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Abstract

Antibiotic resistance is becoming increasingly prevalent amongst bacterial pathogens
and there is an urgent need to develop new types of antibiotics with novel modes of
action. One promising strategy is to develop resistance-breaker compounds, which
inhibit resistance mechanisms and thus resensitize bacteria to existing antibiotics. In
the current study, we identify bacterial DNA double-strand break repair as a
promising target for the development of resistance-breaking co-therapies. We
examined genetic variants of Escherichia coli that combined antibiotic-resistance
determinants with DNA repair defects. We observed that defects in the double-
strand break repair pathway led to significant resensitization toward five bactericidal
antibiotics representing different functional classes. Effects ranged from partial to
full resensitization. For ciprofloxacin and nitrofurantoin, sensitization manifested as a
reduction in the minimum inhibitory concentration. For kanamycin and trimethoprim,
sensitivity manifested through increased rates of killing at high antibiotic
concentrations. For ampicillin, repair defects dramatically reduced antibiotic
tolerance. Ciprofloxacin, nitrofurantoin, and trimethoprim induce the promutagenic
SOS response. Disruption of double-strand break repair strongly dampened the
induction of SOS by these antibiotics. Our findings suggest that if break-repair
inhibitors can be developed they could resensitize antibiotic-resistant bacteria to
multiple classes of existing antibiotics and may suppress the development of de novo

antibiotic-resistance mutations.
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1 | INTRODUCTION

The emergence of antimicrobial resistance (AMR) poses a significant
global health threat, with once trivial bacterial infections becoming
increasingly difficult to treat (Bush et al., 2011). AMR has rendered
several current antibiotics effectively obsolete, severely limiting
infection treatment options (Levy & Marshall, 2004; Ventola, 2015).
There is significant interest in developing combinational drugs that
can extend the clinical lifetimes of current therapeutics (Brooks &
Brooks, 2014; Tamma et al., 2012). One possibility is the develop-
ment of “resistance breaking” compounds that increase sensitivity to
current antimicrobial therapies (Brown, 2015; Laws et al., 2019).

Many drugs and chemicals are known to induce the SOS
response in bacteria, including antidepressants, antivirals, herbicides,
and anticancer therapies (Crane et al., 2021; Maier et al., 2018;
Mamber et al., 1990). Now there is growing evidence that treatment
with certain antibiotics can elevate bacterial mutation rates,
potentially increasing the likelihood that antibiotic resistance muta-
tions will appear in bacterial populations (Baharoglu & Mazel, 2011;
Gutierrez et al., 2013; Kohanski, Depristo, et al., 2010; Pribis et al.,
2019). For any new therapy, it would be desirable to limit the
possibility of mutation by (i) narrowing the mutant selection window
(Drlica & Zhao, 2007) and (ii) suppressing mutagenesis (Blazquez
et al, 2018). The current study identifies bacterial DNA double-
strand break repair (DSBR) as a promising target for the development
of such therapies.

Several commonly used bactericidal antibiotics have been shown
to damage bacterial DNA either as a direct consequence of
their primary mode of action or through secondary effects
(Kohanski, Dwyer, et al., 2010). Many forms of DNA damage are
lethal to bacteria if left unrepaired (Friedberg et al., 2005). Bacteria
have sophisticated systems to repair DNA damage and the action of
these repair pathways effectively offsets killing by DNA-damaging
antibiotics (Bjedov et al., 2003). Recent studies have demonstrated
that the inactivation of bacterial DNA repair pathways can sensitize
bacterial cells to multiple antibiotics. Inactivation of recA, a key
contributor to DNA repair via homologous recombination, has been
shown to reduce minimum inhibitory concentrations (MICs) against
the antibiotics ceftazidime (B-lactam; cephalosporin), fosfomycin
(phosphonic antibiotic), ciprofloxacin (quinolone), trimethoprim (dihy-
drofolate synthesis inhibitor), and colistin (polymixin) (Thi et al.,
2011). Promisingly, deletion of recA also resensitized a ciprofloxacin-
resistant strain of Escherichia coli to clinically approachable levels of
ciprofloxacin (Recacha et al., 2017). The recA gene is required for the
repair of both double-stranded DNA breaks and single-stranded DNA
(Del Val et al., 2019). It is unclear whether these antibiotic-sensitizing
effects stem from defects in the DSBR or single-strand gap repair
(SSGR) pathways. It is also unclear whether these resensitization
effects extend to other classes of bactericidal antibiotics. In this
study, we aim to address these shortfalls by measuring MICs,
examining time-kill kinetics, and determining antibiotic tolerance
phenotypes for E. coli strains defective in DSBR and SSGR. Five
antibiotics documented as having bactericidal effects were examined:

ciprofloxacin (Drlica et al., 2009), nitrofurantoin (McOsker &
Fitzpatrick, 1994), kanamycin (Davis, 1987), trimethoprim (Giroux
et al., 2017), and ampicillin (Rolinson et al., 1977).

In E. coli, double-strand DNA breaks are primarily repaired through
homologous recombination via the RecA protein and RecBCD pathway
(Kowalczykowski et al., 1994). Single-strand gaps are predominantly
repaired by RecF, RecO, and RecR proteins through their aiding in RecA-
mediated homologous recombination (Morimatsu & Kowalczykowski,
2003). A third pathway that is utilized under DNA damage conditions is
nucleotide pool sanitation (NPS). The NPS pathway removes oxidized
nucleotides from the resource pool and thus prevents the insertion of
aberrant bases during DNA synthesis (Fowler & Schaaper, 1997). In the
absence of one particular NPS enzyme, MutT, insertion of the aberrant
base 8-oxo-dGTP into the DNA triggers a form of maladaptive DNA
repair that can kill bacterial cells (Giroux et al., 2017). We examined the
effects of disrupting MutT alongside the DSBR and SSGR pathways in
this study.

DNA damage also induces a mutation-promoting stress-response
mechanism called the SOS response (Maslowska et al., 2019). In
some circumstances, induction of the SOS response has been
observed to increase the frequency of antibiotic-resistance mutations
that appear in bacterial populations (Blazquez et al., 2018; Cirz et al.,
2005). Among the ~40 genes induced during SOS are genes that
encode error-prone DNA polymerases known to cause an array of
mutations (Goodman & Woodgate, 2013). SOS is induced by RecA*
nucleoprotein filaments that form in response to DNA damage
(Simmons et al., 2008). Through disruption of recA and other DNA-
repair genes, there is potential to attenuate SOS mutagenesis. In
support of this, previous work has demonstrated that E. coli lacking
SOS-induced genes involved in DNA repair (including recA) exhibit
significant increases in ciprofloxacin susceptibility (Tran et al., 2016).
Similar findings were again observed in genetic screening and gene
expression analysis of SOS response mutant strains in intermediate-
resistant E. coli (Klitgaard et al, 2018). Enhancing killing and
decreasing mutation supply through inhibition of bacterial DNA
repair pathways represents a global approach toward the resensitiza-
tion of antibiotic-resistant bacteria. In this study, we measure the
induction of the SOS response by each of the five antibiotics and
examine the effects of disrupting DSBR and SSGR on SOS induction.

2 | MATERIALS AND METHODS

2.1 | Bacterial strains, plasmids, and culture
conditions

E. coli strains and plasmids used in this study are listed in Tables Al
and A2, respectively. E. coli was cultured at 37°C in lysogeny broth
(LB; supplied by BD) or LB agar (1.5% (w/v); BD). As required, media
were supplemented with antibiotics (Sigma) at the following
concentrations unless otherwise stated kanamycin (Kan; 25 pg/ml),
ampicillin (Amp; 100 pg/ml), trimethoprim (Trp; 50 pg/ml), and
spectinomycin (Spec; 50 pg/ml).
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2.2 | Molecular techniques

Plasmid DNA was extracted from E. coli using QIAprep Spin Miniprep
kits (Qiagen) as outlined by the manufacturer. E. coli cells were made
competent and transformed as previously described (Swords, 2003).
Oligonucleotides used in this study are listed in Table A3 and were
synthesized by Integrated DNA Technologies (IDT). Polymerase chain
reaction (PCR) amplification was performed using QuickTaq (Roche)

as recommended by the manufacturer.

2.3 | Strain construction and complementation
Mutant strains were constructed in the E. coli K12 MG1655
background (unless otherwise stated) using Argp recombination,
replacing the gene of interest with a kanamycin cassette flanked by
FRT sites (Datsenko & Wanner, 2000). Construction of ArecA::Kan®
(HH020) (Ghodke et al., 2019), ArecB::Kan® (EAW102) (Henrikus
et al., 2020), ArecF:Kan® (EAW629), ArecO:Kan® (EAW114), and
ArecR::Kan® (EAW669) (Henrikus et al., 2019) have been described
previously. EAW999 AmutT:Kan® was constructed via Agep
recombination using pKD46 (Datsenko & Wanner, 2000). Where
applicable, the kanamycin resistance cassette was removed from
strains via FLP-FRT recombination using the plasmid pLH29 (Huang
et al, 1997) to obtain the kanamycin-sensitive derivatives: HH021
(ArecA::FRT), HG356 (ArecB::FRT), MVO009 (ArecF::FRT), SRM019
(ArecO::FRT), SRM020 (ArecR::FRT) and MVO005 (AmutT::FRT). All
mutations were confirmed by PCR.

Mutant DNA repair alleles were moved into the ciprofloxacin-
resistant (Cip®) background (CH5741) using P1 transduction. P1
phage lysates were raised using HH020 (ArecA::Kan®), EAW102
(ArecB:Kan®), EAW629 (ArecF:Kan®), EAW114 (ArecO:Kan®) and
EAW669 (ArecR::KanR), and EAW999 (AmutT:KanR).

Kanamycin resistant (Kan®) strains were constructed by introduc-
ing the pUA66 plasmid (which confers kanamycin resistance through
the aph(3')-1l gene) into the strains MG1655 (wild-type [WT]), HH021
(ArecA::FRT), HG356 (ArecB::FRT), MV009 (ArecF:FRT), SRM019
(ArecO::FRT), SRM020 (ArecR::FRT) and MVO005 (AmutT::FRT) via
transformation.

Ampicillin resistant (AmpR) strains were constructed by introducing
the pWSK29 plasmid (which confers ampicillin resistance through the
bla gene) into the strains MG1655 (WT), HHO020 (ArecA:KanR),
EAW102 (ArecB:Kan®), EAW629 (ArecF:KanR), EAW114 (ArecO:KanR).
EAW669 (ArecR::Kan®) and EAW999 (AmutT:: Kan®) via transformation.

Trimethoprim resistant (TmpR) strains were constructed through
A RED recombination of SRP84 (Table A3) with MG1655. This
recombination introduced a single point mutation from C>T in
position 49765 of the chromosome (EKWO048). The mutation was
confirmed by PCR amplification and sequencing. P1 phage lysates
were then raised using HHO20 (ArecA::Kan®), EAW102 (ArecB::Kan®),
EAW629 (ArecF:Kan®), EAW114 (ArecO:Kan®), and EAW669
(ArecR:Kan®), EAW999  (AmutT:Kan®), and
EKWO048.

transduced with

Microbiol O 3 of 31
icrobiologyOpen “WILEY

Open Access,

Nitrofurantoin resistant (Nit®) strains were constructed using P1
transduction. P1 phage lysate were raised on JW0835-1 (nfsA::kan®)
from the Keio collection (Baba et al., 2006) and transduced into the
strains MG1655 (WT), HHO021 (ArecA::FRT), HG356 (ArecB::FRT),
MVO0O09 (ArecF::FRT), SRM019 (ArecO::FRT), SRM020 (ArecR::FRT)
and MV005 (AmutT::FRT). Kanamycin resistance was cured after each
transduction and subsequently cured of the pLH29 plasmid to
produce antibiotic-sensitive variants.

For complementation of the ArecA mutants, the plasmid, pHG134
(also referred to as pRecA), was used as described previously (Ghodke
et al,, 2019). For the complementation of ArecB mutants, the plasmid
pSRM3 (referred to as pRecB) was constructed by Aldevron (GenBank
accession number: OP341514). The recB gene and 200 bp upstream
were synthesized and cloned into Kpnl/Xbal restriction sites on the
pJM1071 plasmid backbone. Complementation plasmids were intro-

duced into the appropriate strains by transformation.

2.4 | MIC strip assays and TD tests

MICs were primarily determined using Liofilchem® MTS™ (MIC Test
Strips) according to the manufacturer's recommendations. When
necessary, agar plates were supplemented with zinc pyrithione (ZnPT)
at concentrations of 1, 3, 10, 30, 100 uM, or iron(lll) phthalocyanine-
4.4' 4" 4" tetrasulfonic acid (FePcTs) at a concentration of 25 uM.
When required, TD tests (Gefen et al., 2017) were performed following
the MIC strip assay. The antibiotic strip was removed from the plate and
5 ul of 40% (w/v) D-glucose solution was then added and left to dry at
room temperature. Plates were further incubated overnight at 37°C.
Tolerance was described as the growth of colonies in the zone of

inhibition (ZOI) following the addition of glucose.

2.5 | Disc diffusion assays and TD tests

Where MIC test strips were unavailable or strain MICs were beyond the
strip test range, disc diffusion assays were performed. Cells were grown
in 500 ul LB broth for roughly 6 h at 37°C. Then, 100 pl of culture was
plated onto an LB agar plate. A sterile 13 mm Whatman® disc (GE
Healthcare) with antibiotic (or compound) was placed in the center of
the plate. Final antibiotic/compound concentrations on the discs were
as follows unless otherwise stated: 10 mg ampicillin, 1 mg trimethoprim,
3.5mg kanamycin, 50 ug ML328, 15ug IMP-1700. Plates were
incubated at 37°C overnight. The ZOI surrounding the disc was
measured. When required, a modified TD test (Gefen et al., 2017) was

performed following the disc diffusion assay as described above.

2.6 | Tolerance regrowth percentage and ZOl area
calculations

Regrowth percentages and the area within the ZOIl were measured using
Image) (Schneider et al., 2012). Areas, and subsequent regrowth, under
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the MIC strip or antibiotic disc, were excluded from these measurements.
Images of MIC plates were imported, cropped, and aligned using regular
ImagelJ functions. To select the ZOlI, images were subject to thresholding
using the “auto-threshold” mean preset function. The ZOI was selected
using the “wand” tool and added to the ROl manager. The scale was set
to pixels and the area was measured using the “measurements function.”

For TD image processing, ZOlI selection and measurements were
conducted as above. To select any colonies within the ZOI, all
thresholded regions were selected using the “select all” function and
added to the ROI manager. Any bacterial growth already present
within the ZOI was included in measurements as follows. The area
within the ZOI without bacterial growth was determined by selecting
the two ROls and using the “AND” and measurement functions. TD
images were cropped and aligned as above. TD images were subject
to thresholding using the “auto-threshold” mean preset function. The
ZOI from the MIC plates was added to the TD image and the position
was adjusted as needed. Colonies were selected as before using the
“select all” function. The area within the ZOI without colonies was
measured using the “AND” and measurement functions. Measure-
ments were exported and further processed in excel. Percent

regrowth was calculated using the following equation:

(TD area without colonies-MIC area without colonies)

% regrowth =
ores Zone of inhibition area

x 100.

Any area or regrowth under antibiotic strips or discs was not
included in the regrowth measurements. The ImageJ macro code

used to analyze images is available in Appendix 3.

2.7 | Time-kill experiments

To determine the viability of wild-type and mutant strains, viability
was examined using time-kill assays. Single colonies were used to
inoculate 1 ml Mueller-Hinton (MH) cation adjusted broth and
incubated 850 rpm at 37°C overnight. The overnight culture was
reset at 1:100 in 10 ml MH broth and incubated shaking at 200 rpm
until an OD¢go of 0.4 was reached. Where needed, ODggo values
were normalized to 0.4. A 2 ml sample of culture was then incubated
with 3 pg/ml (3x MIC), 5ug/ml (5% MIC), or 10 pg/ml (10x MIC)
kanamycin for 3 h. Samples (200 ul) were taken hourly and washed
three times in 0.1 M MgS0Oy. Serial dilutions were prepared in LB to
107% and 5 ul of each dilution was spotted in duplicate onto MH agar
plates. Plates were dried and incubated at 37°C overnight. Colonies

were enumerated and cfu/ml was determined for each time point.

2.8 |
assays)

Antibiotic sensitivity assays (spot-plate

Single colonies were used to inoculate 1 ml LB broth and incubated at
850 rpm at 37°C overnight. The following day, the overnight culture
was reset at 1:100 in LB broth and incubated shaking until an OD¢go

of 0.2 was reached. Serial dilutions were prepared to 107> and 5 pl of
each dilution was spotted in duplicate onto LB agar plates and LB
agar with an antibiotic. Antibiotics were added to final concentrations
of 650 and 775 pg/ml kanamycin, 0.2 pug/ml trimethoprim (sensitive),
and 5 pg/ml trimethoprim (TmpF). Plates were allowed to dry and
incubated at 37°C overnight. Plates were imaged using a BioRad

GelDoc imager.

2.9 | MIC/minimum bactericidal concentration
broth assays

Where necessary, MICs were determined using a 96-well plate
following the EUCAST broth microdilution protocol. Single colonies
were used to inoculate 1 ml MH cation adjusted broth and incubated
at 37°C overnight. The overnight culture was diluted at 1:100 in MH
broth and incubated shaking at 850 rpm for 3 h. Exponential phase
cells were then diluted at 1:200. Ten microliters of culture
(approximately 10° cfu/ml) were used to inoculate wells containing
190 ul MH broth supplemented with dimethyl sulfoxide (DMSO)/
compound, ensuring a 2% (v/v) DMSO final concentration in all wells.
Compounds were prepared in twofold serial dilutions. Plates were
incubated at 37°C in a PolarStar Omega plate reader with shaking.
The optical density at 600 nm (ODqo) was recorded every 20 min for
18 h. ODgoo measurements were background corrected against no-
inoculum controls. The MIC was defined as the lowest concentration
of compound with no growth as determined by ODg4qo readings. MIC
values were calculated using data from at least three biological
replicates. IC5q values were determined by dose-response nonlinear

regression.

2.10 | SOS plate assays

SOS induction in response to antibiotic exposure was analyzed
qualitatively by an agar plate-based fluorescence assay. This assay
used strains containing a reporter plasmid that expresses the fast
folding GFP derivative, GFPmut2 (Zaslaver et al., 2006), under the
control of the SOS-inducible promoter P, 4. Cells were grown in
500 ul LB broth supplemented with kanamycin (to select for the
reporter plasmid) for roughly 6 h at 37°C. Then, 100 ul of culture
was used to inoculate 4 ml of soft LB agar (0.5% agar (w/v)). The
agar was then poured on top of a regular LB Kan plate (to maintain
selection for the reporter plasmid) and allowed to set. A
Liofilchem® MTS™ (MIC Test Strips), or sterile 13 mm Whatman®
disc (GE Healthcare) with antibiotic was placed in the center of the
plate. Plates were incubated at 37°C for 24 h. The fluorescence
signal was detected using custom-built fluorescence photography
set up using an Andor Zyla 5.5 camera equipped with a Nikon
18-55mm SLR objective and a Chroma ZET405/488/594m-TRF
emission filter. Excitation was achieved with a Thorlabs DC4104
high-power LED source behind a Chroma ZET405/488/594x
excitation filter. GFP was visualized using 490 nm wavelength
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excitation at a power of 350 mW. Exposure times were adjusted as
needed according to signal strength. The camera and LED light
source were controlled using MicroManager software (Edelstein
et al,, 2014).

3 | RESULTS

3.1 | Disrupting DSBR resensitizes ciprofloxacin-
resistant and nitrofurantoin-resistant E. coli

It is widely accepted that ciprofloxacin and other fluoroquinolones
induce DNA damage in bacteria (Drlica et al., 2009; McOsker &
Fitzpatrick, 1994). Ciprofloxacin targets the essential bacterial
enzymes DNA gyrase and topoisomerase |V, stabilizing a protein-
bridged DNA double-strand break intermediate that is formed during
supercoiling and decatenation reactions (Drlica et al., 2008, 2009;
Henrikus et al., 2020; Hong et al, 2019). Cells treated with
ciprofloxacin are known to accumulate DNA double-strand breaks
(Drlica et al., 2009; Henrikus et al., 2020). The mechanism(s)
underlying the formation of ciprofloxacin-induced breaks remain
under investigation (Drlica et al, 2008; Wang & Zhao, 2009).
Resistance to ciprofloxacin commonly develops through the acquisi-
tion of mutations in the genes encoding DNA gyrase and
topoisomerase |V. Ciprofloxacin has a reduced affinity for these
mutant forms of DNA gyrase and topoisomerase |V (Heisig, 1996;
Yoshida et al., 1990). In this study, we made use of a ciprofloxacin-
resistant (Cip®) derivative of E. coli, CH5741 (Huseby et al., 2017).
This strain has clinically relevant point mutations in the genes of the
quinolone targets: DNA gyrase (gyrA; [S83L, D87N]) and topoisom-
erase |V (parC; [S80I]). The introduction of these point mutations
increases ciprofloxacin MIC 1000-fold in comparison to the sensitive
background (Huseby et al., 2017). It is assumed that double-strand
breaks are still formed in this background, but due to reduced target
affinity, far higher concentrations of ciprofloxacin would be required.

Reasoning that bacterial DNA repair might offset the killing effects of
ciprofloxacin in both sensitive and resistant backgrounds, we examined
the sensitivities of E. coli strains that combined defects in the DSBR,
SSGR, and NPS repair pathways with ciprofloxacin-resistance mutations.
We determined the MIC for each strain using Liofilchem® MTS™ (MIC
Test Strips). Cells deficient in RecA or RecB were hypersensitive to
ciprofloxacin in comparison to the wild-type (ciprofloxacin-sensitive)
background (Figure 1a). This phenotype was rescued upon complemen-
tation with recA and recB in trans (Figure 1b), confirming the involvement
of both RecA and the DSBR pathway in ciprofloxacin sensitivity. Cells
lacking the SSGR protein RecO initially appeared to be more sensitive to
ciprofloxacin than wild-type cells, but this was found not to be statistically
significant. Deletion of other genes whose products are involved in single-
stranded DNA repair (recF and recR) or nucleotide sanitation (mutT) had
no significant effect on ciprofloxacin MIC. These findings indicate that
DSBR is required for the repair of DNA damage following exposure to
ciprofloxacin, in agreement with previous studies (Dorr et al., 2009;
Henrikus et al., 2020).

Microbiol O 5 of 31
icrobiologyOpen “WILEY

Open Access,

To determine if these findings translated to an antibiotic-
resistant background, the sensitization effect of disrupting DNA
repair genes was examined using a ciprofloxacin-resistant (Cip®)
derivative of E. coli, CH5741 (Huseby et al., 2017). Deletion of recA
and recB led to significant resensitization toward ciprofloxacin,
reducing the respective MICs sevenfold and sixfold in comparison
to the ciprofloxacin-resistant parental strain (Figure 1c). Disruption of
SSGR and NPS did not alter MIC in the Cip® background. These
results support our assumption that double-strand breaks are formed
in the CipR background and indicate that disruption of DSBR reduces
resistance in E. coli that have already acquired CipR mutations.

Furthermore, the role of LexA as a repressor of the SOS response
(via the production of RecA*) and the effect of this response on
antibiotic sensitivity was tested. The ciprofloxacin MIC assays were
repeated for strains containing mutations in lexA. Cells with a
defective LexA (lexA[Def]) (Robinson et al., 2015) exhibit a constitu-
tive SOS response. These cells demonstrated an elevated MIC,
indicating that constitutive SOS may be protective. Conversely, E. coli
mutants containing an induction-deficient LexA (lexA[Ind-]) (Ennis
et al., 1985; Henrikus et al., 2020), whereby the SOS response could
not be activated, resulted in highly sensitized cells with a MIC of
<0.002 pg/ml, similar to ArecA mutants. This study suggests that the
SOS response is an important factor in antibiotic resistance, and
without induction of the SOS response cells are severely sensitized to
ciprofloxacin.

Nitrofurantoin has previously gone through a period of
decreased use due to fears of toxic side effects, yet it has re-
emerged as an ISDA-endorsed first line-drug in the treatment of
urinary tract infections (UTI; Dason et al., 2011). While this drug is
commonly used now, it still shows a low propensity for resistance
(Gardiner et al., 2019). The mechanism of action for nitrofurantoin is
poorly understood. Studies suggest two mechanisms: (i) inhibition of
ribosomes, and consequently, protein synthesis (McOsker &
Fitzpatrick, 1994); (ii) direct damage to DNA (Jenkins & Bennett,
1976). Nitrofurantoin is a prodrug. Conversion from the prodrug to
active drug form requires nitrofurantoin to be processed intra-
cellularly by the bacterial nitroreductases NfsA and NfsB (Bryant
et al., 1981). Resistance to nitrofurantoin is associated with loss-of-
function mutations in these two nitroreductases, which results in the
drug remaining in the inactive prodrug state (McCalla et al., 1978). In
the current study, nitrofurantoin-resistant (Nit%) strains were
constructed through the deletion of nfsA, which encodes the
nitroreductase NfsA. At the outset of the study, it was not known
whether this mutation would eliminate nitrofurantoin-induced DNA
damage or not.

In the nitrofurantoin-sensitive background, both ArecA and ArecB
cells were found to be hypersensitive to nitrofurantoin (Figure 1d).
Deletion of recA resulted in a 15x reduction in MIC from
18.7 £ 2.9 ug/ml (wild-type) to 1.25+0.3 ug/ml. Cells deficient in
DSBR (ArecB) demonstrated a MIC half that of the wild-type strain
(9.7 £0.8 pg/ml). This effect was then rescued upon complementa-
tion (Figure 1e). The deletion of the genes recF, recO, or recR, which

encode SSGR proteins, also significantly reduced MIC compared to
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FIGURE 1 Cells deficient in double-strand break repair have an increased sensitivity to ciprofloxacin and nitrofurantoin. (a) Ciprofloxacin
minimum inhibitory concentration (MIC) values obtained for isogenic Escherichia coli strains MG1655 (WT; wild-type), ArecA:Kan®R (HH020),
ArecB:KanR (EAW102), ArecF:Kan® (EAW629), ArecO:KanR (EAW114), ArecR:Kan® (EAW669), and AmutT:Kan® (EAW999). The means and
standard errors of the mean are shown, based on results from at least four biological replicates. Statistical analysis was carried out using two-
sample Student's t-tests. An asterisk denotes statistical significance (p < 0.05) compared to wild-type (MG1655). (b) Ciprofloxacin MIC values
obtained for the E. coli strains wild-type (MG1655) with empty vector (VC; vector control), ArecA and ArecB mutants with empty vector and
complemented derivatives (pRecA and pRecB, respectively), lexA defective (lexA(Def))and lexA induction defective (lexA(Ind-). The means and
standard errors of the mean are shown based on results from at least three biological replicates. Statistical analysis was carried out using two-
sample Student's t-tests. An asterisk denotes statistical significance (p < 0.05) compared to wild-type with empty vector, WT (VC).

(c) Ciprofloxacin MIC values obtained for isogenic ciprofloxacin-resistant (Cip®) DNA repair-deficient E. coli strains Cip® (CH5741), CipR ArecA
(FM002), CipR ArecB (FM001), CipR ArecF (FM003), CipR ArecO (FM004), CipR ArecR (FM005), and CipR AmutT (MV001). The means and
standard errors of the mean are shown, based on results from at least three biological replicates. Statistical analysis was carried out using two-
sample Student's t-tests. An asterisk denotes statistical significance (p < 0.05) compared to Cip®. (d) Nitrofurantoin MIC values obtained for
isogenic E. coli strains. The means and standard errors of the mean are shown, based on results from at least six biological replicates. Statistical
analysis was carried out using Student's t-tests. An asterisk denotes statistical significance (p < 0.05) compared to wild-type (MG1655).

(e) Nitrofurantoin MIC values obtained for the E. coli strain wild-type (MG1655) with empty vector (VC; vector control), ArecA and ArecB
mutants with empty vector, and complemented derivatives (pRecA and pRecB, respectively). The means and standard errors of the mean are
shown based on results from at least three biological replicates. Statistical analysis was carried out using Student's t-tests. An asterisk denotes
statistical significance (p < 0.05) compared to wild-type with empty vector, WT (VC). (f) Nitrofurantoin MIC values obtained for isogenic
nitrofurantoin-resistant (Nit¥) DNA repair-deficient E. coli strains Nit® (EKWO046), NitR ArecA (EKWO047), Nit® ArecB (EKW048), NitR ArecF
(EKWO049), NitR ArecO (EKWO050), NitR ArecR (EKWO051) and Nit? AmutT (EKWO052). Statistical analysis was carried out using Student's t-tests.
The means and standard errors of the mean are shown, based on results from at least three biological replicates. An asterisk denotes statistical
significance (p < 0.05) compared to Nit®.

wild-type. Deletion of nucleotide sanitation (AmutT) did not affect mutations in NfsA. Disruption of the DSBR pathway fully resensitizes

MIC. In the nitrofurantoin resistant (Nit®) background, deletion of NfsA-lacking cell activity toward nitrofurantoin.
recA, recB, or recF led to significant resensitization (Figure 1f).
Deletion of recA fully resensitized Nit® cells to the wild-type level

3.2 | Disrupting DSBR enhances killing by
kanamycin and trimethoprim

(20 £ 2.6 pg/ml). Deletion of recB or recF was even more sensitizing,
reducing the MIC to below wild-type levels (14.5+3.7 and
15+ 1.2 pg/ml, respectively). Cells lacking other SSGR proteins, RecO

and RecR, in addition to MutT showed no significant resensitization.
The potent resensitization effects of recA, recB, and recF mutations
strongly suggest that DNA damage still occurs in cells that have
loss of function

developed nitrofurantoin resistance through

The antibiotics kanamycin and trimethoprim target essential compo-
nents of the bacterial cell, namely ribosomes and folate biosynthesis
(Kohanski, Dwyer, et al., 2010; Visentin et al., 2012). While the
primary action of these antibiotics does not directly induce DNA
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damage, there is now growing evidence that treatment of bacterial
cells with bactericidal antibiotics results in the overproduction of
reactive oxygen species (ROS) (Dwyer et al, 2014). It has been
suggested that treatment with these antibiotics provokes the
accumulation of ROS leading to DNA damage (Belenky et al., 2015;
Dwyer et al., 2014; Foti et al., 2012; Wang & Zhao, 2009). We,
therefore, examined whether cells lacking DSBR, SSGR, and NPS are
sensitized to kanamycin and trimethoprim.

We first examined if DNA repair-deficient strains had altered
sensitivity to kanamycin by MIC tests. For most strains, MICs were
similar to wild-type (Figure Ala). Disruption of DSBR, SSGR, or NPS
did not lead to reduced MICs; MICs were marginally increased in
ArecO (1.9+0.2 ug/ml) and ArecR (1.8 +0.2 ug/ml) mutants com-
pared to wild-type (1.2 +0.3 pg/ml). We did notice, however, that
recA and recB mutants had significantly larger zones of clearing
surrounding the MIC strip (Figure 2). Complementation of the recA
and recB mutants did not alter MIC (Figure Alb) but did reduce the
area within the ZOI (Figures 2c and Alc). We hypothesized that the
enlarged ZOI might relate to improved clearance of bacterial cells at
high drug concentrations. To test this idea, we used time-kill assays
to examine the killing of our E. coli strains following exposure to 3x,
5x, or 10x MIC kanamycin. We observed no significant killing of any
strain at 3x or 5x MIC, however, at 10x MIC (Figure 2d) there was a
significant killing of both ArecA and ArecB mutants. Complementation
alleviated this sensitivity (Figure 2e). The increased sensitivity of the
recA and recB mutants highlights the importance of RecA and DSBR
in mediating survival following kanamycin treatment.

We next assessed if this increased sensitivity to kanamycin was
also observed in a kanamycin-resistant (Kan®) background. Kan®
derivatives of the DNA repair defective strains were constructed by
transformation with the plasmid pUA66, which confers kanamycin
resistance through the aph(3')-1l gene (Zaslaver et al., 2006).
Sensitivity was first assessed via disc diffusion assays with 3.5 mg
of kanamycin. No changes in sensitivity to kanamycin were seen in
KanR cells lacking components of SSGR or NPS. The ZOI appeared
larger for Kan® recA and recB mutants, however, neither was
statistically significant (Figure 2f). As a more sensitive test, viability
was assessed using a spot dilution assay. Both the Kan® ArecA and
ArecB mutants demonstrated increased sensitivity when plated on
650 ug/ml of kanamycin, with significantly greater sensitivity
observed at 775 ug/ml (Figure 2g). No changes in viability were
observed for the other strains tested. These findings confirm that
both RecA and RecB are required for the survival of Kan® cells at high
drug concentrations.

Trimethoprim is a bactericidal drug that disrupts folic acid
biosynthesis by inhibiting the enzyme dihydrofolate reductase
(DHFR) (Visentin et al., 2012). Inhibition of DHFR eventually starves
the cell of nucleotides (Gleckman et al., 1981). Killing by trimethoprim
in many ways mirrors the well-studied phenomenon of thymineless
death (Hong et al., 2017). As thymineless death is hypothesized to
involve the formation of both double-strand breaks and single-strand
gaps (Giroux et al.,, 2017; Hong et al., 2017), we examined DNA
repair-deficient strains of E. coli for sensitivity to trimethoprim. The
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ArecA and ArecB mutants showed no significant sensitivity in the MIC
assay (Figure 3a). The SSGR mutant ArecO showed sensitivity
(0.27 £ 0.04 pg/ml), whereas ArecR demonstrated significant resist-
ance (2.36 £0.35 pg/ml) to trimethoprim treatment. We also deter-
mined cell viability using a more sensitive spot plate dilution assay
(Figure 3b). Increased sensitivity to 0.2 ug/ml trimethoprim was
observed for strains lacking RecA or RecB, with the greatest
sensitivity observed for the RecO deficient strain. No changes in
viability were seen in the other tested mutant strains when compared
to wild-type cells.

We then assessed these repair mutants in a trimethoprim-
resistant background (TmpR). Resistance to trimethoprim can occur
via the acquisition of mobile genetic elements or single nucleotide
polymorphisms (SNPs). The most common mode of resistance in
trimethoprim is SNPs within the drug's target gene folA which
encodes for DHFR or within the folA promoter region (Toprak et al.,
2012). For this study, trimethoprim resistance was conveyed through
a clinically relevant SNP (C>T) in the folA -35 promoter region
(Figure 3c) (Palmer et al., 2015; Toprak et al., 2012). In the TmpR
background, a significant loss of cell viability at 5 pg/ml trimethoprim
was observed for cells lacking RecA or RecB (Figure 3d). RecO and
RecR deficient mutants showed a slight loss in viability. Thus DSBR
mutations increase sensitivity in both antibiotic-sensitive and -

resistant backgrounds while SSGR mutants had mixed effects.

3.3 | Defects in DSBR reduce tolerance to
ampicillin

We next wanted to assess the dependency on DNA repair following
treatment with an antibiotic belonging to the B-lactam class. This
family of antibiotics targets cell wall synthesis. B-lactams block the
transpeptidation of peptidoglycan subunits, reducing cell wall
integrity, which increases the frequency of cell lysis events (Kohanski,
Dwyer, et al., 2010). Here we chose to focus on the B-lactam,
ampicillin. Recent studies have demonstrated that treatment of E. coli
with ampicillin increases cellular ROS levels (Dwyer et al., 2014),
which are proposed to result in the damage of DNA (Belenky
et al., 2015).

Following MIC analysis, we found that the sensitivity of DNA
repair-deficient E. coli to ampicillin was not significantly altered in
comparison to wild-type (Figure A2a). Minor differences (less than
1 ug/ml) in MIC were observed for ArecA and ArecB strains, which
were complemented in trans (Figure A2b). This change in MIC is
unlikely to be clinically useful. These findings suggest that DNA repair
does not play a significant role in bacterial sensitivity following
ampicillin treatment.

Ampicillin and other B-lactam antibiotics are more effective
during certain bacterial growth phases, particularly stages of high
growth (Tuomanen et al., 1986). Delayed growth or dormancy can
confer tolerance to ampicillin (Fridman et al., 2014). Antibiotic
tolerance is a phenotypic phenomenon that transiently increases the

resilience of bacterial cells during drug exposure (often at levels much
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higher than the MIC) prolonging cell survival during treatment
(Balaban et al., 2019). Importantly, tolerance can also facilitate the
evolution of AMR (Levin-Reisman et al., 2017; Windels et al., 2019).
To assess the effects on tolerance, we used a modified version of the
TD test (Gefen et al., 2017), measuring the percentage of bacterial
regrowth following ampicillin exposure. Cells lacking RecA or RecB
demonstrated significantly reduced tolerance to ampicillin, as
demonstrated by reduced regrowth of cells within the ZOlI following
the addition of supplementary nutrients (Figures 4a,b and A2d).
Ampicillin tolerance in recA and recB mutants was restored to wild-
type levels following complementation in trans (Figure 4c,e). Our
findings are in good agreement with previous studies, which have
demonstrated that deletion of recA reduced the tolerance of E. coli to
ampicillin during early exposure (Kohanski et al., 2007).

We also observed reduced tolerance for ampicillin-resistant
(AmpR) ArecA and ArecB cells (Figures 4d and A2e). These AmpR
strains were constructed by introducing the pWSK29 plasmid (which
confers ampicillin resistance through the bla gene) into wild-type and
DNA repair-deficient cells by transformation. Strains deficient in
SSGR or NPS had little variation in tolerance to ampicillin in either
Amp® or AmpR backgrounds. Our results indicate that the repair of
double-strand breaks contributes to ampicillin tolerance in both the
ampicillin-sensitive and -resistant backgrounds.

For completeness, we also examined the tolerance phenotypes
of the DNA repair mutant strains following exposure to the other
drugs used in this study. No tolerant cells were observed following
treatment with ciprofloxacin (Figure A3a) or kanamycin
(Figure A3b), this is likely due to the strong bactericidal activity
of these antibiotics. Tolerant cells were observed following
nitrofurantoin (Figure A3c) and trimethoprim (Figure A3d) treat-
ment, however, no significant changes in the frequency of
tolerance were observed for any DNA repair mutant. DNA repair
does not appear to play a role in antibiotic tolerance to the drugs

nitrofurantoin or trimethoprim.
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3.4 | DSBR defects suppress induction of the SOS
response by ciprofloxacin, nitrofurantoin, and
trimethoprim

The mutagenic SOS response is triggered by some antibiotics (Blazquez
et al., 2018). We qualitatively examined the induction of the SOS
response by ciprofloxacin and nitrofurantoin in DNA repair deficient
cells using an agar plate-based SOS reporter assay. SOS reporter
strains were generated by transformation of DNA repair mutant cells
with the plasmid pUA66-Pg,a-gfp (Zaslaver et al., 2006), which places
gfp under the control of the SOS-inducible promoter Ps,a. When
exposed to ciprofloxacin, wild-type, ArecF, ArecO, ArecR, and AmutT
cells exhibited robust SOS induction, manifesting as a strong
fluorescence band at the border of the ZOI (Figure 5a and Movie
S1: https://doi.org/10.6084/m?9.figshare.20722312.v1). Ciprofloxacin-
induced SOS was abolished in the SOS-defective ArecA strain, as
expected, as well as the DSBR defective ArecB background. The same
pattern of SOS induction, albeit at a reduced intensity and at higher
drug concentrations, was also observed in the CipR® background
(Figure 5b). This result supports previous findings that SOS induction
by quinolones is strongly recB-dependent (Henrikus et al., 2020;
Newmark et al., 2005), and further demonstrated this dependency in a
ciprofloxacin-resistant background.

When exposed to nitrofurantoin, wild-type and AmutT cells
containing the SOS-reporter plasmid exhibited weak fluorescence
signals (Figure 5c). Strains defective in SOS activation (ArecA) or
DSBR (ArecB) resulted in no observable induction of the SOS
response fluorescence (Figure 5c). Deletion of SSGR intermediates
recF, recO, and recR resulted in high-level SOS induction, as indicated
by a bright fluorescence signal at the border of the ZOI and spreading
outward (Figure 5c). Thus, deletion of recA or DSBR (recB) abolishes
the SOS response under nitrofurantoin treatment. This would
presumably reduce the capacity of these cells to undergo mutagenic

repair associated with resistance formation. In contrast, cells lacking

FIGURE 2 Deletion of double-strand break repair results in moderate sensitivity to the aminoglycoside kanamycin. (a) Representative
images of kanamycin MIC plate assays for wild-type (WT), ArecA, and ArecB Escherichia coli strains. MICs and measured zone of inhibition areas
in pixels? are denoted below the images. (b) Zone of inhibition (ZOI) area measurements for isogenic E. coli strains MG1655 (WT; wild-type),
ArecA::FRT (HHO021), ArecB::FRT (HG356), ArecF::FRT (MV009), ArecO::FRT (SRM019), ArecR::FRT (SRM020) and AmutT::FRT (MV005). ZOI
areas surrounding MIC strips were measured using ImageJ (Schneider et al., 2012). The means and standard errors of the mean are shown based
on results from at least three biological replicates. Statistical analysis was carried out using a Student's t-test. An asterisk denotes statistical
significance (p < 0.05) compared to wild-type (WT; MG1655). (c) Kanamycin ZOlI area values obtained for wild-type (MG1655) with empty vector
(VC; vector control), ArecA and ArecB mutants with empty vector, and complemented derivatives (pRecA and pRecB, respectively). The means
and standard errors of the mean are shown based on results from at least three biological replicates. (d) Time-kill survival assays for isogenic E.
coli strain MG1655 (WT; wild-type), ArecA::FRT, ArecB::FRT. Cell viability (cfu/ml) was measured hourly for 3 h following treatment with 3x MIC
(3 ug/ml), 5x MIC (5 pg/ml), or 10x MIC (10 pg/ml) kanamycin. The means and standard errors of the mean are shown based on results from at
least three biological replicates. (€) Complemented time-kill survival assay (10x MIC) for wild-type (MG1655) with empty vector (VC; vector
control), ArecA and ArecB mutants with empty vector, and complemented derivatives (pRecA and pRecB, respectively). The means and standard
errors of the mean are shown based on results from at least three biological replicates. (f) Zone of inhibition area measurements for kanamycin-
resistant WT and DNA repair mutant strains following disk diffusion assays with 3.5 mg kanamycin. Kan® (CD001), Kan® ArecA (CD002), Kan®
ArecB (CD003), KanR ArecF (CD004), Kan®R ArecO (S*M026), Kan® ArecR (S*M027) and Kan® AmutT (CDOO5). The means and standard errors of
the mean are shown based on results from at least three biological replicates. (g) Spot plate dilution assays of kanamycin-resistant DNA repair-
deficient strains. Normalized exponential phase cells (ODgoo 0.2) were diluted to 107> and spotted onto lysogeny broth (LB) and LB agar
supplemented with 650 or 775 ug/ml kanamycin. Images show representative plates from independent triplicate replicates.
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FIGURE 3 Escherichia coli lacking key components of DNA repair pathways demonstrate increased trimethoprim sensitivity.

(a) Trimethoprim minimum inhibitory concentration values obtained for isogenic E. coli strains MG1655 (WT; wild-type), ArecA::Kan® (HH020),
ArecB::Kan® (EAW102), ArecF:Kan® (EAW629), ArecO:Kan® (EAW114), ArecR:Kan® (EAW669), and AmutT:Kan® (EAW999). The means and
standard errors of the mean are shown, based on results from at least four biological replicates. Statistical analysis was carried out using a
Student's t-test. An asterisk denotes statistical significance (p < 0.05) compared to wild-type (MG1655). (b) Spot plate dilution assays of
antibiotic-sensitive DNA repair-deficient strains (ODggo 0.2) spotted onto lysogeny broth (LB) and LB agar supplemented with 0.2 ug/ml
trimethoprim. Images show representative plates from independent triplicate replicates. (c) Construction of the trimethoprim-resistant E. coli
background. The promoter region of the folA gene (shown as text, with the -35 and -10 regions highlighted in pink) was modified using Agep
recombineering to introduce C>T single nucleotide polymorphisms (highlighted in orange) in the -35 promoter region. (d) Spot plate dilution
assays of trimethoprim-resistant DNA repair-deficient strains, TmpR (EKWO058), TmpR ArecA:Kan®R (EKWO059), TmpR ArecB::KanR (EKW060),
TmpR ArecF::Kan® (EKW061), TmpR ArecO:Kan® (EKW062), TmpR Arec®::Kan® (EKW063), and Tmp® AmutT::Kan® (EKWO064). Dilutions were

spotted onto LB and LB agar supplemented with 5 ug/ml trimethoprim. Images show representative plates from independent triplicate

replicates.

SSGR proteins exhibit increased SOS response in response to
nitrofurantoin treatment and could potentially become highly
mutagenic through this pathway.

When cells become resistant to nitrofurantoin there is a change
in the genetics of the SOS response (Figure 5d). In the NitR
background, cells lacking recO, recR, and mutT exhibited low-level
fluorescence, similar to that of NitR rec* cells. Deletion of recA and
recB abolish the SOS response as consistent with the sensitive
background, yet loss of the recF gene also abolished SOS in the Nit?
background. Thus, in both sensitive and resistant backgrounds, loss of

recA and DSBR (recB) dampens the SOS response under nitrofur-
antoin treatment. SOS is dependent on recF in Nit® cells and
independent of recF in the Nit® background.

In our hands, no obvious SOS response was detected in any
strain following ampicillin treatment up to concentrations of 256 pg/
ml (Figure A2d). This finding contrasts with previous studies
(Blazquez et al., 2012; Thi et al., 2011) which have demonstrated
ampicillin-dependent SOS induction in E. coli using similar methods.
We observed that kanamycin treatment did not induce a detectable
SOS response in any strain analyzed (Figure Ald). In agreement with
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other studies (Baharoglu & Mazel, 2011; Kohanski et al., 2007; Thi
et al., 2011), kanamycin treatment does not elicit a detectable SOS
response in E. coli. Trimethoprim did induce a clear SOS response
signal in both the sensitive and resistant backgrounds (Figure 5e,d).
Disruption of recA eliminated SOS response in both cases. Deletion
of recB reduced SOS in both cases. Disruption of SSGR did not
reduce SOS, except for a recO deletion in the TmpR background. We
note that the SOS signal was enhanced in the recO deletion in the

sensitive background.
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3.5 | Putative DSBR inhibitors ML328 and
IMP-1700 exhibit off-target effects

We next examined two putative DSBR inhibitors that have been
reported in the literature, ML328 (Amundsen et al., 2012) and IMP-
1700 (Lim et al., 2019). In these studies, the two compounds
demonstrated specific affinities to the E. coli RecBCD complex or the
functionally related AddAB(RexAB) complexes from Helicobacter
pylori and Staphylococcus aureus. Additionally, IMP-1700 was claimed
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to potentiate ciprofloxacin activity, sensitizing a multi-drug resistant
S. aureus strain to clinically relevant levels of ciprofloxacin (Lim et al.,
2019). While these two compounds show early promise, further work
is required to confirm the mechanism of action as being inhibition
of DSBR.

We examined the biological activity of these two drugs in DNA-
repair deficient E. coli derivatives using disc diffusion assays
(Figure 6a,d). We expected that cells lacking DSBR should not show
sensitivity to these compounds, since the drug target (RecB) was no
longer present. However, we observed that deletion of recB resulted
in an increased sensitivity to both drugs, suggesting that there may
be off-target effects. Cells lacking recA were also significantly more
sensitive to both compounds. Complementation of recA and recB
mutants returned sensitivity to both drugs to wild-type levels,
confirming the roles of RecA and RecB in survival following ML328
and IMP-1700 treatment (Figure 6b,e). We quantitatively determined
the MICs of ML328 and IMP-1700 in wild-type, ArecA, and ArecB
mutants. Consistent with the disc diffusion data, deletion of recA or
recB reduced the MICs of both compounds in E. coli (Table 1 and
Figure A5).

Lim et al. (2019). showed inhibition of the SOS response in S.
aureus following treatment with IMP-1700. In contrast, we observed
direct induction of the SOS response by these compounds in E. coli
(Figure 6g,h). For both compounds, SOS induction was abolished in
the SOS-defective ArecA strain as expected, and absent in the DSBR-
defective ArecB background. No significant changes in SOS induction
were observed in wild-type, recF, recO, recR, or mutT mutants. These
results suggest that induction of the SOS response in E. coli following
treatment with ML328 and IMP-1700 is dependent on RecB.

Both the DSBR-inhibiting compounds ML328 and IMP-1700
were constructed using quinolone structural backbones. We rea-
soned that they each might inhibit DNA gyrase and topoisomerase
IV. The authors (Lim et al., 2019) examined this potential activity
using purified proteins in bulk biochemical assays and claimed no
significant interactions. However, the patterns of strain sensitivity we

observed with these two compounds and the strong recB-dependent
SOS induction mimicked the results we had obtained for ciprofloxa-
cin. We reasoned that if ML328 and IMP-1700 inhibited DNA gyrase
and topoisomerase IV, mutations conferring resistance to quinolones
may also confer resistance to these two compounds. We repeated
the disc diffusion assays using CipR DNA repair deficient derivatives
(Figure Aba,b). All strains examined were found to be resistant to
both ML328 and IMP-1700 at the concentrations tested. Using broth
microdilution assays, the MICs of the CipR strain for both compounds
were determined to be greater than 128 pg/ml (Figure Aéc,d). These
findings show that the point mutations gyrA; [S83L, D87N] and parC;
[S801], which typically confer resistance to quinolones, also confer
resistance to ML328 and IMP-1700. To confirm which of the three-
point mutations was most important for conferring resistance to
these compounds, we repeated disc diffusion assays with isogenic E.
coli derivatives possessing one single point mutation, or two
mutations in combination (Figure 6c,f). Cells possessing a single
S80I point mutation in parC were sensitive to both ML328 and IMP-
1700, suggesting topoisomerase is not the primary target for these
two drugs. The single point mutation D87N in gyrA conferred
resistance to IMP-1700, but not ML328, however, the single point
mutation S83L in gyrA conferred resistance to both compounds.
These findings suggest that while these two compounds may target
DSBR to some degree, in our hands the primary mode of action in E.

coli is inhibition of gyrase and topoisomerase IV.

3.6 | Testing of potential inhibitors of RecA and
the SOS response

A number of chemical compounds have previously been proposed to
inhibit the SOS response via targeting RecA activity and work as
resistance-breaking compounds (Alam et al., 2016; Buberg et al,
2020; Lee & Singleton, 2004; Vareille et al., 2007). Of these, we
tested two promising compounds. The first was ZnPT which has been

FIGURE 4 Cells deficient in double-strand break repair have a reduced tolerance to ampicillin. (a) Representative images of ampicillin
minimum inhibitory concentration (MIC) and tolerance (TD Test) plate assays for wild-type (WT), ArecA, and ArecB Escherichia coli strains. MICs
and percentage regrowth are denoted below the images. Images show representative plates from independent triplicate replicates. (b) Ampicillin
percent regrowth values obtained for isogenic E. coli strains MG1655 (WT; wild-type), ArecA::Kan® (HH020), ArecB::Kan® (EAW102), ArecF::Kan®
(EAW629), ArecO::KanR (EAW114), ArecR::Kan® (EAW669), and AmutT::Kan® (EAW999). The means and standard errors of the mean are shown,
based on results from at least three biological replicates. Statistical analysis was carried out using a Student's t-test. An asterisk denotes
statistical significance (p < 0.05) compared to wild-type (MG1655). (c) Ampicillin percent regrowth values obtained for wild-type (MG1655) with
empty vector (VC; vector control), ArecA and ArecB mutants with empty vector (VC) and complemented derivatives (pRecA and pRecB,
respectively). The means and standard errors of the mean are shown based on results from at least four biological replicates. Statistical analysis
was carried out using a Student's t-test. An asterisk denotes statistical significance (p < 0.05) compared to wild-type empty vector control, WT
(VC). (d) Percent regrowth measurements for ampicillin-resistant WT and DNA repair mutant strains following disk diffusion assays with 5 mg
ampicillin. AmpR (COF001), AmpR ArecA (COF002), AmpR ArecB (COF003), AmpR ArecF (COF004), AmpR ArecO (COF005), AmpR ArecR
(COF006) and AmpR AmutT (COF007). The means and standard errors of the mean are shown based on results from at least five biological
replicates. Statistical analysis was carried out using a Student's t-test. An asterisk denotes statistical significance (p < 0.05) compared to the
ampicillin-resistant parental strain (AmpR). (e) Representative images of ampicillin MIC and tolerance (TD Test) plate assays for wild-type with
empty vector control (WT (VC)), ArecA with empty vector (ArecA(VC)) and complemented (ArecA(pRecA)) derivatives. MICs and percentage
regrowth are denoted below the images.
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FIGURE 5 Escherichia coli relies on RecB for induction of the SOS response following treatment with ciprofloxacin or nitrofurantoin.

(a) Expression of SOS reporter fusion P, a-gfp on a solid agar surface in ciprofloxacin-sensitive wild-type (WT) and DNA repair-deficient strains
grown in the presence of a ciprofloxacin MIC test strip (0.002-32 pg/ml). SOS induction is visualized as a strong fluorescence band at the border
of the zone of inhibition. (b) Expression of SOS reporter fusion P,,4-gfp on a solid agar surface in ciprofloxacin-resistant (Cip®) wild-type and
DNA repair-deficient strains grown in the presence of a ciprofloxacin MIC test strip (0.002-32 pg/ml). (c) Expression of SOS reporter fusion
P..ia-8fp on a solid agar surface in antibiotic-sensitive wild-type (WT) and DNA repair-deficient strains grown in the presence of a nitrofurantoin
MIC test strip (0.032-512 pg/ml). (d) Expression of SOS reporter fusion P,,4-gfp on a solid agar surface in nitrofurantoin-resistant (Nit®) wild-
type and DNA repair-deficient strains grown in the presence of a nitrofurantoin MIC test strip (0.032-512 pg/ml). (e) Expression of SOS reporter
fusion P, a-gfp on a solid agar surface in trimethoprim-sensitive wild-type and DNA repair-deficient strains grown in the presence of a
trimethoprim MIC test strip (0.002-32 ug/ml). (f) Expression of SOS reporter fusion P, 4-gfp on a solid agar surface in trimethoprim-resistant
(TmpR) wild-type (WT) and DNA repair-deficient strains grown in the presence of a disk containing 1 mg trimethoprim.
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FIGURE 6 Cells lacking RecA and RecB are more sensitive than wild-type to ML328 and IMP-1700. (a and d) Zone of inhibition area
measurements for isogenic Escherichia coli strains MG1655 (WT; wild-type), ArecA:Kan® (HH020), ArecB::Kan® (EAW102), ArecF:Kan®
(EAW629), ArecO:Kan® (EAW114), ArecR::Kan® (EAW669) and AmutT::Kan® (EAW999) following disk diffusion assays with (a) 50 pg ML328 or
(d) 15 ug IMP-1700. The means and standard errors of the mean are shown based on results from at least three biological replicates. Statistical
analysis was carried out using a Student's t-test. An asterisk denotes statistical significance (p < 0.05) compared to wild-type (WT). (b and e) Zone
of inhibition area values obtained for wild-type (MG1655) with empty vector (VC; vector control), ArecA and ArecB mutants with empty vector,
and complemented derivatives (pRecA and pRecB, respectively) following disk diffusion assays with (b) 50 ug ML328 or (e) 15 pg IMP-1700. The
means and standard errors of the mean are shown based on results from at least three biological replicates. Statistical analysis was carried out
using a Student's t-test. An asterisk denotes statistical significance (p < 0.05) compared to wild-type empty vector control (WT (VC)). (c and f)
Zone of inhibition area values obtained for isogenic E. coli derivatives possessing single, double, or triple point mutations that confer
ciprofloxacin resistance following disk diffusion assays with (c) 50 ug ML328 or (f) 15 ug IMP-1700. Strains used are Cip® (CH5741; gyrA; [S83L,
D87N] and parC; [S80I]), gyrA [S83L] (LM328), gyrA; [D87N] (LM534), parC; [S80I] (LM792), gyrA; [S83L, D87N] (LM625) and gyrA; [S83L] parC;
[S80I] (CH6179). The means and standard errors of the mean are shown based on results from at least three biological replicates. (g and h)
Expression of SOS reporter fusion P,,4-gfp on a solid agar surface in wild-type (WT) and DNA repair-deficient strains grown in the presence of
(g) 50 ug ML328 or (h) 50 ug IMP-1700. SOS induction is visualized as a strong fluorescence band at the border of the zone of inhibition.

50 pg IMP

shown to block RecA binding to single-stranded DNA, likely
preventing LexA autocleavage and subsequent SOS response
induction (Bunnell et al., 2017; Crane et al., 2018). The second
compound was FePcTs which has been purported to inhibit RecA
ATPase activity subsequently blocking DNA strand exchange, LexA
autoproteolysis, and other crucial RecA-mediated events (Alam et al.,
2016). To determine whether either of these RecA-targeting

compounds show sensitivity effects similar to a ArecA mutation, a
sensitivity assay using ciprofloxacin MIC test strips was undertaken.
Previous work has outlined the potentiating effects of FePcTs on
ciprofloxacin, with all CFUs eliminated after 24 h (Alam et al., 2016).
Wild-type E. coli was tested on a set concentration of FePcTs (25 uM)
previously shown to have potentiating effects. In our hands, 25 uM
FePcTs in conjunction with ciprofloxacin had no sensitizing effects
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when compared to wild-type cells treated with ciprofloxacin alone
(Figure 7a). ZnPT was also tested for synergistic sensitivity effects
alongside ciprofloxacin. A range of ZnPT concentrations was tested
(1, 3, 10, 30, and 100 uM). ZnPT + ciprofloxacin results showed no
significant change in MIC compared to ciprofloxacin alone; except for
the 100 uM ZnPT plate which had no cell growth. At 30 uM ZnPT
showed a larger ZOI (Figure 7b) with single colonies outside of the
ciprofloxacin diffusion range, suggesting ZnPT alone has killing
effects at this concentration. These two putative RecA inhibitors

did not show sensitivity effects similar to the ArecA mutant.

4 | DISCUSSION

This study demonstrated that disruption of bacterial DSBR induced
sensitizing effects against multiple bactericidal antibiotics with
disparate modes of action. The deletion of genes involved in DSBR
(recA and recB) hypersensitized E. coli cells against ciprofloxacin and
nitrofurantoin (Figure 1), enhanced the clearing of cells by kanamycin
(Figure 2) and trimethoprim (Figure 3), and decreased tolerance to
ampicillin (Figure 4). Most importantly, sensitizing effects were also
observed in antibiotic-resistant strains, raising the possibility of
targeting DSBR for the development of novel resistance breakers.

TABLE 1 MIC and IC5q values for ML328 and IMP-1700
ML328 IMP-1700
Strain  MIC (pg/ml)  1Cso (ng/ml) MIC (ug/ml) 1Cso (ng/ml)
WT 0.5+0.00 0.255+0.03 1+0.00 0.481+0.05
ArecA 0.125+0.00 0.036+0.002 0.125+0.00 0.032+0.003
ArecB 0.167+0.07 0.036 £0.003 0.25+0.00 0.049 +0.003

Note: IC5q values were determined by dose-response nonlinear
regression. Data represent the mean and standard error based on three
biological replicates.

—
)
~

(b)
0.040
0.035 +

Ciprofloxacin MIC (ug/ml)
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Additionally, activation of the highly mutagenic SOS response was
found to be dependent on DSBR, raising the possibility that
disrupting DSBR would limit the capacity of bacterial populations
to develop further antibiotic resistance mutations. Overall, our
findings establish DSBR as a promising target for the design of
broad-range resistance-breaking compounds that could be used to
dramatically enhance the effectiveness of existing bactericidal

antibiotics and suppress the development of antibiotic resistance.

41 | DSBR as a novel drug target

In this study, we found that disruption of DSBR induced a suite of
phenotypes that could lead to more effective antibiotic treatments.
Disruption of DSBR enhanced killing by five disparate classes of
antibiotics. Previous studies have shown that recA mutants are highly
sensitive to quinolones and other DNA-damaging drugs (Machuca
et al.,, 2021; Maeda et al., 2019; Singh et al., 2010; Thi et al., 2011).
Our observations support and build upon these findings, demon-
strating that recB mutants also share this hypersensitivity phenotype.
Importantly, we observed that these sensitization phenomena also
extended to drug-resistant E. coli strains, suggesting for the first time
that disruption of DSBR via inhibition of RecA or RecBCD might
represent a viable strategy for the development of broad-ranging
antibiotic resistance breakers.

In this study, we examined E. coli, however, studies by others
suggest that disruption of DSBR may improve the killing of other
bacterial species. In S. aureus, DSBR pathways promote the survival
of both antibiotic-sensitive and -resistant bacteria following exposure
to antibiotics such as fluoroquinolones, daptomycin, and nitrofur-
antoin (Clarke et al., 2021). In a separate study, DSBR-deficient
Acinetobacter baumannii were significantly sensitized to colistin,
gentamycin, rifampicin, and tigecycline (Ajiboye et al., 2018). For
both pathogens, the inactivation of DSBR pathways also increased
susceptibility to trimethoprim and sulfamethoxazole (Aranda et al.,

30 M ZnPT

100 uM ZnPT

FIGURE 7 Putative RecA inhibitors show no sensitization effects in wild-type Escherichia coli when compared to untreated cells.

(a) Ciprofloxacin minimum inhibitory concentrations (MICs) for wild-type E. coli, when left untreated or treated with a range of zinc pyrithione
(ZnPT) concentrations (1, 3, 10, 30, and 100 uM) or a set concentration of 25 uM FePcTs. The means and standard errors of the mean are shown
based on results from at least three biological replicates. ND means not detected. (b) Representative images of ciprofloxacin and ZnPT (at
concentrations of 10, 30, and 100 uM) MIC plate assays for wild-type cells. Images are representative plates from independent triplicate

replicates.
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2011; Clarke et al., 2019). Importantly, DSBR pathways also play
significant roles in the establishment and maintenance of S. aureus
infections (Ha et al., 2020). This reliance on DSBR for infection is also
true for the non-ESKAPE pathogens H. pylori, Salmonella enterica, and
Campylobacter jejuni (Amundsen et al., 2008; Cano et al., 2002;
Gourley et al., 2017). There are a few exceptions to this finding, for
example, DSBR-deficient strains of the acid-fast bacterium Myco-
bacterium tuberculosis do not have any infectivity defects (Heaton
et al., 2014). However, this is likely due to the presence of alternate
pathways that can repair double-strand DNA breaks in these cells
(Brzostek et al., 2014). Furthermore, in Klebsiella pneumoniae, there
are interesting DSB-induced phenotypes (Liu et al, 2020). The
anticancer drug bleomycin is known to trigger DSBs. When DSBs
were induced in K. pneumoniae either by treatment with bleomycin or
by a specific CRISPR-Cas9 catalyzed reaction, this resulted in the
formation of a novel “R” biofilm. Yet when another known DSB-
inducing antibiotic, ciprofloxacin, was tested this novel biofilm was
notably absent (Liu et al., 2020). These results show variable cellular
response to DSBs in K. pneumoniae. Overall, the bulk of results, in
conjunction with our own findings, suggest that DSBR inhibitors may
not only potentiate antibiotic activities but also reduce the infection
potential of many diverse bacterial pathogens.

At high concentrations, the aminoglycoside kanamycin and the
folate inhibitor trimethoprim were more active against recA and recB
mutants than against the wild-type strain. These sensitivities were
also observed in the respective resistant backgrounds. It remains
unclear why the MICs of DSBR-deficient strains were similar to wild-
type while also demonstrating notably increased sensitivities to high
drug concentrations. One possibility is that high concentrations of
these drugs are necessary for initiating DNA damage. Although
disruption of DSBR does not significantly resensitize E. coli to these
drugs, it does increase the efficacy of killing. It is reasonable to
hypothesize that the increased killing observed here may translate to
improved infection clearance times in vivo when using combinational
DSBR inhibitor-antibiotic therapeutics.

In both the sensitive and resistant backgrounds we observed a
strong dependence on both RecA and RecB for tolerance following
ampicillin exposure. Tolerance enables bacteria to survive exposure
to high levels of antibiotics (Balaban et al., 2019). Importantly,
antibiotic tolerance is a key contributor to recalcitrant infections,
since these cells survive primary antibiotic treatment (Lewis &
Manuse, 2019). Antibiotic tolerance can also act as a precursor for
resistance development (Levin-Reisman et al., 2017). Our discovery
that ampicillin tolerance in E. coli relies on DSBR suggests that
combinational therapy with DSBR-inhibiting drugs may help to
eliminate tolerant bacteria.

Mutagenesis is one of the major pathways through which
antibiotic resistance develops in bacteria (Blazquez et al., 2018;
Maslowska et al., 2019). In DNA-damage settings, including certain
antibiotic treatments, the rate of mutagenesis is elevated through
activation of the SOS response (Maslowska et al., 2019). It is at
concentrations of drug higher than the MIC (where often the SOS
response is activated) but within a concentration range where cells

are not yet effectively killed, that the development and subsequent
selection for drug-resistant mutants frequently occurs. This antibiotic
concentration range is known as the mutant selection window (Drlica
& Zhao, 2007). For treatments to be effective at preventing the
development of mutational resistance, antibiotic concentrations need
to be maintained above this mutant selection window. Alternatively,
strategies could prevent mutagenesis altogether, through suppres-
sion of the SOS response. Disrupting DSBR does both. Recent
findings have linked ciprofloxacin-induced SOS activation with DSBR
(Henrikus et al., 2020). Our observations are in good agreement with
this study. Further, our work has established a new link between
DSBR and nitrofurantoin-induced SOS induction, since recB mutants
did not elicit an SOS response to nitrofurantoin. Importantly, this
RecB dependence for SOS induction also applies in drug-resistant E.
coli for both ciprofloxacin and nitrofurantoin. We hypothesize that
cells unable to initiate SOS or have a reduced induction of SOS would
be less likely to develop beneficial resistance mutations. Our work
with LexA mutants strengthened this link as results demonstrated
SOS induction-dependent resistance phenotypes. Inhibition of SOS
induction through disruption of DNA repair, specifically DSBR, may

prove a promising strategy to combat the evolution of AMR.

4.2 | Multiple bactericidal antibiotics induce
double-strand breaks

It is well characterized that ciprofloxacin-induced DNA damage
predominantly occurs in the form of double-stranded breaks (Drlica
et al.,, 2008, 2009; Henrikus et al., 2020). For the other antibiotics
used in this study, the mechanisms that drive DNA damage remain
largely unknown. Throughout this study, we observed several
antibiotic-associated phenotypes that were dependent on DSBR.
Kanamycin and trimethoprim treatment at high concentrations was
more effective at clearing cells lacking DSBR than wild-type,
suggesting at high drug concentrations double-strand DNA breaks
occur. We also observed reduced ampicillin tolerance in DSBR
deficient strains, suggesting that long-term exposure to ampicillin
induces double-stranded breaks. In the case of nitrofurantoin, the
survival of cells following antibiotic treatment was strongly depen-
dent on homologous recombination, including the DSBR pathway.
This finding suggests that, in part, the formation of double-stranded
breaks is one mechanism by which nitrofurantoin works in E. coli.
Taken together, this study lends further weight to the notion that
DNA damage, and in particular double-strand breaks, is a common

thread between many bactericidal antibiotics.

4.3 | New antibiotic-induced phenotypes
associated with DNA gap repair

Single-strand DNA gaps in bacteria are commonly formed post-
replication (Friedberg et al., 2005), or via exposure to DNA damaging
agents, such as UV (Setlow et al., 1963) and possibly even antibiotics.
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If left unrepaired, these gaps can be converted into DSBs, which are
highly detrimental to bacterial cells (Cox et al., 2000; Hong et al.,
2017). Although it was not observed for all antibiotics tested in this
study, the deletion of components involved in SSGR (recF, recO, and
recR) did significantly alter some antibiotic sensitivity phenotypes.
Notably, all mutants lacking components of SSGR were sensitized to
nitrofurantoin, to levels equal to the DSBR-deficient cells. This
sensitization effect in SSGR-deficient cells was also observed in the
nitrofurantoin-resistant background. This suggests that DNA damage
in the form of both single-stranded gaps and double-strand breaks
are key contributors to nitrofurantoin action in E. coli. One
unanticipated finding related to the genetic dependencies of SOS
induction in cells exposed to nitrofurantoin. MICs were significantly
reduced in SSGR-deficient strains, yet these cells demonstrated high
levels of SOS relative to the wild-type. This increased-SOS induction
behavior was not observed in Nit® cells. In the case of nitrofurantoin,
targeting single-cell gap repair does increase antibiotic sensitivity,
however, it may also enhance the likelihood of resistant cells forming
due to elevated SOS activity.

For the drugs ciprofloxacin and trimethoprim, antibiotic-sensitive
recO cells were significantly sensitized while other SSGR mutants
remained largely unchanged. Interestingly, the RecO protein is known
to bind both single-stranded DNA and double-stranded DNA (Luisi-
Deluca & Kolodner, 1994). We also saw that these RecO deficient
cells exhibited an increased relative SOS signal during exposure to
trimethoprim. However, for both drugs, this sensitization effect (and
for trimethoprim the SOS effect) was no longer present in their
respective drug-resistant backgrounds. While further work is
required to understand the basis of these phenotypes, they do lend
further support to the notion that the role of RecO in SSGR may be
somewhat separate from those played by RecF and RecR (Henrikus
et al., 2019).

We also examined the importance of NPS in survival following
antibiotic treatment. Antibiotic-induced oxidative stress can result in
the formation of highly toxic and mutagenic oxidized nucleotide
bases (e.g., 8-oxo-dGTP) (Foti et al., 2012), which must be cleared
from the nucleotide pool by MutT before they are incorporated into
the genome (Fowler & Schaaper, 1997). Although MTH1 (the MutT
homolog in humans) holds promise as an anticancer therapeutic
target (Samaranayake et al., 2017), disruption of mutT does not
appear to be sufficiently important for bacterial cell survival or
tolerance to be clinically useful. Furthermore, bacterial cells lacking
mutT are highly mutagenic (Fowler & Schaaper, 1997), and following
trimethoprim treatment, mutT mutants had an increased relative
induction of the mutagenic SOS response. As such, MutT would not

be an appropriate target for future drug development.
4.4 | Development of DSBR inhibitors: The
challenge of off-target effects

Since our work demonstrated multiple benefits of targeting DSBR we
investigated the efficacy of the published DSBR inhibitors ML328
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(Amundsen et al., 2012) and IMP-1700 (Lim et al., 2019) in E. coli.
Contrary to expectations, cells lacking RecB (the putative target of
these compounds) were more sensitive to these two compounds than
wild-type. This result implied that there these compounds have off-
target effects in E. coli. Further investigation revealed that these
drugs were rendered ineffective in fluorogquinolone-resistant deriva-
tives of E. coli. The putative primary target of these two drugs
appears to be DNA gyrase, as a single point mutation (known to
increase ciprofloxacin resistance) in gyrA rendered cells resistant to
these compounds. In the initial studies on these compounds, bulk
biochemical assays determined there was no notable inhibition of E.
coli DNA gyrase or topoisomerase IV activity (Lim et al., 2019).
However, only a single concentration of inhibitor was used to assess
this inhibition activity. It is likely if the drug concentration range were
extended further, gyrase inhibition may have been observed.

The ArecA mutants were compared to putative inhibitors of RecA
and the SOS response (ZnPT; Buberg et al., 2020) and FePcTs (Alam
et al., 2016) for sensitivity effects with ciprofloxacin. Previous work
has outlined the mechanism by which each of these compounds
targets RecA and the subsequent SOS response, resulting in
inhibition of the cell hypermutation response (Bunnell et al., 2017).
In our hands, these compounds gave no significant effects when
tested only for sensitization compared to a ArecA mutation. Effects of
30 uM ZPT +ciprofloxacin suggest greater efficiency of killing at
higher ciprofloxacin concentrations, yet no change in MIC from
ciprofloxacin-only plates. Use of ZPT at such high concentrations
could be unwise as 10 uM ZPT has shown toxicity in human cells
(Priestley & Brown, 1980). Twenty-five micromolar FePcTs has
previously been shown to potentiate ciprofloxacin effects, our results
did now show any potentiation or sensitivity effects. While the
targeting of RecA has been shown as the mechanism of action in the
compounds, neither shows sensitivity effects similar to the ArecA
mutant. Furthermore, variable results from RecA targeting do not
suggest that it is a good candidate as a drug resensitization co-
therapy.

Further work is needed to identify DSBR inhibitors with fewer
off-target effects. Nevertheless, the results of the current study
highlight that disrupting bacterial DSBR produces multiple beneficial

effects and the search for DSBR inhibitors is a worthwhile pursuit.

AUTHOR CONTRIBUTIONS

Sarah A. Revitt-Mills: Conceptualization (equal); investigation (equal);
supervision (equal); visualization (equal); writing-original draft (equal);
writing-review & editing (equal). Elizabeth K. Wright: Conceptuali-
zation (equal); investigation (equal); visualization (equal); writing-
original draft (equal); writing-review & editing (equal). Madaline
Vereker: Investigation (equal). Callum O'Flaherty: Investigation
(equal). Fairley McPherson: Investigation (equal). Catherine Dawson:
Investigation (equal). Antoine M. van Oijen: Funding acquisition
(supporting); supervision (equal). Andrew Robinson: Conceptualiza-
tion (equal); funding acquisition (lead); investigation (equal); project
administration (lead); supervision (lead); writing-original draft (equal);
writing-review & editing (equal).



MWI LEy_MicrobiologyOpen

REVITT-MILLS ET AL.

Open Access,

ACKNOWLEDGMENTS

S. A. R.-M. and E. K. W. contributed equally to this study. This study
was supported by Project Grant APP1165135to A.R.and A. M. v. O.
from the National Health and Medical Research Council (Australia). E.
K. W. was supported by the Australian Government Research
Training Program (RTP).

CONFLICT OF INTEREST

None declared.

DATA AVAILABILITY STATEMENT

All data are provided in full in this paper. The sequence of plasmid
pSRM3 (pRecB) is available in GenBank, accession number OP341514:
https://www.ncbi.nlm.nih.gov/nuccore/OP341514. Movie S1 is availa-
ble in figshare at https://doi.org/10.6084/m9.figshare.20722312.v1
(Movie S1: Time-lapse acquisition [5-min intervals] of the expression of
SOS reporter fusion Py, a-gfp on a solid agar surface in wild-type (WT) E.
coli grown in the presence of a ciprofloxacin MIC test strip
(0.002-32 pg/ml). SOS induction is visualized as a strong fluorescence

band at the border of the zone of inhibition).

ETHICS STATEMENT

Protocols and procedures employed in this investigation were
reviewed and approved by the institutional review committees at
the University of Wollongong (GT18/05 and IBC20/02).

ORCID

Catherine Dawson http://orcid.org/0000-0002-9780-4130

Andrew Robinson http://orcid.org/0000-0002-3544-0976

REFERENCES

Ajiboye, T. O., Skiebe, E., & Wilharm, G. (2018). Contributions of RecA and
RecBCD DNA repair pathways to the oxidative stress response and
sensitivity of Acinetobacter baumannii to antibiotics. International
Journal of Antimicrobial Agents, 52, 629-636. https://doi.org/10.
1016/j.ijantimicag.2018.07.022

Alam, M. K., Alhhazmi, A., DeCoteau, J. F., Luo, Y., & Geyer, C. R. (2016).
RecA inhibitors potentiate antibiotic activity and block evolution of
antibiotic resistance. Cell Chemical Biology, 23, 381-391. https://doi.
org/10.1016/j.chembiol.2016.02.010

Amundsen, S. K., Fero, J.,, Hansen, L. M., Cromie, G. A., Solnick, J. V.,
Smith, G. R, & Salama, N. R. (2008). Helicobacter pylori AddAB
helicase-nuclease and RecA promote recombination-related DNA
repair and survival during stomach colonization. Molecular
Microbiology, 69, 994-1007. https://doi.org/10.1111/j.1365-2958.
2008.06336.x

Amundsen, S. K., Spicer, T., Karabulut, A. C., Londono, L. M., Eberhart, C.,
Fernandez Vega, V., Bannister, T. D., Hodder, P., & Smith, G. R.
(2012). Small-Molecule inhibitors of bacterial AddAB and RecBCD
helicase-nuclease DNA repair enzymes. ACS Chemical Biology, 7,
879-891. https://doi.org/10.1021/cb300018x

Aranda, J.,, Bardina, C., Beceiro, A., Rumbo, S., Cabral, M. P., Barbé, J., &
Bou, G. (2011). Acinetobacter baumannii RecA protein in repair of
DNA damage, antimicrobial resistance, general stress response, and
virulence. Journal of Bacteriology, 193, 3740-3747. https://doi.org/
10.1128/jb.00389-11

Baba, T., Ara, T., Hasegawa, M., Takai, Y., Okumura, Y., Baba, M.,
Datsenko, K. A., Tomita, M., Wanner, B. L, & Mori, H. (2006).

Construction of Escherichia coli K-12 in-frame, single-gene knockout
mutants: The Keio collection. Molecular Systems Biology, 2, 1-11.
https://doi.org/10.1038/msb4100050

Baharoglu, Z., & Mazel, D. (2011). Vibrio cholerae triggers SOS and
mutagenesis in response to a wide range of antibiotics: A route
towards multiresistance. Antimicrobial Agents and Chemotherapy, 55,
2438-2441. https://doi.org/10.1128/aac.01549-10

Balaban, N. Q., Helaine, S., Lewis, K., Ackermann, M., Aldridge, B.,
Andersson, D. I, Brynildsen, M. P., Bumann, D., Camilli A.,
Collins, J. J., Dehio, C., Fortune, S., Ghigo, J. M., Hardt, W. D,
Harms, A., Heinemann, M., Hung, D. T., Jenal, U., Levin, B. R,, ...
Zinkernagel, A. (2019). Definitions and guidelines for research on
antibiotic persistence. Nature Reviews Microbiology, 17, 441-448.
https://doi.org/10.1038/s41579-019-0196-3

Belenky, P., Ye, J. D., Porter, C. B, Cohen, N. R, Lobritz, M. A,
Ferrante, T., Jain, S., Korry, B. J., Schwarz, E. G., Walker, G. C., &
Collins, J. J. (2015). Bactericidal antibiotics induce toxic metabolic
perturbations that lead to cellular damage. Cell Reports, 13,
968-980. https://doi.org/10.1016/j.celrep.2015.09.059

Bjedov, I., Tenaillon, O., Gérard, B., Souza, V., Denamur, E., Radman, M.,
Taddei, F., & Matic, I. (2003). Stress-induced mutagenesis in bacteria.
Science, 300, 1404-1409. https://doi.org/10.1126/science.
1082240

Blazquez, J., Couce, A., Rodriguez-Beltran, J., & Rodriguez-Rojas, A.
(2012). Antimicrobials as promoters of genetic variation. Current
Opinion in Microbiology, 15, 561-569. https://doi.org/10.1016/j.mib.
2012.07.007

Blazquez, J., Rodriguez-Beltran, J., & Matic, I. (2018). Antibiotic-Induced
genetic variation: How it arises and how it can be prevented. Annual
Review of Microbiology, 72, 209-230. https://doi.org/10.1146/
annurev-micro-090817-062139

Brooks, B. D., & Brooks, A. E. (2014). Therapeutic strategies to combat
antibiotic resistance. Advanced Drug Delivery Reviews, 78, 14-27.
https://doi.org/10.1016/j.addr.2014.10.027

Brown, D. (2015). Antibiotic resistance breakers: Can repurposed drugs fill
the antibiotic discovery void. Nature Reviews Drug Discovery, 14,
821-832. https://doi.org/10.1038/nrd4675

Bryant, D. W., McCalla, D. R., Leeksma, M., & Laneuville, P. (1981). Type |
nitroreductases of Escherichia coli. Canadian Journal of Microbiology,
27, 81-86. https://doi.org/10.1139/m81-013

Brzostek, A., Szulc, |., Klink, M., Brzezinska, M., Sulowska, Z., & Dziadek, J.
(2014). Either non-homologous ends joining or homologous
recombination is required to repair double-strand breaks in the
genome of macrophage-internalized Mycobacterium tuberculosis.
PLoS One, 9, €92799. https://doi.org/10.1371/journal.pone.
0092799

Buberg, M. L., Witsg, I. L., L'Abée-Lund, T. M., & Wasteson, Y. (2020). Zinc
and copper reduce conjugative transfer of resistance plasmids from
extended-spectrum  beta-lactamase-producing  Escherichia  coli.
Microbial Drug Resistance, 26, 842-849. https://doi.org/10.1089/
mdr.2019.0388

Bunnell, B. E., Escobar, J. F., Bair, K. L., Sutton, M. D., & Crane, J. K. (2017).
Zinc blocks SOS-induced antibiotic resistance via inhibition of RecA
in Escherichia coli. PLoS One, 12, e0178303. https://doi.org/10.
1371/journal.pone.0178303

Bush, K., Courvalin, P., Dantas, G., Davies, J., Eisenstein, B., Huovinen, P.,
Jacoby, G. A, Kishony, R., Kreiswirth, B. N., Kutter, E., Lerner, S. A.,
Levy, S., Lewis, K., Lomovskaya, O., Miller, J. H., Mobashery, S.,
Piddock, L. J., Projan, S., Thomas, C. M., ... Zgurskaya, H. I. (2011).
Tackling antibiotic resistance. Nature Reviews Microbiology, 9,
894-896. https://doi.org/10.1038/nrmicro2693

Cano, D. A, Pucciarelli, M. G., Portillo, F. G.-d., & Casadesus, J. (2002).
Role of the RecBCD recombination pathway in salmonella virulence.
Journal of Bacteriology, 184, 592-595. https://doi.org/10.1128/JB.
184.2.592-595.2002


https://www.ncbi.nlm.nih.gov/nuccore/OP341514
https://doi.org/10.6084/m9.figshare.20722312.v1
http://orcid.org/0000-0002-9780-4130
http://orcid.org/0000-0002-3544-0976
https://doi.org/10.1016/j.ijantimicag.2018.07.022
https://doi.org/10.1016/j.ijantimicag.2018.07.022
https://doi.org/10.1016/j.chembiol.2016.02.010
https://doi.org/10.1016/j.chembiol.2016.02.010
https://doi.org/10.1111/j.1365-2958.2008.06336.x
https://doi.org/10.1111/j.1365-2958.2008.06336.x
https://doi.org/10.1021/cb300018x
https://doi.org/10.1128/jb.00389-11
https://doi.org/10.1128/jb.00389-11
https://doi.org/10.1038/msb4100050
https://doi.org/10.1128/aac.01549-10
https://doi.org/10.1038/s41579-019-0196-3
https://doi.org/10.1016/j.celrep.2015.09.059
https://doi.org/10.1126/science.1082240
https://doi.org/10.1126/science.1082240
https://doi.org/10.1016/j.mib.2012.07.007
https://doi.org/10.1016/j.mib.2012.07.007
https://doi.org/10.1146/annurev-micro-090817-062139
https://doi.org/10.1146/annurev-micro-090817-062139
https://doi.org/10.1016/j.addr.2014.10.027
https://doi.org/10.1038/nrd4675
https://doi.org/10.1139/m81-013
https://doi.org/10.1371/journal.pone.0092799
https://doi.org/10.1371/journal.pone.0092799
https://doi.org/10.1089/mdr.2019.0388
https://doi.org/10.1089/mdr.2019.0388
https://doi.org/10.1371/journal.pone.0178303
https://doi.org/10.1371/journal.pone.0178303
https://doi.org/10.1038/nrmicro2693
https://doi.org/10.1128/JB.184.2.592-595.2002
https://doi.org/10.1128/JB.184.2.592-595.2002

REVITT-MILLS ET AL

Chen, S. H., Byrne, R. T., Wood, E. A., & Cox, M. M. (2015). Escherichia coli
radD (yejH) gene: A novel function involved in radiation resistance
and double-strand break repair. Molecular Microbiology, 95,
754-768. https://doi.org/10.1111/mmi.12885

Cirz, R. T., Chin, J. K, Andes, D. R., de Crécy-Lagard, V., Craig, W. A,, &
Romesberg, F. E. (2005). Inhibition of mutation and combating the
evolution of antibiotic resistance. PLoS Biology, 3, e176. https://doi.
org/10.1371/journal.pbio.0030176

Clarke, R. S., Bruderer, M. S, Ha, K. P., & Edwards, A. M. (2019). RexAB is
essential for the mutagenic repair of Staphylococcus aureus
DNA damage caused by co-trimoxazole. Antimicrobial Agents and
Chemotherapy, 63, €00944-19. https://doi.org/10.1128/aac.
00944-19

Clarke, R. S., Ha Kam, P., & Edwards Andrew, M. (2021). RexAB promotes
the survival of Staphylococcus aureus exposed to multiple classes of
antibiotics. Antimicrobial Agents and Chemotherapy, 65, e0059421.
https://doi.org/10.1128/AAC.00594-21

Cox, M. M., Goodman, M. F., Kreuzer, K. N., Sherratt, D. J., Sandler, S. J., &
Marians, K. J. (2000). The importance of repairing stalled replication
forks. Nature, 404, 37-41. https://doi.org/10.1038/35003501

Crane, J. K., Cheema, M. B., Olyer, M. A, & Sutton, M. D. (2018). Zinc
blockade of SOS response inhibits horizontal transfer of antibiotic
resistance genes in enteric bacteria. Frontiers in Cellular and Infection
Microbiology, 8, 410. https://doi.org/10.3389/fcimb.2018.00410

Crane, J. K., Salehi, M., & Alvarado, C. L. (2021). Psychoactive drugs induce
the SOS response and shiga toxin production in Escherichia coli.
Toxins, 13, 437. https://doi.org/10.3390/toxins13070437

Dason, S., Dason, J. T., & Kapoor, A. (2011). Guidelines for the diagnosis
and management of recurrent urinary tract infection in women.
Canadian Urological Association Journal, 5, 316-322. https://doi.org/
10.5489/cuaj.11214

Datsenko, K. A., & Wanner, B. L. One-step inactivation of chromosomal
genes in Escherichia coli K-12 using PCR products. Proceedings of the
National Academy of Sciences, 97, 6640-6645. https://doi.org/10.
1073/pnas. 120163297 (2000).

Davis, B. D. (1987). Mechanism of bactericidal action of aminoglycosides.
Microbiological Reviews, 51, 341-350. https://doi.org/10.1128/mr.
51.3.341-350.1987

Dérr, T., Lewis, K., & Vuli¢, M. (2009). SOS response induces persistence
to fluoroquinolones in Escherichia coli. PLoS Genetics, 5, e1000760.
https://doi.org/10.1371/journal.pgen.1000760

Drlica, K., Hiasa, H., Kerns, R., Malik, M., Mustaev, A., & Zhao, X. (2009).
Quinolones: Action and resistance updated. Current Topics in
Medicinal ~ Chemistry, 9, 981-998. https://doi.org/10.2174/
156802609789630947

Drlica, K., Malik, M., Kerns, R. J., & Zhao, X. (2008). Quinolone-mediated
bacterial death. Antimicrobial Agents and Chemotherapy, 52,
385-392. https://doi.org/10.1128/AAC.01617-06

Drlica, K., & Zhao, X. (2007). Mutant selection window hypothesis
updated. Clinical Infectious Diseases, 44, 681-688. https://doi.org/
10.1086/511642

Dwyer, D. J.,, Belenky, P. A., Yang, H., MacDonald, I. C., Martell, N.,
Takahashi, C. T. Y., Chan, M. A. Lobritz, D. Braff, E. G.,
Schwarz, E. G, Ye, J. D., Pati, M., Vercruysse, M., Ralifo, P. S,
Allison, K. R, Khalil, A. S., Ting, A. Y., Walker, G. C., & Collins, J. J.
(2014). Antibiotics induce redox-related physiological alterations as
part of their lethality. Proceedings of the National Academy of
Sciences, 111, E2109-E2100. https://doi.org/10.1073/pnas

Edelstein, A. D., Tsuchida, M. A., Amodaj, N., Pinkard, H., Vale, R. D., &
Stuurman, N. (2014). Advanced methods of microscope control
using uManager software. Journal of Biological Methods, 1, e10.
https://doi.org/10.14440/jbm.2014.36

Ennis, D. G, Fisher, B., Edmiston, S., & Mount, D. W. (1985). Dual role for
Escherichia coli RecA protein in SOS mutagenesis. Proceedings of the

Microbiol O 19 of 31
icrobiologyOpen “WILEY

Open Access,

National Academy of Sciences, 82, 3325-3329. https://doi.org/10.
1073/pnas.82.10.3325

Foti, J. J., Devadoss, B., Winkler, J. A,, Collins, J. J., & Walker, G. C. (2012).
Oxidation of the guanine nucleotide pool underlies cell death by
bactericidal antibiotics. Science, 336, 315-319. https://doi.org/10.
1126/science.1219192

Fowler, R. G., & Schaaper, R. M. (1997). The role of the mutT gene of
Escherichia coli in maintaining replication fidelity. FEMS Microbiology
Reviews, 21, 43-54. https://doi.org/10.1111/j.1574-6976.1997.
tb00344.x

Fridman, O., Goldberg, A., Ronin, I., Shoresh, N., & Balaban, N. Q. (2014).
Optimization of lag time underlies antibiotic tolerance in evolved
bacterial populations. Nature, 513, 418-421. https://doi.org/10.
1038/nature13469

Friedberg, E. C., Walker, G. C., Siede, W., & Wood, R. D. (2005). DNA
repair and mutagenesis. American Society for Microbiology Press.

Gardiner, B. J., Stewardson, A. J., Abbott, I. J., & Peleg, A. Y. (2019).
Nitrofurantoin and fosfomycin for resistant urinary tract infections:
Old drugs for emerging problems. Australian Prescriber, 42, 14-19.
https://doi.org/10.18773/austprescr.2019.002

Gefen, O., Chekol, B., Strahilevitz, J., & Balaban, N. Q. (2017). TDtest: Easy
detection of bacterial tolerance and persistence in clinical isolates by
a modified disk-diffusion assay. Scientific Reports, 7, 41284. https://
doi.org/10.1038/srep41284

Ghodke, H., Paudel, B. P., Lewis, J. S., Jergic, S., Gopal, K., Romero, Z. J.,
Wood, E. A.,, Woodgate, R., Cox, M. M., & van Oijen, A. M. (2019).
Spatial and temporal organization of RecA in the Escherichia coli
DNA-damage response. elife, 8, e42761. https://doi.org/10.7554/
elife.42761

Giroux, X., Su, W.-L., Bredeche, M.-F., & Matic, |. (2017). Maladaptive
DNA repair is the ultimate contributor to the death of trimethoprim-
treated cells under aerobic and anaerobic conditions. Proceedings of
the National Academy of Sciences, 114, 11512-11517. https://doi.
org/10.1073/pnas

Gleckman, R., Blagg, N. & Joubert, D. W. (1981). Trimethoprim:
Mechanisms of action, antimicrobial activity, bacterial resistance,
pharmacokinetics, adverse reactions, and therapeutic indications.
Pharmacotherapy: The Journal of Human Pharmacology and Drug
Therapy, 1, 14-19. https://doi.org/10.1002/j.1875-9114.1981.
tb03548.x

Goodman, M. F., & Woodgate, R. (2013). Translesion DNA polymerases.
Cold Spring Harbor Perspectives in Biology, 5, a010363. https://doi.
org/10.1101/cshperspect.a010363

Gourley, C. R, Negretti, N. M., & Konkel, M. E. (2017). The food-borne
pathogen Campylobacter jejuni depends on the AddAB DNA repair
system to defend against bile in the intestinal environment. Scientific
Reports, 7, 14777. https://doi.org/10.1038/s41598-017-14646-9

Gutierrez, A., Laureti, L., Crussard, S., Abida, H., Rodriguez-Rojas, A.,
Blazquez, J., Baharoglu, Z., Mazel, D., Darfeuille, F., Vogel, J., &
Matic, 1. (2013). B-lactam antibiotics promote bacterial mutagenesis
via an RpoS-mediated reduction in replication fidelity. Nature
Communications, 4, 1610. https://doi.org/10.1038/ncomms2607

Ha, K. P, Clarke, R. S., Kim, G. L., Brittan, J. L., Rowley, J. E., Mavridou, D.,
Parker, D., Clarke, T. B., Nobbs, A. H., & Edwards, A. M. (2020).
Staphylococcal DNA repair is required for infection. mBio, 11,
€02288-20. https://doi.org/10.1128/mBio0.02288-20

Heaton, B. E., Barkan, D., Bongiorno, P., Karakousis, P. C., &
Glickman, M. S. (2014). Deficiency of double-strand DNA break
repair does not impair Mycobacterium tuberculosis virulence in
multiple animal models of infection. Infection and Immunity, 82,
3177-3185. https://doi.org/10.1128/1A1.01540-14

Heisig, P. (1996). Genetic evidence for a role of parC mutations in
development of high-level fluoroquinolone resistance in Escherichia
coli. Antimicrobial Agents and Chemotherapy, 40, 879-885.


https://doi.org/10.1111/mmi.12885
https://doi.org/10.1371/journal.pbio.0030176
https://doi.org/10.1371/journal.pbio.0030176
https://doi.org/10.1128/aac.00944-19
https://doi.org/10.1128/aac.00944-19
https://doi.org/10.1128/AAC.00594-21
https://doi.org/10.1038/35003501
https://doi.org/10.3389/fcimb.2018.00410
https://doi.org/10.3390/toxins13070437
https://doi.org/10.5489/cuaj.11214
https://doi.org/10.5489/cuaj.11214
https://doi.org/10.1073/pnas.120163297
https://doi.org/10.1073/pnas.120163297
https://doi.org/10.1128/mr.51.3.341-350.1987
https://doi.org/10.1128/mr.51.3.341-350.1987
https://doi.org/10.1371/journal.pgen.1000760
https://doi.org/10.2174/156802609789630947
https://doi.org/10.2174/156802609789630947
https://doi.org/10.1128/AAC.01617-06
https://doi.org/10.1086/511642
https://doi.org/10.1086/511642
https://doi.org/10.1073/pnas
https://doi.org/10.14440/jbm.2014.36
https://doi.org/10.1073/pnas.82.10.3325
https://doi.org/10.1073/pnas.82.10.3325
https://doi.org/10.1126/science.1219192
https://doi.org/10.1126/science.1219192
https://doi.org/10.1111/j.1574-6976.1997.tb00344.x
https://doi.org/10.1111/j.1574-6976.1997.tb00344.x
https://doi.org/10.1038/nature13469
https://doi.org/10.1038/nature13469
https://doi.org/10.18773/austprescr.2019.002
https://doi.org/10.1038/srep41284
https://doi.org/10.1038/srep41284
https://doi.org/10.7554/elife.42761
https://doi.org/10.7554/elife.42761
https://doi.org/10.1073/pnas
https://doi.org/10.1073/pnas
https://doi.org/10.1002/j.1875-9114.1981.tb03548.x
https://doi.org/10.1002/j.1875-9114.1981.tb03548.x
https://doi.org/10.1101/cshperspect.a010363
https://doi.org/10.1101/cshperspect.a010363
https://doi.org/10.1038/s41598-017-14646-9
https://doi.org/10.1038/ncomms2607
https://doi.org/10.1128/mBio.02288-20
https://doi.org/10.1128/IAI.01540-14

REVITT-MILLS ET AL

MWI LEy_MicrobiologyOpen

Open Access,

Henrikus, S. S., Henry, C., Ghodke, H., Wood, E. A., Mbele, N., Saxena, R.,
Upasana, U., van Oijen, A. M., Cox, M. M., & Robinson, A. (2019).
RecFOR epistasis group: RecF and RecO have distinct localizations
and functions in Escherichia coli. Nucleic Acids Research, 47,
2946-2965. https://doi.org/10.1093/nar/gkz003

Henrikus, S. S., Henry, C., McGrath, A. E., Jergic, S., McDonald, J. P,
Hellmich, Y., Bruckbauer, S. T., Ritger, M. L., Cherry, M. E.,
Wood, E. A, Pham, P. T., Goodman, M. F., Woodgate, R,
Cox, M. M,, van Oijen, A. M., Ghodke, H., & Robinson, A. (2020).
Single-molecule live-cell imaging reveals RecB-dependent function
of DNA polymerase IV in double strand break repair. Nucleic Acids
Research, 48, 8490-8508. https://doi.org/10.1093/nar/gkaa597

Ho, H. N., Van Oijen, A. M., & Ghodke, H. (2018). The transcription-repair
coupling factor Mfd associates with RNA polymerase in the absence
of exogenous damage. Nature Communications, 9, 1570. https://doi.
org/10.1038/s41467-018-03790-z

Hong, Y., Li, L., Luan, G., Drlica, K., & Zhao, X. (2017). Contribution of
reactive oxygen species to thymineless death in Escherichia coli.
Nature Microbiology, 2, 1667-1675. https://doi.org/10.1038/
s41564-017-0037-y

Hong, Y., Li, Q.,, Gao, Q., Xie, J., Huang, H., Drlica, K., & Zhao, X. (2019).
Reactive oxygen species play a dominant role in all pathways
of rapid quinolone-mediated killing. Journal of Antimicrobial
Chemotherapy, 75, 576-585. https://doi.org/10.1093/jac/dkz485

Huang, L.-C., Wood, E. A., & Cox, M. M. (1997). Convenient and reversible
site-specific targeting of exogenous DNA into a bacterial chromo-
some by use of the FLP recombinase: The FLIRT system. Journal of
Bacteriology, 179, 6076-6083.

Huseby, D. L., Pietsch, F., Brandis, G., Garoff, L., Tegehall, A., & Hughes, D.
(2017). Mutation supply and relative fitness shape the genotypes of
ciprofloxacin-resistant  Escherichia coli. Molecular Biology and
Evolution, 34, 1029-1039. https://doi.org/10.1093/molbev/msx052

Jenkins, S. T., & Bennett, P. M. (1976). Effect of mutations in
deoxyribonucleic acid repair pathways on the sensitivity of
Escherichia coli K-12 strains to nitrofurantoin. Journal of
Bacteriology, 125, 1214-1216. https://doi.org/10.1128/jb.125.3.
1214-1216.1976

Klitgaard, R. N., Jana, B., Guardabassi, L., Nielsen, K. L., & Lgbner-Olesen,
A. (2018). DNA damage repair and drug efflux as potential targets
for reversing low or intermediate ciprofloxacin resistance in E. coli K-
12. Frontiers in Microbiology, 9, 1438. https://doi.org/10.3389/
fmicb.2018.01438

Kohanski, M. A., Depristo, M. A., & Collins, J. J. (2010). Sublethal antibiotic
treatment leads to multidrug resistance via radical-induced muta-
genesis. Molecular Cell, 37, 311-320. https://doi.org/10.1016/j.
molcel.2010.01.003

Kohanski, M. A., Dwyer, D. J., & Collins, J. J. (2010). How antibiotics kill
bacteria: From targets to networks. Nature Reviews Microbiology, 8,
423-435. https://doi.org/10.1038/nrmicro2333

Kohanski, M. A., Dwyer, D. J., Hayete, B., Lawrence, C. A., & Collins, J. J.
(2007). A common mechanism of cellular death induced by
bactericidal antibiotics. Cell, 130, 797-810. https://doi.org/10.
1016/j.cell.2007.06.049

Kowalczykowski, S. C., Dixon, D. A., Eggleston, A. K., Lauder, S. D., &
Rehrauer, W. M. (1994). Biochemistry of homologous recombination
in Escherichia coli. Microbiological Reviews, 58, 401-465. https://doi.
org/10.1128/mr.58.3.401-465.1994

Laws, M., Shaaban, A., & Rahman, K. M. (2019). Antibiotic resistance
breakers: Current approaches and future directions. FEMS
Microbiology Reviews, 43, 490-516. https://doi.org/10.1093/
femsre/fuz014

Lee, A. M., & Singleton, S. F. (2004). Inhibition of the Escherichia coli RecA
protein: Zinc(ll), copper(ll) and mercury(ll) trap RecA as inactive
aggregates. Journal of Inorganic Biochemistry, 98, 1981-1986.
https://doi.org/10.1016/j.jinorghio.2004.08.018

Levin-Reisman, ., Ronin, I., Gefen, O., Braniss, l.,, Shoresh, N., &
Balaban, N. Q. (2017). Antibiotic tolerance facilitates the evolution
of resistance. Science, 355, 826-830. https://doi.org/10.1126/
science.aaj2191

Levy, S. B., & Marshall, B. (2004). Antibacterial resistance worldwide:
Causes, challenges and responses. Nature Medicine, 10, S122-5129.
https://doi.org/10.1038/nm1145

Lewis, K., & Manuse, S. (2019). Persister formation and antibiotic
tolerance of chronic infections. In K. Lewis (Ed.), Persister cells and
infectious disease (pp. 59-75). Springer International Publishing.

Lim, C., Ha, K. P,, Clarke, R. S., Gavin, L. A., Cook, D. T., Hutton, J. A,
Sutherell, C. L., Edwards, A. M., Evans, L. E., Tate, E. W., & Lanyon-
Hogg, T. (2019). Identification of a potent small-molecule inhibitor of
bacterial DNA repair that potentiates quinolone antibiotic activity in
methicillin-resistant Staphylococcus aureus. Bioorganic & Medicinal
Chemistry, 27, 114962. https://doi.org/10.1016/j.bmc.2019.06.025

Liu, Y., Pan, C, Ye, L, Si, Y., Bi, C,, Hua, X,, Yu, Y., Zhu, L., & Wang, H.
(2020). Nonclassical biofilms induced by DNA breaks in Klebsiella
pneumoniae. mSphere, 5, e00336-20. https://doi.org/10.1128/
mSphere.00336-20

Luisi-DelLuca, C., & Kolodner, R. (1994). Purification and characterization
of the Escherichia coli RecO protein: Renaturation of complementary
single-stranded DNA molecules catalyzed by the RecO protein.
Journal of Molecular Biology, 236, 124-138. https://doi.org/10.
1006/jmbi.1994.1123

Machuca, J., Recacha, E., Gallego-Mesa, B., Diaz-Diaz, S., Rojas-Granado,
G., Garcia-Duque, A., Docobo-Pérez, F., Blazquez, J., Rodriguez-
Rojas, A., Pascual, A., & Rodriguez-Martinez, J. M. (2021). Effect of
RecA inactivation on quinolone susceptibility and the evolution of
resistance in clinical isolates of Escherichia coli. Journal of
Antimicrobial Chemotherapy, 76, 338-344. https://doi.org/10.
1093/jac/dkaad48

Maeda, T., Horinouchi, T., Sakata, N., Sakai, A., & Furusawa, C. (2019).
High-throughput identification of the sensitivities of an Escherichia
coli ArecA mutant strain to various chemical compounds. The Journal
of Antibiotics, 72, 566-573. https://doi.org/10.1038/s41429-019-
0160-5

Maier, L., Pruteanu, M., Kuhn, M., Zeller, G., Telzerow, A., Anderson, E. E.,
Brochado, A. R., Fernandez, K. C., Dose, H., Mori, H., Patil, K. R,
Bork, P., & Typas, A. (2018). Extensive impact of non-antibiotic drugs
on human gut bacteria. Nature, 555, 623-628. https://doi.org/10.
1038/nature25979

Mamber, S. W., Brookshire, K. W., & Forenza, S. (1990). Induction of the
SOS response in Escherichia coli by azidothymidine and dideoxynu-
cleosides. Antimicrobial Agents and Chemotherapy, 34, 1237-1243.
https://doi.org/10.1128/aac.34.6.1237

Marcusson, L. L., Frimodt-Mgller, N., & Hughes, D. (2009). Interplay in the
selection of fluoroquinolone resistance and bacterial fitness. PLoS
Pathogens, 5, e1000541. https://doi.org/10.1371/journal.ppat.
1000541

Maslowska, K. H., Makiela-Dzbenska, K., & Fijalkowska, 1. J. (2019). The
SOS system: A complex and tightly regulated response to DNA
damage. Environmental and Molecular Mutagenesis, 60, 368-384.
https://doi.org/10.1002/em.22267

McCalla, D. R., Kaiser, C., & Green, M. H. (1978). Genetics of nitrofurazone
resistance in Escherichia coli. Journal of Bacteriology, 133, 10-16.
https://doi.org/10.1128/jb.133.1.10-16.1978

McOsker, C. C., & Fitzpatrick, P. M. (1994). Nitrofurantoin: Mechanism of
action and implications for resistance development in common
uropathogens. Journal of Antimicrobial Chemotherapy, 33, 23-30.
https://doi.org/10.1093/jac/33.suppl_A.23

Morimatsu, K., & Kowalczykowski, S. C. (2003). RecFOR proteins load
RecA protein onto gapped DNA to accelerate DNA strand exchange.
Molecular Cell, 11, 1337-1347. https://doi.org/10.1016/s1097-
2765(03)00188-6


https://doi.org/10.1093/nar/gkz003
https://doi.org/10.1093/nar/gkaa597
https://doi.org/10.1038/s41467-018-03790-z
https://doi.org/10.1038/s41467-018-03790-z
https://doi.org/10.1038/s41564-017-0037-y
https://doi.org/10.1038/s41564-017-0037-y
https://doi.org/10.1093/jac/dkz485
https://doi.org/10.1093/molbev/msx052
https://doi.org/10.1128/jb.125.3.1214-1216.1976
https://doi.org/10.1128/jb.125.3.1214-1216.1976
https://doi.org/10.3389/fmicb.2018.01438
https://doi.org/10.3389/fmicb.2018.01438
https://doi.org/10.1016/j.molcel.2010.01.003
https://doi.org/10.1016/j.molcel.2010.01.003
https://doi.org/10.1038/nrmicro2333
https://doi.org/10.1016/j.cell.2007.06.049
https://doi.org/10.1016/j.cell.2007.06.049
https://doi.org/10.1128/mr.58.3.401-465.1994
https://doi.org/10.1128/mr.58.3.401-465.1994
https://doi.org/10.1093/femsre/fuz014
https://doi.org/10.1093/femsre/fuz014
https://doi.org/10.1016/j.jinorgbio.2004.08.018
https://doi.org/10.1126/science.aaj2191
https://doi.org/10.1126/science.aaj2191
https://doi.org/10.1038/nm1145
https://doi.org/10.1016/j.bmc.2019.06.025
https://doi.org/10.1128/mSphere.00336-20
https://doi.org/10.1128/mSphere.00336-20
https://doi.org/10.1006/jmbi.1994.1123
https://doi.org/10.1006/jmbi.1994.1123
https://doi.org/10.1093/jac/dkaa448
https://doi.org/10.1093/jac/dkaa448
https://doi.org/10.1038/s41429-019-0160-5
https://doi.org/10.1038/s41429-019-0160-5
https://doi.org/10.1038/nature25979
https://doi.org/10.1038/nature25979
https://doi.org/10.1128/aac.34.6.1237
https://doi.org/10.1371/journal.ppat.1000541
https://doi.org/10.1371/journal.ppat.1000541
https://doi.org/10.1002/em.22267
https://doi.org/10.1128/jb.133.1.10-16.1978
https://doi.org/10.1093/jac/33.suppl_A.23
https://doi.org/10.1016/s1097-2765(03)00188-6
https://doi.org/10.1016/s1097-2765(03)00188-6

REVITT-MILLS ET AL

Newmark, K. G., O'Reilly, E. K., Pohlhaus, J. R., & Kreuzer, K. N. (2005).
Genetic analysis of the requirements for SOS induction by nalidixic
acid in Escherichia coli. Gene, 356, 69-76. https://doi.org/10.1016/j.
gene.2005.04.029

Palmer, A. C.,, Toprak, E., Baym, M., Kim, S., Veres, A., Bershtein, S., &
Kishony, R. (2015). Delayed commitment to evolutionary fate in
antibiotic resistance fitness landscapes. Nature Communications, 6,
7385. https://doi.org/10.1038/ncomms8385

Pribis, J. P., Garcia-Villada, L., Zhai, Y., Lewin-Epstein, O., Wang, A. Z.,
Liu, J., Xia, J., Mei, Q., Fitzgerald, D. M., Bos, J., Austin, R. H.,
Herman, C., Bates, D., Hadany, L., Hastings, P. J., & Rosenberg, S. M.
(2019). Gamblers: An antibiotic-induced evolvable cell sub-
population differentiated by reactive-oxygen-induced general stress
response. Molecular Cell, 74, 785-800. https://doi.org/10.1016/j.
molcel.2019.02.037

Priestley, G. C., & Brown, J. C. (1980). Acute toxicity of zinc pyrithione to
human skin cells in vitro. Acta Dermato-Venereologica, 60, 145-148.

Recacha, E., Machuca, J., Diaz de Alba, P., Ramos-Giielfo, M., Docobo-
Pérez, F., Rodriguez-Beltran, J., Blazquez, J., Pascual, A. &
Rodriguez-Martinez, J. M. (2017). Quinolone resistance reversion
by targeting the SOS response. mBio, 8, e00971-17. https://doi.
org/10.1128/mbio.00971-17

Robinson, A., McDonald, J. P., Caldas, V. E., Patel, M., Wood, E. A,
Punter, C. M., Ghodke, H., Cox, M. M. Woodgate, R,
Goodman, M. F., & van Oijen, A. M. (2015). Regulation of mutagenic
DNA polymerase V activation in space and time. PLoS Genetics, 11,
€1005482. https://doi.org/10.1371/journal.pgen.1005482

Rolinson, G. N., Macdonald, A. C., & Wilson, D. A. (1977). Bactericidal
action of B-lactam antibiotics on Escherichia coli with particular
reference to ampicillin and amoxycillin. Journal of Antimicrobial
Chemotherapy, 3, 541-553. https://doi.org/10.1093/jac/3.6.541

Rong Fu, W., & Kushner, S. R. (1991). Construction of versatile low-copy-
number vectors for cloning, sequencing and gene expression in
Escherichia coli. Gene. 100, 195-199. https://doi.org/10.1016/
0378-1119(91)90366-J

Samaranayake, G., Huynh, M., & Rai, P. (2017). MTH1 as a chemo-
therapeutic target: The elephant in the room. Cancers, 9, 47. https://
doi.org/10.3390/cancers9050047

Schneider, C. A., Rasband, W. S., & Eliceiri, K. W. (2012). NIH image to
ImageJ: 25 years of image analysis. Nature Methods, 9, 671-675.
https://doi.org/10.1038/nmeth.2089

Setlow, R. B., Swenson, P. A., & Carrier, W. L. (1963). Thymine dimers and
inhibition of DNA synthesis by ultraviolet irradiation of cells. Science,
142, 1464-1466. https://doi.org/10.1126/science.142.3598.1464

Simmons, L. A, Foti, J. J., Cohen, S. E., & Walker, G. C. (2008). The SOS
regulatory network. EcoSal Plus, 3, 1-30. https://doi.org/10.1128/
ecosalplus.5.4.3

Singh, R., Ledesma, K. R., Chang, K., & Tam, V. H. (2010). Impact of recA on
levofloxacin exposure-related resistance development. Antimicrobial
Agents and Chemotherapy, 54, 4262-4268. https://doi.org/10.1128/
AAC.00168-10

Swords, W. E. (2003). Chemical Transformation of E. coli. In N. Casali &
A. Preston, (Eds.), E. coli Plasmid Vectors (Vol. 235). pp. (49-54).
Humana Press.

Tamma, P. D., Cosgrove, S. E., & Maragakis, L. L. (2012). Combination
therapy for treatment of infections with gram-negative bacteria.
Clinical Microbiology Reviews, 25, 450-470. https://doi.org/10.1128/
cmr.05041-11

Microbiol O 21 of 31
icrobiologyOpen “WILEY

Open Access,

Thi, T. D., Lépez, E., Rodriguez-Rojas, A., Rodriguez-Beltran, J., Couce, A.,
Guelfo, J. R., Castafieda-Garcia, A., & Blazquez, J. (2011). Effect of
recA inactivation on mutagenesis of Escherichia coli exposed to
sublethal concentrations of antimicrobials. Journal of Antimicrobial
Chemotherapy, 66, 531-538. https://doi.org/10.1093/jac/dkq496

Toprak, E., Veres, A., Michel, J. B., Chait, R., Hartl, D. L., & Kishony, R.
(2012). Evolutionary paths to antibiotic resistance under dynamically
sustained drug selection. Nature Genetics, 44, 101-105. https://doi.
org/10.1038/ng.1034

Tran, T., Ran, Q. Ostrer, L, & Khodursky, A. (2016). De novo
characterization of genes that contribute to high-level ciprofloxacin
resistance in Escherichia coli. Antimicrobial Agents and Chemotherapy,
60, 6353-6355. https://doi.org/10.1128/AAC.00889-16

Tuomanen, E., Cozens, R., Tosch, W., Zak, O., & Tomasz, A. (1986). The
rate of killing of Escherichia coli by B-Lactam antibiotics is strictly
proportional to the rate of bacterial growth. Microbiology, 132,
1297-1304. https://doi.org/10.1099/00221287-132-5-1297

Del Val, E., Nasser, W., Abaibou, H., & Reverchon, S. (2019). RecA and
DNA recombination: A review of molecular mechanisms. Biochemical
Society Transactions, 47, 1511-1531. https://doi.org/10.1042/
bst20190558

Vareille, M., de Sablet, T., Hindré, T., Martin, C., & Gobert, A. P. (2007).
Nitric oxide inhibits Shiga-toxin synthesis by enterohemorrhagic
Escherichia coli. Proceedings of the National Academy of Sciences of the
United States of America, 104, 10199-10204. https://doi.org/10.
1073/pnas.0702589104

Ventola, C. L. (2015). The antibiotic resistance crisis: Part 1: Causes and
threats. Pharmacy and Therapeutics, 40, 277-283.

Visentin, M., Zhao, R., & Goldman, |. D. (2012). The antifolates.
Hematology/Oncology Clinics of North America, 26, 629-648.
https://doi.org/10.1016/j.hoc.2012.02.002

Wang, X., & Zhao, X. (2009). Contribution of oxidative damage to
antimicrobial lethality. Antimicrobial Agents and Chemotherapy, 53,
1395-1402. https://doi.org/10.1128/AAC.01087-08

Windels, E. M., Michiels, J. E., Fauvart, M. Wenseleers, T.,
Van den Bergh, B., & Michiels, J. (2019). Bacterial persistence
promotes the evolution of antibiotic resistance by increasing survival
and mutation rates. The ISME Journal, 13, 1239-1251. https://doi.
org/10.1038/541396-019-0344-9

Yoshida, H., Bogaki, M., Nakamura, M., & Nakamura, S. (1990). Quinolone
resistance-determining region in the DNA gyrase gyrA gene of
Escherichia coli. Antimicrobial Agents and Chemotherapy, 34, 1271-1272.

Zaslaver, A, Bren, A, Ronen, M, ltzkovitz, S., Kikoin, I, Shavit, S,
Liebermeister, W., Surette, M. G., & Alon, U. (2006). A comprehensive
library of fluorescent transcriptional reporters for Escherichia coli. Nature
Methods, 3, 623-628. https://doi.org/10.1038/nmeth895

How to cite this article: Revitt-Mills, S. A., Wright, E. K.,
Vereker, M., O'Flaherty, C., McPherson, F., Dawson, C., van
QOijen, A. M., & Robinson, A. (2022). Defects in DNA double-
strand break repair resensitize antibiotic-resistant Escherichia
coli to multiple bactericidal antibiotics. Microbiology Open,
11, e1316. https://doi.org/10.1002/mbo3.1316


https://doi.org/10.1016/j.gene.2005.04.029
https://doi.org/10.1016/j.gene.2005.04.029
https://doi.org/10.1038/ncomms8385
https://doi.org/10.1016/j.molcel.2019.02.037
https://doi.org/10.1016/j.molcel.2019.02.037
https://doi.org/10.1128/mbio.00971-17
https://doi.org/10.1128/mbio.00971-17
https://doi.org/10.1371/journal.pgen.1005482
https://doi.org/10.1093/jac/3.6.541
https://doi.org/10.1016/0378-1119(91)90366-J
https://doi.org/10.1016/0378-1119(91)90366-J
https://doi.org/10.3390/cancers9050047
https://doi.org/10.3390/cancers9050047
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1126/science.142.3598.1464
https://doi.org/10.1128/ecosalplus.5.4.3
https://doi.org/10.1128/ecosalplus.5.4.3
https://doi.org/10.1128/AAC.00168-10
https://doi.org/10.1128/AAC.00168-10
https://doi.org/10.1128/cmr.05041-11
https://doi.org/10.1128/cmr.05041-11
https://doi.org/10.1093/jac/dkq496
https://doi.org/10.1038/ng.1034
https://doi.org/10.1038/ng.1034
https://doi.org/10.1128/AAC.00889-16
https://doi.org/10.1099/00221287-132-5-1297
https://doi.org/10.1042/bst20190558
https://doi.org/10.1042/bst20190558
https://doi.org/10.1073/pnas.0702589104
https://doi.org/10.1073/pnas.0702589104
https://doi.org/10.1016/j.hoc.2012.02.002
https://doi.org/10.1128/AAC.01087-08
https://doi.org/10.1038/s41396-019-0344-9
https://doi.org/10.1038/s41396-019-0344-9
https://doi.org/10.1038/nmeth895
https://doi.org/10.1002/mbo3.1316

MWI LEy_MicrobiologyOpen

REVITT-MILLS ET AL.

Open Access,

APPENDIX 1
TABLE A1 Escherichia coli strains used in this study

Strain Relevant genotype

MG1655 recA” recB* recF* recO* recR* mutT*

HHO020 ArecA:Kan®

EAW102 ArecB::Kan®

EAW629  ArecF:Kan®

EAW114 ArecO:Kan®

EAW669  ArecR:KanR

EAW999 AmutT:Kan®

HHO21 ArecA:FRT

HG356 ArecB::FRT

MV009 ArecF::FRT

SRMO019 ArecO::FRT

SRM020 ArecR:FRT

MV005 AmutT:FRT

CH5741 CipR (gyrA [S83L, D87N] parC [S80I]) recA* recB* recF*
recO” recR* mutT

FMO002 Cip® (gyrA [S83L, D87N] parC [S80I]) ArecA::Kan®

FMO001 CipR (gyrA [S83L, D87N] parC [S80I]) ArecB::Kan®R

FMO003 Cip® (gyrA [S83L, D87N] parC [S80I]) ArecF::Kan®

FM004 Cip® (gyrA [S83L, D87N] parC [S80I]) ArecO:Kan®

FMO005 Cip® (gyrA [S83L, D87N] parC [S80I]) ArecR::Kan®

MVO001 CipR (gyrA [S83L, D87N] parC [S80I]) AmutT:KanR

SSH021 MG1655 (pJM1071)

SRM009 ArecA:Kan® (pJM1071)

MV002 ArecA::Kan® (pRecA)

SRM010 ArecB::Kan® (pJM1071)

EKWO008 OrecB::Kan® (pRecB)

SRMO11 ArecA:FRT (pJM1071)

CD006 ArecA::FRT (pRecA)

SRMO012 ArecB:FRT (pJM1071)

SRMO013 ArecB::FRT (pRecB)

COF001 AmpR MG1655 (pWSK29)

COF002 AmpR ArecA:Kan® (pWSK29)

COF003 AmpR ArecB::Kan® (pWSK29)

Parent strain

MG1655
MG1655
MG1655
MG1655
MG1655
MG1655
HHO020

EAW102
EAW629
EAW114
EAW669
EAW999
MG1655

CH5741
CH5741
CH5741
CH5741
CH5741
CH5741
MG1655
HHO020
HHO020
EAW102
EAW102
HHO021
HHO21
HG356
HG356
MG1655
HHO020
EAW102

Source/technique

Ghodke et al. (2019)
Henrikus et al. (2020)
Henrikus et al. (2019)
Henrikus et al. (2019)
Henrikus et al. (2019)
Lambda Red recombination
Ho et al. (2018)
Henrikus et al. (2020)
This study

This study

This study

This study

Huseby et al. (2017)

Transduction of CH5741 with P1 grown on HHO21
Transduction of CH5741 with P1 grown on EAW102
Transduction of CH5741 with P1 grown on EAW629
Transduction of CH5741 with P1 grown on EAW114
Transduction of CH5741 with P1 grown on EAW669
Transduction of CH5741 with P1 grown on EAW999
Transformation of MG1655 with pJM1071
Transformation of HH020 with pJM1071
Transformation of EAW102 with pRecA
Transformation of EAW102 with pJM1071
Transformation of EAW102 with pRecB
Transformation of HH021 with pJM1071
Transformation of HH021 with pRecA
Transformation of HG356 with pJM1071
Transformation of HG356 with pRecB
Transformation of MG1655 with pWSK29
Transformation of HH020 with pWSK29
Transformation of EAW102 with pWSK29
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TABLE A1l
Strain
COF004
COF005
COF006
COF007
CD001
CD002
CD003
CD004
SRM026
SRMO027
CD005
SSHO91
MV003
SSH111
MV011
SRM028
SRM029
MV013
SRM020

SRMO037
SRMO021
SRMO022
SRMO023
SRMO024
SRMO025
JW0835-1
EKWO036
EKWO037
EKWO038
EKWO039
EKWO040
EKW041
EKW042
EKWO058

(Continued)

Relevant genotype

AmpR ArecF:Kan® (pWSK29)
AmpR ArecO:Kan® (pWSK29)
AmpR ArecR:Kan®R (pWSK29)
AmpR AmutT:Kan® (pWSK29)
MG1655 (pUA66)

Kan® ArecA::FRT (pUA66)
Kan® ArecB::FRT (pUA66)
Kan®R ArecF::FRT (pUA66)
Kan® ArecO:FRT (pUA66)
KanR ArecR:FRT (pUAG6)
Kan® AmutT::FRT (pUA66)
MG1655 (pUA66-Pg,a-gfp)
ArecA::FRT (pUA66-Ps,i4-3fp)
ArecB::FRT (pUA66-Pg,a-3fp)
ArecF::FRT (pUA66-Ps,4-3fp)
ArecO:FRT (pUA66-Pgyia-8fb)
ArecR:FRT (pUA66-Pgia-8fp)
AmutT::FRT (pUA66-Ps,a-3fp)
MG1655 (pEAW915)

ArecA:FRT (pEAW915)
ArecB::FRT (pEAW915)
ArecF::FRT (pEAW915)
ArecO::FRT (pEAW915)
ArecR:FRT (pEAW915)
AmutT::FRT (pEAW915)
AnfsA:kanR

Nit® MG1655 AnfsA
Nit? ArecA:FRT AnfsA
Nit® ArecB::FRT AnfsA
NitR ArecF:FRT AnfsA
Nit® ArecO:FRT AnfsA
Nit® ArecR::FRT AnfsA
Nit® AmutT::FRT AnfsA
TmpR MG1655 [C49765T]

Parent strain
EAW629
EAW114
EAW669
EAW999
MG1655
HHO21
HG356
MV009
SRM019
SRMO020
MV005
MG1655
HHO021
HG356
MVO009
SRM019
SRM020
MV005
MG1655

HHO21
HG356
MV009
SRMO019
SRMO020
MV005
BW25113
MG1655
HHO21
HG356
MV009
SRMO019
SRMO020
MV005
MG1655
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Source/technique

Transformation of EAW629 with pWSK29
Transformation of EAW114 with pWSK29
Transformation of EAW669 with pWSK29
Transformation of EAW999 with pWSK29
Transformation of MG1655 with pUA66
Transformation of HHO021 with pUA66
Transformation of HG356 with pUA66
Transformation of MV009 with pUA66
Transformation of SRM019 with pUA66
Transformation of SRM020 with pUA66
Transformation of MV0O05 with pUA66

Henrikus et al. (2020)

Transformation of HH021 with pUA66-P4-3fp
Henrikus et al. (2020)

Transformation of MV009 with pUA66-Pga-8fp
Transformation of SRM019 with pUA66-P4-3fp
Transformation of SRM020 with pUA66-Pg,4-3fp
Transformation of MV0O05 with pUA66- Py, 4-gfp

Transformation of MG1655 with pEAW915, Chen
et al. (2015)

Transformation of HHO21 with pEAW915
Transformation of HG356 with pEAW915
Transformation of MV009 with pEAW915
Transformation of SRM019 with pEAW915
Transformation of SRM020 with pEAW915
Transformation of MV005 with pEAW915

Baba et al. (2006)

Transduction of MG1655 with P1 grown on JW0835-1
Transduction of HH021 with P1 grown on JW0835-1
Transduction of HG356 with P1 grown on JW0835-1
Transduction of MV009 with P1 grown on JW0835-1
Transduction of SRM019 with P1 grown on JW0835-1
Transduction of SRM020 with P1 grown on JW0835-1
Transduction of MVO05 with P1 grown on JW0835-1
Arep recombination of MG1655 with SRP84

(Continues)
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TABLE A1l
Strain
EKWO059
EKWO060
EKWO061
EKWO062
EKWO063
EKWO064
LM378
LM534
LM625
LM792
CH6179

EAW26

RW1568

TABLE A2
Plasmid

pUAG6

pUAéé'PsulA'gfp

pEAW915

pWSK29

pJM1071

pHG134 (pRecA)

pSRM3 (pRecB)

pLH29

pKD46
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Open Access,

(Continued)
Relevant genotype
TmpR ArecA::Kan®
TmpR ArecB:Kan®
TmpR ArecF::Kan®
TmpR ArecO:Kan®R
TmpR ArecR:KanR
TmpR AmutT:KanR
gyrA [S83L], recA” recB* recF* recO™ recR* mutT*
gyrA [D87N], recA* recB* recF* recO* recR* mutT*
gyrA [S83L, D87NY], recA* recB* recF* recO* recR* mutT*
parC [S80I], recA* recB* recF* recO* recR* mutT*

gyrA [S83L], parC [S80I], recA* recB* recF* recO*
recR* mutT*

lexA(Def) sulA™

lexA3 (Ind")

Plasmids used in this study

Description

Escherichia coli low copy number vector, pSC101 ori, GFP reporter plasmid carrying

gfpmut2, no promoter KanR

pACYC184 base, p15A ori, GFP reporter plasmid carrying supergloGFP (from pQBI63)

behind recN (+200 to -21) promoter, CmR

E. coli low copy number vector, pSC101 ori, Amp~,

E. coli base plasmid, pSC101 ori, Spec®

Kpnl/Xbal, Spec?

FLP expression plasmid, p15A ori, FLP recombinase under the control of lacZ

promoter, AmpR

Temperature-sensitive A Red recombinase expression plasmid, pSC101 ori, rep101ts, AmpR

Parent strain
EKWO048
EKWO048
EKWO048
EKWO048
EKWO048
EKW048
MG1655
MG1655
MG1655
MG1655
MG1655

MG1655

MG1655

GFP reporter plasmid carrying gfpmut2, sulA promoter, Kan®

RecA complementation plasmid, recA cloned in pJM1071 between Ndel/Xbal, Spec®

RecB complementation plasmid, recB plus 200 bp upstream cloned in pJM1071 between

Source/technique

Transduction of EKWO048 with P1 grown on HH020
Transduction of EKW048 with P1 grown on EAW102
Transduction of EKWO048 with P1 grown on EAW629
Transduction of EKW048 with P1 grown on EAW114
Transduction of EKW048 with P1 grown on EAW669
Transduction of EKW048 with P1 grown on EAW999
Marcusson et al. (2009)

Marcusson et al. (2009)

Marcusson et al. (2009)

Marcusson et al. (2009)

Huseby et al. (2017)

Robinson et al. (2015)

Henrikus et al. (2020); Ennis et al. (1985)

Source

Zaslaver et al. (2006)

Zaslaver et al. (2006)

Chen et al. (2015)

Rong Fu and Kushner (1991)

Ghodke et al. (2019)

This study. GenBank accession
number: OP341514

Huang et al. (1997)

Datsenko and Wanner (2000)
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TABLE A3 Oligonucleotides used in this study

Oligo Target
SRP14 nfsA_UP_F
SRP15 nfsA_DN_R
SRP16 nfsB_UP_F
SRP17 nfsB_DN_R
SRP18 recA_DN_F
SRP19 recA_UP_R
SRP20 recB_DN_F
SRP21 recB_UP_R
SRP22 recF_DN_F
SRP23 recF_UP_R
SRP24 recO_DN_F
SRP25 recO_UP_R
SRP26 recR_UP_F
SRP27 recR_DN_R
SRP28 mutT_UP_F
SRP29 mutT_DN_R
SRP81 folA_F
SRP82 folA_R
SRP83 PfolA_TOP_C>T
SRP84 PfolA_BTM_G>A

APPENDIX 2

(Figure A4)

@) 4

Sequence (5'-3’)
ggaatgatgctactggceggtg
cacgcagccgcttacacg
cagcagcctatgatgacggce
ctggtggttgatggtctggce
ggcgacgggatgttgattct
cgtcaggctactgcgtatge
cgagggtgacggcagg
caggcggtggtcgagcec
gcaccgcatccagecec
gaagcggaagagatcctcgac
ggtaatgccegtecgcetec
gtgaccgtggagatcgaacg
gatcgacccgagcectge
cgcatcggaggcgttagag
geecgtgeggttctgg
cgaaagcgatgactggageg
cgagaacgtgccgatgtg

gctgetgetgggstes
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gactcgccagcagaatataaaattttcctcaacatcatcctcgecaccagtTgacgacggtttacgctttacgtatagtggegacaattttttttatcggg

cccgataaaaaaaattgtcgecactatacgtaaagegtaaaccgtcgtcAactggtgcgaggatgatgttgaggaaaattttatattctgetggegagtc

(b)

3.5 2.5
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2 ] 2
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WT ArecA ArecB ArecF ArecO ArecR AmutT
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FIGURE A1l

T T

T T
WT  ArecA ArecA ArecB ArecB

(VC) (pRecA) (VC) (pRecB)

(C) ArecA (VC) ArecA (pRecA)

MIC: 1 pg/mL
ZOI: 45941 pixels®

MIC: 0.75 pg/mL.
ZOl: 39709 pixels?

ArecB (pRecB)

ArecB (VC)

MIC: 0.75 pg/mL
ZOl: 41775 pixels?

MIC: 1.5 pg/mL
ZOI: 31712 pixels?

(a) Kanamycin minimum inhibitory concentration (MIC) values obtained for isogenic Escherichia coli strains MG1655 (WT; wild-

type), ArecA::Kan® (HHO20), ArecB::Kan® (EAW102), ArecF:Kan® (EAW629), ArecO::Kan® (EAW114), ArecR::Kan® (EAW669) and AmutT::KanR
(EAW999). MICs were assayed using MIC test strips according to the manufacturer's instructions. The means and standard errors of the mean
are shown, based on results from at least four biological replicates. (b) Kanamycin MIC values obtained for wild-type (MG1655) with empty
vector (VC; vector control), ArecA and ArecB mutants with empty vector, and complemented derivatives (pRecA and pRecB, respectively). The
means and standard errors of the mean are shown based on results from at least three biological replicates. (c) Representative images of
kanamycin MIC plate assays for ArecA (VC), ArecA (pRecA), ArecB (VC), and ArecB (pRecB) E. coli strains. MICs and measured zone of inhibition
areas in pixels? are denoted below the corresponding images.
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FIGURE A2 (a) Ampicillin minimum inhibitory concentration (MIC) values obtained for isogenic Escherichia coli strains MG1655 (WT; wild-
type), ArecA:Kan® (HH020), ArecB::Kan® (EAW102), ArecF:Kan® (EAW629), ArecO:KanR (EAW114), ArecR::KanR (EAW669) and AmutT:KanR
(EAW999). MICs were assayed using MIC test strips according to the manufacturer's instructions. The means and standard errors of the mean
are shown, based on results from at least three biological replicates. (b) Ampicillin MIC values obtained for the E. coli strains WT (MG1655) with
empty vector (VC; vector control), ArecA and ArecB mutants with empty vector and complemented derivatives (pRecA and pRecB, respectively).
The means and standard errors of the mean are shown based on results from at least three biological replicates. Statistical analysis was carried
out using a Student's t-test. An asterisk denotes statistical significance (p < 0.05) compared to wild-type with empty vector, WT (VC). (c) Zone of
inhibition area measurements for ampicillin-resistant WT and DNA repair mutant strains following disk diffusion assays with 5 mg ampicillin.
AmpR (COF001), AmpR ArecA (COF002), AmpR ArecB (COF003), AmpR ArecF (COF004), Amp® ArecO (COF005), AmpR ArecR (COF006) and
AmpR AmutT (COF007). The means and standard errors of the mean are shown based on results from at least four biological replicates. (d)
Representative images of ampicillin MIC and tolerance (TD Test) plate assays for isogenic E. coli strains MG1655 (WT; wild-type), ArecA::Kan®R
(HHO020), ArecB::Kan® (EAW102), ArecF::Kan® (EAW629), ArecO:Kan® (EAW114), ArecR:Kan® (EAW669) and AmutT:Kan® (EAW999). Images
show representative plates from independent triplicate replicates. (e) Representative images of ampicillin MIC and tolerance (TD Test) plate
assays for isogenic E. coli strains Amp® (COF001), AmpR ArecA (COF002), AmpR ArecB (COF003), AmpR ArecF (COF004), AmpR ArecO (COF005),
AmpR ArecR (COF006) and AmpR AmutT (COF007). Images show representative plates from independent triplicate replicates.
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FIGURE A3 (See caption on next page)



28 of 31 Wl LEy_MicrobiologyOpen REVITT-MILLS ET AL

Open Access,

(a

~
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O
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Brightfield

ZOl: 21 mm ZOI: 22 mm ZOIl: 21 mm ZOl: 21 mm ZOI: 22 mm ZOI: 23 mm ZOl: 20 mm

FIGURE A4 (a) Expression of SOS reporter fusion P, a-gfp on a solid agar surface in wild-type (WT) and DNA repair-deficient strains grown
in the presence of ampicillin (0.016-256 pg/ml). Plates were visualized under 490 nm excitation (top panels) and in bright-field (lower panel).
Any SOS induction should be visualized as a strong fluorescence band at the border of the zone of inhibition. (b) Expression of SOS reporter
fusion P,..n-gfp on a solid agar surface in wild-type (WT) and DNA repair-deficient strains grown in the presence of 50 ug kanamycin. Plates
were visualized under a 490 nm excitation (top panels) and in bright-field (lower panel). The zone of inhibition recorded for each strain is denoted
below the bright-field image.

FIGURE A3 (a) Representative images of ciprofloxacin minimum inhibitory concentration (MIC) and tolerance (TD Test) plate assays for
wild-type (WT), and DNA repair-deficient Escherichia coli strains. (b) Representative images of kanamycin MIC and tolerance (TD Test) plate
assays for wild-type (WT), and DNA repair-deficient E. coli strains. (c) Representative images of nitrofurantoin MIC and tolerance (TD Test)
plate assays for wild-type (WT) and DNA repair-deficient E. coli strains. (d) Representative images of trimethoprim MIC and tolerance (TD Test)
plate assays for wild-type (WT), and DNA repair-deficient E. coli strains.
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FIGURE A5 ML328 (a) and IMP-1700 (b)
ODy¢0o and ICsq linear regression data for
Escherichia coli strains (i and ii) MG1655 (WT;
wild-type), (iii and iv) ArecA:Kan® (HH020), (v
and vi) ArecB:KanR (EAW102). The optical
density at 600 nm (ODggo) was recorded
every 20 min for 18 h. ODgop measurements
were background corrected against no-
inoculum controls. The means and standard
error of the mean are shown from three
biological replicates. The minimum inhibitory
concentration (MIC) was defined as the
lowest concentration of compound with no
growth as determined by ODgqg readings.
IC50 values were calculated using data from at
least three biological replicates.
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FIGURE A6 (a) and (b) Representative images of ML328 (a) and IMP-1700 (b) disk diffusion assays obtained for isogenic ciprofloxacin-
resistant (Cip®) DNA repair-deficient Escherichia coli strains CipR (CH5741), CipR ArecA (FM002), CipR ArecB (FM001), CipR ArecF (FM003), CipR
ArecO (FM004), CipR ArecR (FM005), and Cip® AmutT (MV001). ML328 (c and d) and IMP-1700 (e and f) ODgqo and ICsq linear regression data
for E. coli strains. The optical density at 600 nm (ODgqo) was recorded every 20 min for 18 h. ODgoo measurements were background corrected
against no-inoculum controls. The means and standard error of the mean are shown from three biological replicates. ICsq values were calculated
using data from at least three biological replicates.
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APPENDIX 3
ImageJ Macros to analyze percentage regrowth

1JAIMACRO 1: (measuring MIC plate ZOI area and area without
colonies)

//step 1l: duplicate image and normalize bright-
ness and contrast

//NOTE: Renaming only works if the ROI manager
is empty

//clears results table and ROI manager

run("Clear Results");

selectWindow ("ROI Manager") ;

run("Close");

//run("Brightness/Contrast") ;

run("Duplicate", " ");

setMinAndMax (0, 4079) ;

//step 2: threshold the zone of inhibitionusing
apreset autothreshold

setAutoThreshold("Default noreset");

setAutoThreshold("Mean stack") ;

//step 3: select the zones of inhibition and add
to ROI manager

//setTool("wand") ;

doWand (496, 300) ;

roiManager ("Add") ;

doWand (400, 300) ;

roiManager ("Add") ;

roiManager ("Select", newArray(0,1));

roiManager ("Combine") ;

roiManager ("Add") ;

roiManager ("Select", 2);

roiManager ("Rename", "ZOI") ;

//step 4: select all thresholded regions (this
includes colonies in Z0I)

run("Create Selection");

roiManager ("Add") ;

roiManager ("Select", 3);

roiManager ("Rename", "Colonies");

//step5: set scale topixels andmeasure zone of
inhibition

run("Set Scale", "distance=0known=0pixel=1
unit=pixel global");

roiManager ("Select", 2);

run("Measure") ;
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//step 6: measure growth in ZOI

roiManager ("Select", newArray(2,3));

roiManager ("AND") ;

run("Measure") ;

1JAMACRO 2: (measuring the area without colonies on the TD
plate)

//step 1l: duplicate image and normalize bright-
ness and contrast

//NOTE: Renaming only works if the ROI manager
is empty

//run("Brightness/Contrast") ;

run("Duplicate", " ");

setMinAndMax (0, 4079);

//step 2: threshold the zone of inhibitionusing
apreset autothreshold

setAutoThreshold("Default noreset") ;

setAutoThreshold("Mean stack") ;

//step 3: add the original zone of inhibition to
ROTI manager

roiManager ("Select", 2);

waitForUser ("Move ROI to an appropriate
position")

wait (3000)

roiManager ("Add") ;

roiManager ("Select", 4);

roiManager ("Rename", "ZOITD") ;

//step 4: select all thresholded regions (this
includes colonies in ZOI)

run("Create Selection");

roiManager ("Add") ;

roiManager ("Select", 5);

roiManager ("Rename", "ColoniesTD") ;

//step 5: set scale topixels andmeasure area of
colonies in zone of inhibition

run("Set Scale", "distance=0 known=0 pixel=1
unit=pixel global");

roiManager ("Select", newArray(4,5));

roiManager ("AND") ;

run("Measure") ;

//step 6: save results as csv

selectWindow("Results") ;

saveAs ("Results")

selectWindow ("ROI Manager") ;





