 and the natural plasmids used in our experi-
ments were shown to be induced by subinhibitory concentrations of CIP or other anti-
biotic molecules (Table 1), and since it was speculated that this phenomenon was
related to the production of ROS, the effect of EDA as a possible inhibitor of ROS pro-
duction was tested.

First, at the concentration of 0.1 mM used for mating-out experimental assays,
incubation with EDA did not affect the growth rate of the wild-type E. coli donor
strain RZ210. This fixed concentration of 0.1 MM EDA was chosen in accordance
with the reported serum concentration measured upon clinical use, which is ca.
90 uM upon oral delivery (28, 42). When EDA concentrations were increased 100-
fold, still no growth inhibition could be observed (Fig. S2). In parallel, an assay was
performed to evaluate the putative impact of EDA on CIP antibacterial activity as
described elsewhere (28), and the results showed that no synergistic antibacterial
activity actually occurred and that this therefore would not bias the subsequent
observations (Table S2).

Results of the mating-out assays showed that addition of EDA reduced or even sup-
pressed the augmentation of plasmid conjugation frequency observed with antibiotics
for which induction properties were observed. At 0.1 mM EDA, reduction of the
increased transfer rate was estimated to be between 2- and 6.5-fold, depending on the
antibiotics used as inducers. However, in a context of noninducibility, EDA did not
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FIG 2 ROS measurement by fluorimeter. (A) Comparative analysis between E. coli RZ211 ROS measurement
after incubation with ciprofloxacin and incubation with ciprofloxacin plus an antioxidant. (B) ROS concentration
in E. coli RZ211 after induction with several antibiotics. (C) Production of ROS by clinical strains with and
without exposure to ciprofloxacin. CIP, ciprofloxacin; LEV, levofloxacin; TMP, trimethoprim; FOS, fosfomycin;
AMX, amoxicillin; NIT, nitrofurantoin; CFX, cephalexin; ERY, erythromycin; EDA, edaravone; NAC, N-acetylcysteine;
pCA, p-coumaric acid. Antibiotics at 1/2 the MIC and antioxidant molecules at 0.1 mM were used for all the
experiments. Three independent replicates were performed. The data are means and standard deviations (SD). *,
P=0.05; **, P=<0.01; ***, P=0.001.

modify the conjugation rate baseline for the tested plasmids (Table 1). These results
showed that the effect of antioxidant addition was more significant when an SOS-ROS-
related induction had actually occurred. Nevertheless, the fosfomycin-induced plasmid
conjugation observed in the absence of ROS-SOS-related induction was also alleviated
by EDA (Table 1).

CIP-induced conjugation rates of natural plasmids from clinical isolates were
reduced between 2- and 8-fold, depending on the plasmids tested, when the exposure
to CIP was combined with 0.1 mM EDA (Table 3). Moreover, a decrease by 8.6 + 2.1-
fold of the rate of pOX38 conjugation by CIP was also observed when S-sS medium
was used.

Incubation with antibiotic targeting DNA or DNA metabolism showed a correlation
between SOS response and ROS generation. ROS production and SOS-related genes
expression were evaluated in E. coli RZ211(pOX38), under conditions shown to induce
plasmid conjugation, namely, exposure to CIP, LEV, TMP, FOS, amoxicillin, AMC, NIT,
and cefalexin. In addition, erythromycin was added as a control, since no induction of
the plasmid conjugation process has been observed with this antibiotic. Overall, CIP,
LEV, TMP, NIT (whose respective mechanisms of actions interfere with DNA synthesis),
and AMC were found to significantly induce the production of ROS (Fig. 2). In contrast,
no significant increase in ROS concentration was observed in the presence of drugs
acting by other mechanisms of action, such as FOS, amoxicillin, cephalexin, and eryth-
romycin (control) (Fig. 2B).

Results of SOS gene expression measurements showed that only antibiotics which
are capable of significantly inducing ROS production and whose mechanism of action
is actually related to DNA synthesis inhibition, such as CIP, LEV, TMP, and NIT, increased
the expression of the recA and/or sfiA genes, in a range between 2.5- and 12.5-fold
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TABLE 4 Expression of two chromosomal SOS-related genes in E. coli RZ211(p0OX38) at sub-MIC of molecules representatives of different

classes of antibiotics?

27AACT
Gene C CIP EDA CIP+E LEV TMP FOS AMX AMC NIT CFX ERY
recA 1 125*16 06*02 40*x05 26*04 27*+02 175*x07 09*01 09*x01 25*x03 22*0.1 12*x04
SAiA 1 6*+1.7 04*+02 3.0X03 3504 13=*0.1 1.3*+0.3 07*+02 07*02 27*03 19*08 1.2*+0.3

aC, control; CIP, ciprofloxacin (0.002 mg/liter); EDA, edaravone (0.1 mM); CIP+E: ciprofloxacin (0.002 mg/liter) plus edaravone (0.1 mM); LEV, levofloxacin (0.016 mg/liter);
TMP, trimethoprim (0.03 mg/liter); FOS, fosfomycin (2 mg/liter); AMX, amoxicillin (512 mg/liter); AMC, amoxicillin-clavulanic acid (2/4 mg/liter); NIT, nitrofurantoin (2 mg/
liter); CFX, cephalexin (256 mg/liter); ERY, erythromycin (16 mg/liter). Fold change in mRNA levels were determined by RT-qPCR. The data were normalized to the 16S rRNA

gene. Three independent replicates were performed. Bold indicates significant results (P < 0.05).

(Table 4). In contrast, a significant increase in ROS production but no increase of the
expression of the recA and sfiA genes was observed in the presence of subinhibitory
concentrations of AMC (Table 4). Compared to the control, a slight increase in ROS con-
centration was observed in the presence of subinhibitory concentrations of amoxicillin
and cephalexin; however, it did not result in an induction of SOS-related-gene expres-
sion (Table 4 and Fig. 2B), as expected. Those data therefore showed that induction of
the SOS-related-gene expression may occur upon exposure to certain amounts of ROS,
as described previously (29), and that antibiotics targeting DNA metabolism are more
prone to induce the ROS/SOS system.

Activation of the ROS/SOS route in clinical isolates after exposure to subinhibitory
concentrations of CIP. In order to identify whether some specific plasmid scaffolds are
more prompt to have their transfer rate induced by some antibiotics (keeping in mind
that our “model” plasmid is an IncF-type plasmid), ROS and SOS genes expression lev-
els were measured using clinical isolates as plasmid donors (Table 2). CIP was again
selected as a model of induction of the ROS/SOS system, and different subinhibitory
concentrations were tested. Compared with the untreated counterpart strain, an
increased production of ROS products was observed for isolates KPIT (Incl1), EC1010
(IncFll), KP11978 (IncL/M), and KPM26 (IncFIB) in the presence of CIP (Fig. 2C). By meas-
uring the expression of two SOS-related genes as described above, namely, recA and
sfiA, we observed that at least one of the two genes was overexpressed ca. 3.3- to 10.5-
fold compared with the untreated sample in all but one strain (Table 5). Notably, clini-
cal strains for which the highest increase in ROS production was observed were not
those for which the highest increased expressions of the SOS-related genes were
observed, indicating a lack of directly proportional interplay between those two path-
ways activated upon CIP exposure. A similar observation was made with respect to the
conjugation rate, with the increased conjugation rates in response to the antibiotic-
related induction being not systematically directly proportional to the increased pro-
duction of ROS or overexpression of SOS-related genes. In contrast, no increase in ROS
production and no induction of the expression of the recA and sfiA genes was observed
for isolate KPM2 (IncN-blay, ), as expected, since no increased rate of conjugation had
been observed.

Testing of other antioxidant molecules. NAC and pCA antioxidant molecules
were additionally tested as conjugation-mitigating molecules, using concentrations
mirroring their serum concentrations: 170 uM and 160 wM, respectively (43, 44). Those
molecules together were used in the mating-out assays by using E. coli RZ211(pOX38)
and CIP as the inducer. The pOX38 conjugation rate was increased by 21-fold in the
presence of CIP compared with the standard assay. Adding EDA (0.1 mM) and NAC
(0.1 mM) reduced the CIP-induced transfer rate by 6.5- and 3-fold, respectively, under
CIP-supplemented conditions, while pCA (0.1 mM) reduced the transfer rate by only 2-
fold under the same conditions (Fig. 3). Measurement of the ROS levels in those differ-
ent assay conditions performed in the presence of CIP revealed a significant reduction
of the ROS amounts in the presence of EDA and NAC. In contrast, no significative
reduction was observed after incubation with pCA at the tested concentrations (Fig.
2A). Additionally, measurement of the expression of genes involved in SOS response in
the presence of subinhibitory concentrations of CIP revealed significant reductions of
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TABLE 5 Expression of two chromosomally encoded SOS-related genes for clinical E. coli isolates harboring different types of plasmids after
exposure to sub-MIC of ciprofloxacin

2 2ACT for strain at indicated CIP concn (ug/ml)?

KPI1 (Incl1, blacrypmqs)  KPM2(IncN, blagec;)  KPM26 (IncFIB, blaecs)  KP11978 (IncL/M, blagys4s)  EC1010 (InCFIl, blacryp1s)

Gene 0 0.016 0 0.008 0 0.5 0 0.75 0 0.016
recA 1 8.6 - 0.4 1 0.7 =0.15 1 4.5*09 1 4.1 £0.15 1 3.3*+07
sfiA 1 0.6 £ 0.1 1 0.2 = 0.05 1 10.5 = 0.1 1 1.1 =0.07 1 0.8 = 0.25

aFold change in mRNA levels were determined by RT-qPCR. The data were normalized to the mRNA levels of the 16S rRNA gene. Three independent replicates were
performed. Bold indicates significant results (P < 0.05).

expression of the recA and sfiA genes in the presence of EDA, 3- and 2-fold, respectively
(Table 4).

DISCUSSION

Emergence and dissemination of resistant bacteria are known to be related to an-
tibiotic consumption (45, 46). The term “emergence of resistance” refers to selection
of a resistant strain deriving from a susceptible one, consequent upon acquisition of
a resistance mechanism whose genetic basis mainly corresponds to acquisition of
chromosomal mutations or of foreign genetic material through HGT. We focused
our study on plasmid-mediated acquired resistance, with a specific focus on plasmid
conjugation frequencies, which basically constitutes the most common transfer
mechanism in Gram-negative bacteria. Considering that bacterial strains are fre-
quently exposed to nonlethal concentrations of drugs, especially in the gut in the
presence of antibiotics, we evaluated the extent to which orally given antibiotics
may induce the spread of resistance genes in the gut flora and how this transfer
could be partially prevented.

We showed that a series of antibiotics may increase plasmid conjugation rates in E.
coli, the further consequence being to increase the rate of acquisition of plasmid-borne
resistance genes. Our study showed that antibiotics acting as DNA synthesis inhibitors,
such as CIP, levofloxacin, trimethoprim, and nitrofurantoin, had the potential to
enhance the plasmid conjugation rate at a higher rate than cell wall inhibitor antibiot-
ics, such as amoxicillin, cefalexin, and FOS.

Previous studies showed that cefotaxime and fluoroquinolones might be inducers
of plasmid conjugation frequency, which was confirmed here for CIP and levofloxacin
(16, 17). Interestingly, Mgller et al. (17) showed that the increased rate observed upon
selective pressure from high-dose cefotaxime was related not to induction of the SOS
response but rather to an increased expression of genes involved in plasmid conjuga-
tion, i.e,, those involved in the pilus synthesis and assembly system, the DNA transfer
system, and also structure of the pilus. This was confirmed in our experiments, even
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FIG 3 Fold change in plasmid pOX38 conjugation frequency from E. coli RZ211 under ciprofloxacin
(1/2 the MIC) and several antioxidants (0.1 mM) exposure. Control, no exposure to antibiotic; CIP,
ciprofloxacin; EDA, edaravone; NAC, N-acetylcysteine; pCA, p-coumaric acid. Three independent
replicates were performed. The data are means and SD. *, P = 0.05; **, P=0.01.
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though the induction impact may vary significantly depending on the class of antibiot-
ics tested.

Noteworthily, other nonantibiotic drugs, such as the anticonvulsant carbamazepine,
the anticancer molecule cisplatin, and the selective serotonin reuptake inhibitor fluoxe-
tine (used as antiepileptic, cancer therapy, and antidepressant treatments, respectively)
have been reported to induce HGT and to modulate the SOS system (47-49). It is there-
fore tempting to speculate that such molecules could also have an impact on plasmid
dissemination, and further experiments will be required to measure any potential
undesired effect.

Our study identified antibiotic molecules promoting higher conjugation frequencies
likely associated with the ROS/SOS response (namely, CIP, LEV, NIT, and TMP) and ROS
production (AMC). Previous studies showed that quinolones (CIP) and antifolates (TMP)
may be inducers of the SOS system by means of increased recA expression levels,
which was further proven by the observation of a lack of antibiotic-induced mutagene-
sis upon inactivation of this gene (27). Conversely, induction of the SOS response dur-
ing the conjugation process has been reported (50). Altogether, those observations
and ours evidenced a striking interaction between the antibiotic-induced SOS response
and HGT, particularly that related to plasmid conjugation. In contrast, supplementation
with amoxicillin, cefalexin, and FOS led to a moderate increase in conjugation rate that
was not significantly related to increased ROS concentration. The lack of significant
increase in ROS concentration in the presence of amoxicillin and cefalexin might be
related to the presence of the blacy.m.15s gene in the model we used, with CTX-M-15
conferring high MICs of amoxicillin and cefalexin. Accordingly, a previous study
showed that an increase in ROS levels was observed only for strains susceptible to the
corresponding bactericidal drug (51). The lack of induction of HGT by antibiotics inhibi-
ting bacterial protein synthesis (aminoglycosides, macrolides, and tetracyclines) may
be related to inhibition of a series of proteins, including those involved in the conjuga-
tion machinery.

The relevance of our study is emphasized by the choice to test clinically relevant
and orally given antibiotics as inducers of plasmid transfer, considering that these mol-
ecules are subsequently largely diffused within the gut flora, where many genetic
exchanges between bacteria may occur. Many clinical studies have highlighted the in
vivo transfer of resistance plasmids within the gut microbiome and, in particular, plas-
mids carrying ESBL- or carbapenemase-encoding genes (21, 52). Our data further
strengthen the observation that subinhibitory concentrations of several classes of anti-
biotics in the gut have a significant impact on antibiotic resistance dissemination.

Here, as a proof of concept, we confirmed through mating-out using E. coli strains
as plasmid donors performed in S-sS medium simulating the gut flora that induction
of plasmid conjugation frequencies also occurred upon antibiotic administration.
Then, the model was reproduced by using clinical strains as donors, including diverse
enterobacterial species (E. coli and K. pneumoniae), diverse p-lactamase genes
(blagec.s, blacrymq1s, and blagya.ss), and diverse plasmid types (IncFll, IncFIB, IncN,
Incl1, and IncL/M).

Then, we aimed to identify a “plasmid antidissemination” strategy based on the
principle of counteracting the CIP-induced SOS/ROS response. The antioxidant mole-
cule EDA was shown to significantly reduce the ROS levels of E. coli clinical isolates
being cultured at subinhibitory CIP concentrations, and a subsequent reduction of the
normally observed conjugation rate was obtained. This phenomenon was also
observed using the model of E. coli/pOX38 treated with CIP on S-sS medium, which
simulates the gut flora environment. EDA could also reduce ROS levels and expression
of SOS-related genes in CIP-treated samples. The correlation between the reduction of
the CIP-increased transfer rate and recA gene expression (SOS response) was evi-
denced. Furthermore, edaravone was able to reduce the induced expression of recA,
but not up to the baseline of recA expression, as observed with the conjugation fre-
quency. This suggested that edaravone only partially inhibited the pathway by which
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the SOS response is actually induced by CIP. When it was compared with the efficacy
of other anti-oxidative molecules such as NAC and pCA, a further reduction of the ROS
levels was indeed observed with EDA.

The significant action of antioxidant molecules, used in combination with the “in-
ducer” antibiotic, indicates their capacity to mitigate the effects of this antibiotic-
related induction on plasmid dissemination. Considering that these molecules have al-
ready been developed and approved for human use, we might consider a repurposing
strategy based on a combination of antibiotics and antioxidants to prevent the dissem-
ination of antibiotic resistance genes. For further confirmation of the potential interest
of such combinations, experimental models of gut colonization will be required and
are already planned. Such animal models might, however, present some limitations,
such as the difficulty of extrapolating results from experimental conditions with
respect to the antioxidant concentrations in the gut, that remain unknown, since only
plasma concentrations are available so far for some of these molecules.

Finally, in the current One Health concept of emerging resistance, identification of
antibiotic classes that are prone to induce plasmid transfer as well as molecules that
can mitigate such plasmid transfer may be relevant. Those findings may be used to
limit the spread of antibiotic resistance in animals and later to its transfer to humans.

MATERIALS AND METHODS

Chemicals. The antimicrobial agents were obtained as standard laboratory powders and were used
immediately after solubilization. The agents and their sources were as follows: amoxicillin, AMC, TMP,
CIP, FOS, tetracycline, sulfamethoxazole, cefalexin, NIT, EDA, N-acetyl-.-cysteine, and p-coumaric acid
were from Sigma (Saint-Quentin Falavier, France); amikacin and erythromycin were from Acros Organic
(Geel, Belgium); LEV, gentamicin, and azithromycin were from Apollo Scientific (Denton, United
Kingdom); and clavulanic acid was from TCR Canada (Zurich, Switzerland). The probe 2,7-dichlorodihy-
drofluorescein diacetate (DCFH-DA; Sigma-Aldrich) was dissolved in dimethyl sulfoxide (DMSO; Sigma-
Aldrich) and used as a probe in the ROS detection assay. Sodium hydroxide (NaOH; 0.01 N) and phos-
phate-buffered saline (PBS; 1 M) were used for probe pretreatment as described elsewhere (53).

Bacterial strains and plasmids. E. coli RZ211 harboring plasmid pOX38, which encodes resistance
to gentamicin and harbors the bld.y.v.1s gene, was used as the donor in our experiments. In addition,
several E. coli and K. pneumoniae clinical isolates harboring natural plasmids encoding a series of differ-
ent B-lactamase genes were also used as donor strains in further mating-out assays (Table 2). The azide-
resistant E. coli strain J53 was used as the recipient in conjugation experiments.

Antimicrobial susceptibility testing and culture medium. MICs were determined by the microdilu-
tion method in Mueller-Hilton medium (MH) (Bio-Rad, Cressier, Switzerland) according to the EUCAST
guidelines (54). Clinical and recombinants strains were inoculated in Luria-Bertani medium (LB) (Bio-Rad)
with sub-MIC antibiotic concentrations and incubated at 37°C for 4 h with shaking. Selective medium
was used for selection of transconjugant colonies. The antibiotic concentrations in solid selective me-
dium were amoxicillin (50 and 100 mg/liter), gentamicin (7 and 15 mg/liter), and sodium azide (100 mg/
liter). Semisolid stool medium (S-sS medium) was prepared by adding phosphate buffer (pH 7) to stool
sample in a 1:5 ratio (1 g/5 ml) until a viscous texture compatible with our experiment was achieved.

Conjugation assays. E. coli RZ211 and E. coli J53 were used as donor and recipient strains, respec-
tively, in the conjugation experiments performed in the presence or absence of potential conjugation
inhibitors and of subinhibitory antibiotic concentrations. In order to remove antibiotics from the donor
strain culture, cells were washed with sterile sodium chloride and centrifugation at 3,000 x g for 2 min at
room temperature and then resuspended in fresh LB medium. The recipient was always grown without
antibiotic. Conjugations were performed on LB medium at 37°C. Donors (grown with or without antibi-
otic) and recipient were mixed in a 1:4 volume ratio, respectively, and then the mix was incubated at
37°C for 4 h without agitation. Then, serial dilutions of that mixed culture were made, and 100 ul of the
respective mixtures was plated onto LB agar plates containing 15 mg/liter gentamicin (to quantify donor
plus transconjugant cells) and plates containing100 mg/liter azide and 15 mg/liter gentamicin (to quan-
tify respective transconjugants only). The conjugation frequency (CF) was calculated as the number of
transconjugants divided by the number of donors. EDA, NAC, and pCA were tested by mating assay in
combination with CIP against E. coli RZ211.

Several E. coli and K. pneumoniae isolates which harbored different natural plasmids were used as
donors and E. coli J53 was the recipient strain in the conjugation experiments, which used standard con-
ditions or CIP as the inducer. Conjugation assays were performed on LB agar plates (Carl Roth, Karlsruhe,
Germany) with filters (0.22 um; Merck Millipore, Cork, Ireland) at 37°C. Donor and recipient were mixed
in a 1:4 volume ratio on the filters. Mixtures were incubated at 37°C without shaking, and conjugation
was performed for 4 h. The bacterial material was washed off the filters using isotonic NaCl, and the mix-
ture was vortexed to stop the conjugation process. A dilution series was made, and the mixture was
plated on LB agar plates containing 100 mg/liter ampicillin (for quantifying donors and transconjugants)
and 100 mg/liter ampicillin and 100 mg/liter azide (for quantifying transconjugants) and incubated
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overnight at 37°C. The CF was calculated as the number of transconjugants divided by the number of
donors.
E. coli RZ211 and E. coli J53 were used as donor and recipient strains, respectively, in the conjugation
experiments on S-sS medium with and without edaravone and sub-MIC of CIP. The recipient and the donor
were grown with the molecules on the medium. The conjugations were performed on S-sS medium at 37°
C. Donor and recipient were mixed in a 1:1 volume ratio. S-sS medium with a mixture of bacteria was incu-
bated at 37°C for 8 h. A dilution series was made, and the mixture was plated onto LB agar plates contain-
ing 15 mg/liter gentamicin (for quantifying donors and transconjugants) and 100 mg/liter azide and 15 mg/
liter gentamicin (for quantifying transconjugants). The CF was calculated as the number of transconjugants
divided by the number of donors. S-sS medium was tested by using LB agar plates containing 100 mg/liter
azide and 15 mg/liter gentamicin to confirm the absence of resistant bacteria on the medium.

Fluorescence ROS detection assay. Measurement of the ROS production level was performed as
reported by Castro-Alférez et al. (53), by measuring the chemical hydrolysis of DCFH-DA, which is an in-
dicator of hydroxyl radicals, hydrogen peroxide, and peroxyl radicals. Briefly, the DCFH-DA substrate is
naturally hydrolyzed by endogenous cell esterases, subsequently forming dichlorodihydrofluorescein
(DCFH). Then, nonfluorescent DCFH gives rise to 2,7-dichlorofluorescein (DCF) by direct interactions with
different compounds, such as iron, NO,, and H,0,. DCF is a fluorescent compound that was detected by
fluorescence spectroscopy at 522- and 498-nm emission and excitation wavelengths, respectively.
Addition of DCFH to bacterial suspension was performed after an incubation period of 6 h in culture
broths that were supplemented with antibiotics or unsupplemented. After 15 min of incubation with
DCFH, fluorescence was detected using a fluorimeter (TECAN 200Pro).
mRNA extraction. MRNA samples were obtained after 4 h of bacterial growth, performed with or
without antibiotic. Isolation of total RNA was performed by using the TRIzol Max bacterial RNA isolation
kit (Thermo Fisher Scientific, Waltham, MA, USA) as specified by the manufacturer. RNA samples were
subsequently treated with DNase to remove any contaminating DNA by using the DNA-free kit (Thermo
Fisher Scientific, Waltham, MA, USA). Finally, DNA-free RNA samples were cleaned by using the RNeasy
Power Clean Pro cleanup kit (Qiagen, Hilden, Germany) and measured using the NanoDrop 2000 spec-
trophotometer (Thermo Scientific, Littau, Switzerland).
RT-gPCR. A 200-ng portion of each RNA sample was reverse transcribed with a PrimeScript RT rea-
gent kit (TaKaRa, Saint-Germain-en-Laye, France) according to the manufacturer’s instructions.
Quantitative real-time PCR (RT-qPCR) experiments were performed using the Rotor-Gene Q cycler
(Qiagen, Hilden, Germany). Primer sequences were designed to amplify partial sequences (<150 bp) of
intrinsic genes of E. coli and K. pneumoniae, namely, the 16S rRNA-encoding gene (reference) (16SFW,
5'-GTG CAA TAT TCC CCA CTG CT-3'; 16SRV, 5'-CGA TCC CTA GCT GGT CTG AG-3’), the recombinase-
encoding gene recA (recAFW, 5'-ACA CCG GCG AGC AGG CAC TGG AAA-3’; recARY, 5'-ACG TGC CGC
AAG GCC CAT GTG A-3’), and the cell division inhibitory gene sfiA (siAFW, 5'-CGS GAA TGG GTT CAG
KCM KCY GGK C-3’; sfiARV, 5'- TRC CCG TGC GYA RRG CRC GRA YCA-3'). Reactions were set up in a total
volume of 25 ul with a Rotor-Gene SYBR green PCR kit (Qiagen, Hilden, Germany). Three independent
replicates were performed. The obtained cycle threshold (C;) values were analyzed by the 2 2A¢T
method (55). Relative expression levels were calculated by comparison with control samples. The condi-
tion values were corrected with the appropriate reference gene.
Statistical analysis. Conjugation frequencies were calculated by dividing the number of transconju-
gants by the number of donor bacteria. Significant differences were analyzed by one-way analysis of var-
iance (ANOVA) in GraphPad Prism 7 software.
Data availability. The complete nucleotide sequence of K. pneumoniae KPM2 was deposited in
GenBank with accession number SRP308093.
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