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ABSTRACT Persister cells are drug-tolerant bacteria capable of surviving antibiotic treat-
ment despite the absence of heritable resistance mechanisms. It is generally thought that
persister cells survive antibiotic exposure through the implementation of stress responses
and/or energy-sparing strategies. Exposure to DNA gyrase-targeting antibiotics could be
particularly detrimental for bacteria that carry prophages integrated in their genomes.
Gyrase inhibitors are known to induce prophages to switch from their dormant lysogenic
state into the lytic cycle, causing the lysis of their bacterial host. However, the influence
of resident prophages on the formation of persister cells has only been recently appreci-
ated. Here, we evaluated the effect of endogenous prophage carriage on the generation
of bacterial persistence during Salmonella enterica serovar Typhimurium exposure to both
gyrase-targeting antibiotics and other classes of bactericidal antibiotics. Results from the
analysis of strain variants harboring different prophage combinations revealed that pro-
phages play a major role in limiting the formation of persister cells during exposure to
DNA-damaging antibiotics. In particular, we present evidence that prophage Gifsy-1 (and
its encoded lysis proteins) are major factors limiting persister cell formation upon cipro-
floxacin exposure. Resident prophages also appear to have a significant impact on the
initial drug susceptibility, resulting in an alteration of the characteristic biphasic killing
curve of persister cells into a triphasic curve. In contrast, a prophage-free derivative of
S. Typhimurium showed no difference in the killing kinetics for B-lactam or aminoglycoside
antibiotics. Our study demonstrates that induction of prophages increased the susceptibility
toward DNA gyrase inhibitors in S. Typhimurium, suggesting that prophages have the
potential for enhancing antibiotic efficacy.

IMPORTANCE Bacterial infections resulting from antibiotic treatment failure can often
be traced to nonresistant persister cells. Moreover, intermittent or single treatment of
persister cells with B-lactam antibiotics or fluoroquinolones can lead to the formation
of drug-resistant bacteria and to the emergence of multiresistant strains. It is therefore
important to have a better understanding of the mechanisms that impact persister for-
mation. Our results indicate that prophage-associated bacterial killing significantly reduces
persister cell formation in lysogenic cells exposed to DNA-gyrase-targeting drugs. This
suggests that therapies based on gyrase inhibitors should be favored over alternative
strategies when dealing with lysogenic pathogens.
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acterial persister cells are generally considered to be a slow-growing, metabolically
inactive subpopulation with high tolerance to otherwise lethal concentrations of
bactericidal antibiotics and which can be responsible for recalcitrant infections (1, 2).
Persistence is a phenotypic variant of resistance; however, in contrast to resistant and
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heteroresistant bacteria, persister cells do not proliferate in the presence of antibiotics
(1). In general, persister cells represent only a small subpopulation of a bacterial culture, gen-
erally less than 0.1% of a growing culture. Persistence is observed in killing assays in which
the majority of the drug-sensitive bacteria are rapidly killed with increasing time of treat-
ment until only a plateau of bacterial survivors (persister cells) remain. This rapid killing of
drug-sensitive bacteria results in a biphasic killing curve, with a rapid decline of viable cells
during an initial phase followed by a second phase characterized by slow rates of killing, rep-
resenting the phenotypically resistant persister cells (3). Currently, there are two hypotheses
as to how bacterial persister cells become established: stochastically during the exponential
growth phase and triggered or induced by stress (3). Numerous factors have been reported
which can have an influence on persister cell formation, including the involvement of efflux
pumps, oxidative stress, energy (ATP) levels, toxin-antitoxin modules, protein aggregation,
or the SOS response (4-10). However, the impact on persister cell formation by genes or
products encoded by endogenous prophages is less well understood, although prophages
are often considered a natural part of bacterial DNA (11).

Prior studies have reported both beneficial and adverse effects of endogenous prophages
on bacterial survival after antibiotic exposure (12-14). For example, Sandvik et al. concluded
that phage induction was involved in the maximal killing of Staphylococcus aureus by cipro-
floxacin, suggesting that resident prophage enhanced antibiotic susceptibility (14). In another
study, it was found that deletion of 9 cryptic prophages in Escherichia coli increased antibiotic
susceptibility, including quinolone antibiotics, indicating beneficial effects of prophages
toward antibiotic resistance (12). More recently, it was found that both endogenous cryp-
tic prophages and E. coli K-12 strains infected and lysogenized with the lambdoid phage
¢80 resulted in increased killing of antibiotic-tolerant persistent bacteria due to induction of
the prophage by antibiotics (15). These prior studies suggest that the role of endogenous
prophages in bacterial susceptibility to antibiotics can be influenced by the status of endog-
enous prophages, e.g.,, whether cryptic or inducible, or by prophage gene expression in the
absence of active phage replication.

Salmonella enterica serovar Typhimurium harbors a variable assortment of prophages,
including Fels-1, Fels-2, Gifsy-1, Gifsy-2, Gifsy-3, and ST64B (16-18). These temperate pro-
phages generally remain dormant as lysogens, integrated into the chromosome of the host.
Activation of the prophages to switch from the lysogenic to the lytic cycle occurs as part of
the SOS response, which can be triggered when bacteria are exposed to DNA-damaging
agents such as mitomycin C or drugs that block DNA replication (e.g., DNA gyrase inhibitors)
(19, 20). In a temporally regulated manner, after activation leading to excision of the pro-
phages from the chromosome, the expression of lysis proteins is also induced as part of the
late gene expression. In the lambdoid phages such as bacteriophage A in E. coli, host cell
lysis occurs after expression of the pore-forming holin (S) proteins, the cell wall-degrading
endolysin (R), and the auxiliary spanins (RzRz1) at the end of the lytic cycle between 50 and
60 min postinduction, resulting in phage release (21).

In this study, we investigated the impact of the four resident prophages of S. Typhimurium
strain ATCC 14028s on antibiotic susceptibility to the bactericidal fluoroquinolone antibi-
otic ciprofloxacin. We show that deletion of the four endogenous prophages in this
S. Typhimurium strain changes the biphasic killing curve which is characteristic for
persister cell formation into a triphasic killing curve characterized by a delayed entry into the
killing phase. The results indicate that Gifsy-1 has a significant role in the initial killing and
final levels of surviving bacteria after ciprofloxacin treatment, where reduced survival was
attributed to the expression of the gene homologues of the bacteriophage A lysis proteins
S, R, and RzRz1 (22). In contrast, the contribution of Gifsy-2, Gifsy-3, and ST64B to killing by
ciprofloxacin was negligible.

RESULTS

Gifsy-1 lysis proteins reduce persister cell formation. In order to investigate a
possible role for the endogenous prophage in killing and persistence toward bactericidal
antibiotics, we chose to work with S. Typhimurium ATCC 14028, a well-characterized strain
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FIG 1 Persister assays with ciprofloxacin, carbenicillin, and kanamycin. (A to C) S. Typhimurium 14028s (8640) and its
prophage-free variant (11126) were treated with (A) ciprofloxacin, (B) carbenicillin, and (C) kanamycin with 4-fold MIC, and
survival was determined at the indicated time points by plating the bacteria on LB plates. Persister assays were performed at

least three times, and significance was calculated using the unpaired two-tailed Student’s t test.

used in both in vitro and in vivo virulence and infection models (18, 20). To investigate the
role of prophages in antibiotic tolerance and/or persistence, we generated derivatives of S.
Typhimurium ATCC 14028 in which the resident prophages were sequentially deleted
from the chromosome (see Table S1 in the supplemental material). We then compared the
survival of the wild-type with a prophage-free variant of S. Typhimurium ATCC 14028s after
a challenge with the gyrase inhibitor ciprofloxacin (1 wg/mL) at the indicated time points.
As shown in Fig. 1A, deletion of all four prophages significantly delayed the initial killing
phase and increased persister cell formation approximately 3- to 5-fold compared to the
wild-type strain harboring all four prophages. These results were very similar to the
effects of UV irradiation, where the prophage-free strain was also more tolerant to
UV than the wild type (Fig. 2). In contrast, deletion of the prophages did not affect
the killing kinetics or formation of persister cells after treatments with either carbenicillin
or kanamycin (Fig. 1B and C). These results were consistent with the DNA-damaging effects
of both UV irradiation and gyrase inhibitors, leading to induction of the SOS response and
phage induction (23-26).

As the initial killing kinetics appeared to be reduced and the final levels of persister cells
were higher in the prophage deletion strain, we examined the killing kinetics after addition
of ciprofloxacin more closely. The initial slope of the killing curve of the prophage-free vari-
ant indicated a delay during the first hour post-ciprofloxacin challenge compared to the
wild-type strain, leading to a triphasic killing curve (Fig. 1A). After 1 h of treatment, the slope
of the killing curves of both strains were comparable again for up to 2 h posttreatment.
However, the final plateau of surviving bacteria also appeared to show the same kinetics,
i.e, the appearance of persister cells occurred in both strains at approximately 2 h postchal-
lenge, resulting in more viable bacteria for the prophage-free strain and a significantly
increased persister cell population after entry into the plateau phase (Fig. 1A). These results
suggested that a large fraction of the bacterial killing during the first hour of ciprofloxacin
treatment was dependent on the endogenous prophage.
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FIG 2 UV survival assay. Both strains, S. Typhimurium (8640) and the phage-free variant (11126), were
incubated to the mid-log phase before being exposed to UV. Experiments were conducted at least
three times, and significance was calculated using the unpaired two-tailored Student’s t test.

To investigate the involvement of the phages in more detail, we also performed per-
sister assays after ciprofloxacin challenge with strains harboring deletions of the individual
prophages. Only the strain harboring a deletion of Gifsy-1 showed a reduction in the killing
kinetics and increased persistence similar to that of the strain deleted for all four pro-
phages relative to the wild-type strain (Fig. 3). In contrast, the contribution of Gifsy-2, Gifsy-3,
and ST64B to survival of Salmonella was negligible (Fig. 3). To determine the level of induc-
tion for the four endogenous prophages, Gifsy-1, -2, and -3, and ST64B, we performed real-
time quantitative PCR (QRT-PCR) to examine the induction kinetics of each of the prophages
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FIG 3 Persister assays with single prophage deletions. The Salmonella wild type 14028s (8640) and the corresponding
single prophage deletion mutants (11160 = AGifsy-1; 11162 = AGifsy-2; 11224 = AGifsy-3; 10926 = AST64B) were incubated

to the mid-exponential phase before being challenged with 4-fold the MIC of ciprofloxacin. At least three independent

experiments were performed, and significance was calculated using the unpaired two-tailed Student’s t test.
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FIG 4 Schematic diagram of the Gifsy-1 prophage showing the positions of the relevant genes and corresponding deletions (overlying bars) analyzed in
this study. Single capital letters denote genes named on the basis of their similarity to genes in bacteriophage A.

after ciprofloxacin challenge. Real-time PCR confirmed that among the four prophages,
Gifsy-1 showed the highest level of induction, whereas induction of Gifsy-2 and Gifsy-3
was more modest (Fig. S1). We were unable to detect a signal for ST64B in these assays
(data not shown).

The preceding results suggested that induction of the lytic cycle of the prophage
Gifsy-1in S. Typhimurium contributed to the killing kinetics and final persister cell population
after ciprofloxacin treatment. In order to understand the mechanisms behind the apparent
Gifsy-1-dependent effects on killing and persistence, we tested various gene deletions within
Gifsy-1 to determine which prophage functions might play a role. One of the earliest events
in phage induction and a requirement for viral genome replication is the excision of the
phage genome out of the bacterial chromosome. We therefore repeated the ciprofloxacin
killing and persister assays using derivatives of Gifsy-1 harboring deletions of the integrase/
excisionase (int/xis) genes, involved in the excision of the phage from the host chromosome
(27), and the recET genes encoding the bacteriophage recombination proteins RecET (Fig. 4).
As the recombination proteins RecFOR of E. coli have been proposed to bias the induction
of the SOS response (28), it was therefore possible that the bacteriophage recombination
proteins might show a similar effect. In addition, we also examined the role of the lysis pro-
teins S, R, and RzRz1, which are active during the last phase of prophage induction and are
responsible for host cell lysis and phage release (21, 29) (Fig. 4). As seen in Fig. 5, only de-
letion of the Gifsy-1 homologs of the bacteriophage A S, R, and Rz lysis genes (annotated
STM14_3196, STM14_3195, and STM14_3194, respectively, in the S. Typhimurium ATCC
14028 genome [22]) showed the same increased persister cell formation after ciprofloxacin
treatment as seen for the prophage-free (Fig. 1A) and AGifsy-1 deletion strains (Fig. 3).
Neither loss of excision/integrase functions in the Gifsy-1 Axis-int prophage nor the deletion
of recET significantly affected persister cell formation (Fig. 5). Furthermore, the strain harboring
the Gifsy-1 ASRRz homolog deletions showed up to 10-fold higher levels of surviving bacteria
(persisters) after exposure to ciprofloxacin at 24 h postchallenge, supporting the idea that the
endogenous Gifsy-1 prophage plays a significant role in both the formation and magnitude
of the final persister cell population surviving a challenge with ciprofloxacin (Fig. S2).

DISCUSSION

This study demonstrated that the endogenous prophages of S. Typhimurium can have
a significant impact on antibiotic tolerance and persistence toward bactericidal antibiotics.
Both UV irradiation and ciprofloxacin challenge resulted in up to 10-fold higher levels of bac-
terial survivors in the S. Typhimurium strain deleted for the four endogenous prophages.
In particular, the induction of the prophages during the initial killing phase during the first
hour postchallenge played a crucial role, as seen by the delayed onset of killing in the pro-
phage-free variant compared to the wild-type strain (Fig. 1A). This observation strongly
suggests that the fluoroquinolone-mediated killing mechanism is the same in both strains
and differs only in the additional host lysis events due to induction of prophages in the
wild-type strain. In the absence of the endogenous prophage, up to 10-fold more bacteria
survived the initial killing and contributed to the final persister cell population. That the dif-
ference in the killing kinetics and final levels of persister cells results from prophage induc-
tion is most clearly shown by comparing the persister cell levels between the wild-type and
the Gifsy-1 strain after deletion of its lysis genes (Fig. 3 and Fig. 5). Here, loss of the expres-
sion of the holin, endolysin, and spanin significantly increased persister cell formation after
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FIG 5 Persister assay with strains harboring specific gene deletions within Gifsy-1. The corresponding strains (8640 = S.
Typhimurium wild type; 11976 = ArecET; 11958 = Axis/int; 12074 = ASRRzRz1) were incubated to the mid-log phase before
treatment with 1 ug/mL ciprofloxacin. The genes xis/int are responsible for the integration and excision of Gifsy-1 from the
bacterial chromosome, while recET catalyzes homolog recombination. The bacteriophage A gene homologues S, R, and RzRz1
are responsible for the lysis of their host. Experiments were conducted at least three times, and significance was calculated
using the unpaired two-tailored Student’s t test.

ciprofloxacin treatment, indicating that other phage functions do not appear to influence
the generation of persister cells. These results also indicate that Gifsy-1 does not need to
be excised from its host chromosome to initiate lysis since the killing curve of the Gifsy-1
Axis/int mutant, which remains integrated in the bacterial chromosome, was indistinguish-
able from the wild type (Fig. 5). These results are also consistent with earlier observations
in E. coli for bacteriophage A int lysogens, which show severe reductions in phage burst
size but nevertheless result in host cell killing and lysis after induction, despite the inability
for phage excision (30, 31).

These observations may explain discrepancies between our observations regarding
reduced killing and increased persister cell formation in the phage-free and AGifsy-1 strains
and the results of Wang et al,, who found that the endogenous, cryptic phages of E. coli con-
ferred resistance to quinolone antibiotics (12). In their study of an E. coli strain deleted for all
9 cryptic prophages (referred to as the A9 strain), the authors describe the E. coli cryptic
phage as inactive in terms of cell lysis. In addition, at least two of the cryptic phages (CP4-6
and Rac) were found to express inhibitors of cell division involved in antibiotic resistance
(12). Therefore, it is likely that the cryptic phages described in the study of Wang et al. had
lost their lytic functions, rendering them permanently inactive with regard to host cell lysis.
In addition, the prophages e14, CP4-6, and Rac showed low levels of excision under normal
growth conditions, but only e14 was inducible by mitomycin C addition or oxidative stress.

On the other hand, our study is consistent with the observations of Harms et al. in which
strains of E. coli harboring lysogens of the lambdoid phage ¢80 were found to be more sen-
sitive to killing and showed reduced persisters in response to ciprofloxacin (15). ¢80 (also
known as Lula) is a temperate lambdoid phage which is easily triggered to induction by
DNA damage (32). The role of the inducible ¢80 prophage in antibiotic resistance and per-
sistence was discovered inadvertently following a study of the role of toxin-antitoxin (TA)
systems in antibiotic tolerance and persistence in E. coli (33). The authors of that study found
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that successive deletion of 10 of the toxin-antitoxin systems present in the E. coli genome
(A10 strain) reduced the persistence of the strains against the antibiotics ciprofloxacin and
ampicillin, consistent with a role for toxin-antitoxin systems in bacterial persistence against
bactericidal antibiotics. Further studies by this group, however, revealed that many of the
TA deletion strains had been lysogenized by ¢80, which was induced by the antibiotic treat-
ments used to determine the effects of TA gene deletions (15). Although the ¢80 infections
and lysogenization of experimental strains led to unfortunate misinterpretation of results
regarding the TA systems (33), we suggest the findings of the follow-up studies investigating
the role of prophage induction on persistence to antibiotics (15) is an equally, if not more,
important observation.

It has been previously observed that high doses of bactericidal antibiotics, including
quinolones and fluoroquinolones, are less efficient in bacterial killing and yield higher
levels of surviving persister cells (34, 35). This observation has been partially explained by in-
hibition of RNA and protein synthesis at high concentrations of antibiotics. We suggest that
an additional effect involves the induction of endogenous prophages, which also require
host transcription and translation activities for induction, synthesis, and phage assembly
(17). Inhibition of translation could also promote persister cell formation by interfering
with phage induction, which synergistically contributes to the lysis of the host (21, 29).

The results of our study demonstrated that endogenous phages have the potential
to increase the efficiency of DNA-damaging agents, consistent with previous studies in
which a nonlysogenic strain of E. coli for the phage lambda A was also more tolerant
against danofloxacin than the lysogenic counterpart (13). These results are reminiscent
of a phenomenon called phage-antibiotic synergy (PAS), in which sublethal concentra-
tions of antibiotics (B-lactam and fluoroquinolone) increased phage production and
phage-mediated burst size (36). This was later attributed to a delayed lysis of the host
allowing prolonged assembly and higher numbers of infectious phages (37). This sug-
gests that phages can be used as natural adjuvants to increase the efficiency of antibi-
otics. However, the prerequisite is that the bacteria must have their own prophages
integrated in the bacterial chromosome.

Bacteriophages were considered for use to treat bacterial infections long before the
discovery of penicillin and later during the cold war in eastern Europe (38). Due to the
worldwide increase in antibiotic resistance, there has been renewed interest in bacterio-
phages as an alternative to antibiotics to treat bacterial infections (39). In recent years,
several promising approaches have been reported for using phages to kill pathogens,
including the usage of phage cocktails or purified phage proteins (holins/endolysins), a
combinatorial treatment with phages and antibiotics, or application of bioengineered
phages as vaccines (40). Lysogenic as well as lytic phages could therefore offer new strat-
egies to eradicate drug-persistent bacteria as natural antibacterial agents or increase the
efficiency of available antibiotics.

MATERIALS AND METHODS

Media and antibiotics. Lysogeny broth (LB Lennox, Carl Roth) was used for growth of bacterial cul-
tures. Where appropriate for selection or screening, the antibiotics kanamycin (50 wg/mL), carbenicillin
(100 g/mL), and chloramphenicol (15 wg/mL) (Carl Roth) were added to either liquid or solid agar medium.
The MICs for the strains were determined for kanamycin (3.12 wg/mL), carbenicillin (3.12 xg/mL), and ciproflox-
acin (0.125 wg/mL; Sigma-Aldrich) in microplate assays according to CLSI recommendations. Standard MIC
assays are performed in 1:1 dilution steps. Here, the designation 4x MIC refers to the number of dilution steps
beyond the determined MIC value rather than 4-fold the determined MIC. For our strain, the MIC for ciprofloxa-
cin was determined as 0.125 wg/mL. Four dilution steps back from this value in the MIC assays starting from
the MIC of 0.125 wg/mL corresponds to 0.125 (1x MIC), 0.25 (2x MIC), 0.5 3x MIC), and 1.0 wg/mL (4x MIC).
For persister assays, cultures were treated with the indicated antibiotics at 4-fold the MIC.

Bacterial strains. All strains used in this study are summarized in Table S1, including the original
strains for P22 lysate production. The strain background used in this study is Salmonella enterica serovar
Typhimurium strain ATCC 14028s harboring a gyrA(D87Y) mutation conferring nalidixin resistance. Note that
while the gyrA mutation increases the MIC for ciprofloxacin, it does not affect the killing kinetics (41, 42). The
gyrA strain background was chosen to avoid accumulation of primary gyrA mutations, which occur relatively fre-
quently (43, 44) and which would grow overnight in the persister assays which were carried out for up to 24 h.

The strains harboring deletions of the Gifsy-1 (AGifsy-2:kan), Gifsy-2 (AGifsy-2:cat), and ST64B (AST64B::
kan) prophage have previously been described (45). Construction of the AGifsy-3:kan deletion strain
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(MA14253) was performed using the A Red mutagenesis/gene replacement method (46). Briefly, the primers
pPAG72 and ppAG73 containing homologous sequences upstream and downstream of the Gifsy-3 integra-
tion site in the S. Typhimurium icdA gene were used to PCR amplify the kanamycin resistance cassette in
plasmid pKD13 (46). The primers were designed to regenerate a wild-type icdA gene sequence after recom-
bination, which would otherwise be lost when generating a full deletion of Gifsy-3. The purified PCR product
was then used to transform competent cells which had been induced for expression of the bacteriophage A
Red recombinase as previously described (46), with selection for kanamycin resistance. Putative recombi-
nants were screened by PCR using the primer pairs pp599-ppR25 and pp587-pp549 to verify the left and
right recombination junctions, respectively. Isolates which were positive in the PCR screening were further
sequenced to verify the deletion of Gifsy-3 from the chromosome. The resulting strain, MA14253, harboring
the AGifsy-3:kan deletion/replacement was then used as a donor for P22 transductions into other strains
using standard protocols. Additional gene deletions of the Gifsy-1 endoloysin homologs (ASRRz:kan), recom-
binase (ArecET:kan), and excision/integrase genes (Axis-int:kan) were constructed in a similar manner, but
using the kanamycin resistance cassette of pKD4 (46). All primers used in this work are listed in Table S3.

To construct the prophage-free strain, phage P22 lysates were first prepared on donor strains har-
boring deletions of the respective prophage in which the prophage had been replaced with a kanamy-
cin or chloramphenicol resistance cassette (see Table S1). The phage deletions were introduced into our
wild-type background (8640) using bacteriophage P22 transductions followed by plating on the appro-
priate antibiotic selection plates according to standard protocols. Putative transductants were then puri-
fied as single colonies on Green plates to avoid carryover of infectious P22 (47) and screened for deletion
of the respective prophage by PCR. Isolates harboring the correct prophage deletion were then trans-
formed with the FLP-recombinase plasmid pCP20 to eliminate the antibiotic resistance cassette (46, 48).
After screening for loss of kanamycin or chloramphenicol resistance, plasmid pCP20 was subsequently
eliminated by growth at the nonpermissive temperature (37°C) for plasmid replication and screened for
loss of ampicillin and chloramphenicol resistance at the permissive temperature (30°C) (46). The strain
harboring a deletion of one of the prophage was then used as a host for P22 transduction using lysates
prepared on a second prophage deletion strain, and the procedure as described above was repeated.

Persister assays and UV killing. Strains for the persister assays were streaked out to Lennox agar
plates and incubated overnight at 37°C. The following day, a single colony was used to inoculate 6 mL of
Lennox broth in a 16 by 160-mm glass culture tube and were incubated at 37°C with shaking (200 rpm) in a
fixed rack with tubes at an angle of approximately 45° to ensure aeration. At an optical density at 600 nm
(ODyy,) of 0.5, the CFU/mL of each culture was adjusted to approximately 5 x 10%/mL for the persister assays,
or bacterial suspensions were adjusted to an optical density (ODg,,) of 0.01 for UV killing in 6 mL Lennox broth.
For the persister assays, ciprofloxacin (1 ng/mL), kanamycin (25 wg/mL), and carbenicillin (25 wg/mL) were
used at 4-fold (4 x) the MIC as described above. After addition of the antibiotics, the cultures were further incu-
bated at 37°C with aeration. The bacterial survival and persistence was determined by removing aliquots at
the time points indicated in the figures. The aliquots were centrifuged, and the bacterial pellets were resus-
pended in 1x PBS and plated on Lennox agar plates for colony counting. For UV killing assays, the bacterial
suspensions were transferred to a petri dish and exposed to UV light using a mercury vapor discharge lamp
(50 W/m?2). After irradiation, the bacteria were plated on LB plates and incubated overnight at 37°C. All assays
were conducted at least three times, independently.

Real-time PCR (qPCR). The wild type was incubated to the mid-log phase as described above and
subsequently treated with 1 wg/mL ciprofloxacin for 60 min. After treatment, the RNA was extracted using the
RNeasy minikit (Qiagen) according to the manufacturer’ recommendations. The extracted RNA was transcribed
into 1,000 ng cDNA as follows: a reaction mixture containing 2 L of 50 uM oligo(dT)18 (Eurofins Genomics),
2 uL of 10 mM deoxynucleoside triphosphates (dNTPs; Invitrogen), 1 uL of 200 U/ul reverse transcriptase
(Thermo Scientific), and 0.5 L of 40 U/uL RiboLock RNase inhibitor (Thermo Scientific) was brought to a final
volume of 20 L with sterile water. Subsequently, 25 ng/well cDNA was used to measure the expression of the
phage genes, using 0.2 L of 10 pmol/uL primers from Table S2, and mixed with 10 xL (10x) SYBR green mas-
ter mix (Thermo Fisher). The fluorescence signal was determined using an Applied Biosystems StepOnePlus de-
vice, using the following protocol: denaturation at 95°C for 2 min, elongation at 60°C for 30 sec, and denatura-
tion at 95°C for 10 sec (cycle 40x). After 40 cycles, elongation was carried out at 60°C for 1 min followed by the
final denaturation step at 95°C for 15 sec and the final elongation step at 60°C for 1 min.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
SUPPLEMENTAL FILE 2, DOCX file, 0.02 MB.

ACKNOWLEDGMENTS

This work was supported by the German Research Foundation (DFG) through the priority
program SPP 2225 (FU 1027/4-1 to MF.), the German Federal Ministry of Education and
Research (BMBF) project KONTRA (grant 03ZZ0141A; S.B. and M.F.), and the Collaborative
Research Center CRC 1449 (SFB 1449, grant 431232613; S.B. and M.F.). S.B. was supported by
a doctoral fellowship from the Akadamie fur Tiergesundheit e.V. (AfT).

July/August 2023 Volume 11 lIssue 4

Microbiology Spectrum

10.1128/spectrum.01874-23

8

Downloaded from https://journal s.asm.org/journal/spectrum on 28 August 2023 by 130.133.152.69.


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01874-23

Prophage Induction Reduces Persister Cell Formation

REFERENCES

1.

2.

20.

Lewis K. 2010. Persister cells. Annu Rev Microbiol 64:357-372. https://doi.org/
10.1146/annurev.micro.112408.134306.

Fauvart M, De Groote VN, Michiels J. 2011. Role of persister cells in
chronic infections: clinical relevance and perspectives on anti-persister
therapies. J Med Microbiol 60:699-709. and https://doi.org/10.1099/jmm.0
.030932-0.

. Balaban NQ, Merrin J, Chait R, Kowalik L, Leibler S. 2004. Bacterial persist-

ence as a phenotypic switch. Science 305:1622-1625. https://doi.org/10
.1126/science.1099390.

. Wu Y, Vuli¢ M, Keren |, Lewis K. 2012. Role of oxidative stress in persister

tolerance. Antimicrob Agents Chemother 56:4922-4926. https://doi.org/
10.1128/AAC.00921-12.

. ShanY, Brown Gandt A, Rowe SE, Deisinger JP, Conlon BP, Lewis K. 2017.

ATP-Dependent Persister Formation in Escherichia coli. mBio 8:€02267-
16. https://doi.org/10.1128/mBi0.02267-16.

. Conlon BP, Rowe SE, Gandt AB, Nuxoll AS, Donegan NP, Zalis EA, Clair G,

Adkins JN, Cheung AL, Lewis K. 2016. Persister formation in Staphylococcus
aureus is associated with ATP depletion. Nat Microbiol 1:16051. https://doi
.0rg/10.1038/nmicrobiol.2016.51.

. Dorr T, Vulic M, Lewis K. 2010. Ciprofloxacin causes persister formation by

inducing the TisB toxin in Escherichia coli. PLoS Biol 8:@1000317. https://
doi.org/10.1371/journal.pbio.1000317.

. Theodore A, Lewis K, Vulic M. 2013. Tolerance of Escherichia coli to fluoroqui-

nolone antibiotics depends on specific components of the SOS response path-
way. Genetics 195:1265-1276. https://doi.org/10.1534/genetics.113.152306.

. Leszczynska D, Matuszewska E, Kuczynska-Wisnik D, Furmanek-Blaszk B,

Laskowska E. 2013. The formation of persister cells in stationary-phase
cultures of Escherichia coli is associated with the aggregation of en-
dogenous proteins. PLoS One 8:254737. https://doi.org/10.1371/journal.pone
.0054737.

. PuY, Zhao Z, LiY, Zou J, Ma Q, Zhao Y, Ke Y, Zhu Y, Chen H, Baker MAB,

Ge H, Sun Y, Xie XS, Bai F. 2016. Enhanced efflux activity facilitates drug
tolerance in dormant bacterial cells. Mol Cell 62:284-294. https://doi.org/
10.1016/j.molcel.2016.03.035.

. Lépez-Leal G, Camelo-Valera LC, Hurtado-Ramirez JM, Verleyen J, Castillo-

Ramirez S, Reyes-Mufioz A. 2022. Mining of thousands of prokaryotic
genomes reveals high abundance of prophages with a strictly narrow
host range. mSystems 7:e0032622. https://doi.org/10.1128/msystems
.00326-22.

. Wang X, Kim Y, Ma Q, Hong SH, Pokusaeva K, Sturino JM, Wood TK. 2010.

Cryptic prophages help bacteria cope with adverse environments. Nat
Commun 1:147. https://doi.org/10.1038/ncomms1146.

. Froshauer S, Silvia AM, Chidambaram M, Sharma B, Weinstock GM. 1996. Sen-

sitization of bacteria to danofloxacin by temperate prophages. Antimicrob
Agents Chemother 40:1561-1563. https://doi.org/10.1128/AAC.40.6.1561.

. Sandvik EL, Fazen CH, Henry TC, Mok WWK, Brynildsen MP. 2015. Non-

monotonic survival of Staphylococcus aureus with respect to ciprofloxa-
cin concentration arises from prophage-dependent killing of persisters.
Pharmaceuticals (Basel) 8:778-792. https://doi.org/10.3390/ph8040778.

. Harms A, Fino C, Serensen MA, Semsey S, Gerdes K. 2017. Prophages

and growth dynamics confound experimental results with antibi-
otic-tolerant persister cells. mBio 8:e01964-17. https://doi.org/10.1128/mBio
01964-17.

. Mmolawa PT, Schmieger H, Heuzenroeder MW. 2003. Bacteriophage

ST64B, a genetic mosaic of genes from diverse sources isolated from Sal-
monella enterica serovar typhimurium DT 64. J Bacteriol 185:6481-6485.
https://doi.org/10.1128/JB.185.21.6481-6485.2003.

. Figueroa-Bossi N, Uzzau S, Maloriol D, Bossi L. 2001. Variable assortment

of prophages provides a transferable repertoire of pathogenic determi-
nants in Salmonella. Mol Microbiol 39:260-271. https://doi.org/10.1046/j
.1365-2958.2001.02234.x.

. Figueroa-Bossi N, Coissac E, Netter P, Bossi L. 1997. Unsuspected prophage-

like elements in Salmonella typhimurium. Mol Microbiol 25:161-173. https://
doi.org/10.1046/j.1365-2958.1997.4451807 x.

. Alonso A, Pucciarelli MG, Figueroa-Bossi N, Garcia-del Portillo F. 2005.

Increased excision of the Salmonella prophage ST64B caused by a defi-
ciency in Dam methylase. J Bacteriol 187:7901-7911. https://doi.org/10
.1128/JB.187.23.7901-7911.2005.

Lemire S, Figueroa-Bossi N, Bossi L. 2011. Bacteriophage crosstalk: coordi-
nation of prophage induction by trans-acting antirepressors. PLoS Genet
7:€1002149. https://doi.org/10.1371/journal.pgen.1002149.

July/August 2023 Volume 11 lIssue 4

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Microbiology Spectrum

Wang IN, Smith DL, Young R. 2000. Holins: the protein clocks of bacterio-
phage infections. Annu Rev Microbiol 54:799-825. https://doi.org/10
.1146/annurev.micro.54.1.799.

Jarvik T, Smillie C, Groisman EA, Ochman H. 2010. Short-term signatures of ev-
olutionary change in the Salmonella enterica serovar typhimurium 14028 ge-
nome. J Bacteriol 192:560-567. https://doi.org/10.1128/JB.01233-09.

Podlesek Z, Bertok DZ. 2020. The DNA damage inducible SOS response is
a key player in the generation of bacterial persister cells and population
wide tolerance. Front Microbiol 11:1785. https://doi.org/10.3389/fmicb.2020
01785.

Campoy S, Hervas A, Busquets N, Erill |, Teixido L, Barbé J. 2006. Induction
of the SOS response by bacteriophage lytic development in Salmo-
nella enterica. Virology 351:360-367. https://doi.org/10.1016/j.virol
.2006.04.001.

Phillips 1, Culebras E, Moreno F, Baquero F. 1987. Induction of the SOS
response by new 4-quinolones. J Antimicrob Chemother 20:631-638. https://
doi.org/10.1093/jac/20.5.631.

Rastogi RP, Richa Kumar A, Tyagi MB, Sinha RP. 2010. Molecular mecha-
nisms of ultraviolet radiation-induced DNA damage and repair. J Nucleic
Acids 2010:592980. https://doi.org/10.4061/2010/592980.

Flanigan A, Gardner JF. 2007. Interaction of the Gifsy-1 Xis protein with
the Gifsy-1 attP sequence. J Bacteriol 189:6303-6311. https://doi.org/10.1128/
JB.00577-07.

Whitby MC, Lloyd RG. 1995. Altered SOS induction associated with muta-
tions in recF, recO and recR. Mol Gen Genet 246:174-179. https://doi.org/
10.1007/BF00294680.

Rajaure M, Berry J, Kongari R, Cahill J, Young R. 2015. Membrane fusion
during phage lysis. Proc Natl Acad Sci U S A 112:5497-5502. https://doi.org/10
.1073/pnas.1420588112.

Gingery R, Echols H. 1968. Integration, excision, and transducing particle
genesis by bacteriophage lambda. Cold Spring Harbor Symp Quant Biol
33:721-727. https://doi.org/10.1101/5qb.1968.033.01.082.

Gottesman ME, Yarmolinsky MB. 1968. Integration-negative mutants of
bacteriophage lambda. J Mol Biol 31:487-505. https://doi.org/10.1016/0022
-2836(68)90423-3.

Rotman E, Amado L, Kuzminov A. 2010. Unauthorized horizontal spread
in the laboratory environment: the tactics of Lula, a temperate lambdoid
bacteriophage of Escherichia coli. PLoS One 5:e11106. https://doi.org/10
.1371/journal.pone.0011106.

Maisonneuve E, Shakespeare LJ, Jargensen MG, Gerdes K. 2011. Bacterial
persistence by RNA endonucleases. Proc Natl Acad Sci U S A 108:13206-13211.
https://doi.org/10.1073/pnas.1100186108.

Crumplin GC, Smith JT. 1975. Nalidixic acid: an antibacterial paradox.
Antimicrob Agents Chemother 8:251-261. https://doi.org/10.1128/AAC
.8.3.251.

Luan G, Hong Y, Drlica K, Zhao X. 2018. Suppression of reactive oxygen
species accumulation accounts for paradoxical bacterial survival at high
quinolone concentration. Antimicrob Agents Chemother 62:e01622-17.
https://doi.org/10.1128/AAC.01622-17.

Comeau AM, Tétart F, Trojet SN, Prére M-F, Krisch HM. 2007. Phage-antibiotic
synergy (PAS): beta-lactam and quinolone antibiotics stimulate virulent phage
growth. PLoS One 2:€799. https://doi.org/10.1371/journal.pone.0000799.

Kim M, Jo Y, Hwang YJ, Hong HW, Hong SS, Park K, Myung H. 2018.
Phage-antibiotic synergy via delayed lysis. Appl Environ Microbiol 84:
€02085-18. https://doi.org/10.1128/AEM.02085-18.

Sulakvelidze A, Alavidze Z, Morris JG Jr. 2001. Bacteriophage therapy.
Antimicrob Agents Chemother 45:649-659. https://doi.org/10.1128/AAC
45.3.649-659.2001.

Mondal SI, Draper LA, Ross RP, Hill C. 2020. Bacteriophage endolysins as a
potential weapon to combat Clostridioides difficile infection. Gut Microbes
12:1813533. https://doi.org/10.1080/19490976.2020.1813533.

Gordillo Altamirano FL, Barr JJ. 2019. Phage therapy in the postanti-
biotic era. Clin Microbiol Rev 32:e00066-18. https://doi.org/10.1128/
CMR.00066-18.

Braetz S, Schwerk P, Thompson A, Tedin K, Fulde M. 2017. The role of ATP
pools in persister cell formation in (fluoro)quinolone-susceptible and -re-
sistant strains of Salmonella enterica ser. Typhimurium. Vet Microbiol
210:116-123. https://doi.org/10.1016/j.vetmic.2017.09.007.

Braetz S, Schwerk P, Thompson A, Tedin K, Fulde M. 2022. Salmonella cen-
tral carbon metabolism enhances bactericidal killing by fluoroquinolone
antibiotics. Antimicrob Agents Chemother 66:0234421. https://doi.org/
10.1128/aac.02344-21.

10.1128/spectrum.01874-23 9

Downloaded from https://journal s.asm.org/journal/spectrum on 28 August 2023 by 130.133.152.69.


https://doi.org/10.1146/annurev.micro.112408.134306
https://doi.org/10.1146/annurev.micro.112408.134306
https://doi.org/10.1099/jmm.0.030932-0
https://doi.org/10.1099/jmm.0.030932-0
https://doi.org/10.1126/science.1099390
https://doi.org/10.1126/science.1099390
https://doi.org/10.1128/AAC.00921-12
https://doi.org/10.1128/AAC.00921-12
https://doi.org/10.1128/mBio.02267-16
https://doi.org/10.1038/nmicrobiol.2016.51
https://doi.org/10.1038/nmicrobiol.2016.51
https://doi.org/10.1371/journal.pbio.1000317
https://doi.org/10.1371/journal.pbio.1000317
https://doi.org/10.1534/genetics.113.152306
https://doi.org/10.1371/journal.pone.0054737
https://doi.org/10.1371/journal.pone.0054737
https://doi.org/10.1016/j.molcel.2016.03.035
https://doi.org/10.1016/j.molcel.2016.03.035
https://doi.org/10.1128/msystems.00326-22
https://doi.org/10.1128/msystems.00326-22
https://doi.org/10.1038/ncomms1146
https://doi.org/10.1128/AAC.40.6.1561
https://doi.org/10.3390/ph8040778
https://doi.org/10.1128/mBio.01964-17
https://doi.org/10.1128/mBio.01964-17
https://doi.org/10.1128/JB.185.21.6481-6485.2003
https://doi.org/10.1046/j.1365-2958.2001.02234.x
https://doi.org/10.1046/j.1365-2958.2001.02234.x
https://doi.org/10.1046/j.1365-2958.1997.4451807.x
https://doi.org/10.1046/j.1365-2958.1997.4451807.x
https://doi.org/10.1128/JB.187.23.7901-7911.2005
https://doi.org/10.1128/JB.187.23.7901-7911.2005
https://doi.org/10.1371/journal.pgen.1002149
https://doi.org/10.1146/annurev.micro.54.1.799
https://doi.org/10.1146/annurev.micro.54.1.799
https://doi.org/10.1128/JB.01233-09
https://doi.org/10.3389/fmicb.2020.01785
https://doi.org/10.3389/fmicb.2020.01785
https://doi.org/10.1016/j.virol.2006.04.001
https://doi.org/10.1016/j.virol.2006.04.001
https://doi.org/10.1093/jac/20.5.631
https://doi.org/10.1093/jac/20.5.631
https://doi.org/10.4061/2010/592980
https://doi.org/10.1128/JB.00577-07
https://doi.org/10.1128/JB.00577-07
https://doi.org/10.1007/BF00294680
https://doi.org/10.1007/BF00294680
https://doi.org/10.1073/pnas.1420588112
https://doi.org/10.1073/pnas.1420588112
https://doi.org/10.1101/sqb.1968.033.01.082
https://doi.org/10.1016/0022-2836(68)90423-3
https://doi.org/10.1016/0022-2836(68)90423-3
https://doi.org/10.1371/journal.pone.0011106
https://doi.org/10.1371/journal.pone.0011106
https://doi.org/10.1073/pnas.1100186108
https://doi.org/10.1128/AAC.8.3.251
https://doi.org/10.1128/AAC.8.3.251
https://doi.org/10.1128/AAC.01622-17
https://doi.org/10.1371/journal.pone.0000799
https://doi.org/10.1128/AEM.02085-18
https://doi.org/10.1128/AAC.45.3.649-659.2001
https://doi.org/10.1128/AAC.45.3.649-659.2001
https://doi.org/10.1080/19490976.2020.1813533
https://doi.org/10.1128/CMR.00066-18
https://doi.org/10.1128/CMR.00066-18
https://doi.org/10.1016/j.vetmic.2017.09.007
https://doi.org/10.1128/aac.02344-21
https://doi.org/10.1128/aac.02344-21
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01874-23

Prophage Induction Reduces Persister Cell Formation

43. Heisig P, Tschorny R. 1994. Characterization of fluoroquinolone-resistant
mutants of Escherichia coli selected in vitro. Antimicrob Agents Chemo-
ther 38:1284-1291. https://doi.org/10.1128/AAC.38.6.1284.

44, Shaheen A, Tarig A, Igbal M, Mirza O, Haque A, Walz T, Rahman M. 2021.
Mutational diversity in the quinolone resistance-determining regions of
type-Il topoisomerases of Salmonella serovars. Antibiotics (Basel) 10:1455.
https://doi.org/10.3390/antibiotics10121455.

45. Stanley TL, Ellermeier CD, Slauch JM. 2000. Tissue-specific gene expression
identifies a gene in the lysogenic phage Gifsy-1 that affects Salmonella
enterica serovar typhimurium survival in Peyer's patches. J Bacteriol
182:4406-4413. https://doi.org/10.1128/JB.182.16.4406-4413.2000.

July/August 2023 Volume 11 lIssue 4

46.

47.

48.

Microbiology Spectrum

Datsenko KA, Wanner BL. 2000. One-step inactivation of chromosomal
genes in Escherichia coli K-12 using PCR products. Proc Natl Acad Sci
U S A 97:6640-6645. https://doi.org/10.1073/pnas.120163297.

Chan RK, Botstein D, Watanabe T, Ogata Y. 1972. Specialized transduction
of tetracycline resistance by phage P22 in Salmonella typhimurium. II.
Properties of a high-frequency-transducing lysate. Virology 50:883-898.
https://doi.org/10.1016/0042-6822(72)90442-4.

Cherepanov PP, Wackernagel W. 1995. Gene disruption in Escherichia
coli: TcR and KmR cassettes with the option of Flp-catalyzed excision of
the antibiotic-resistance determinant. Gene 158:9-14. https://doi.org/10
.1016/0378-1119(95)00193-a.

10.1128/spectrum.01874-23 10

Downloaded from https://journal s.asm.org/journal/spectrum on 28 August 2023 by 130.133.152.69.


https://doi.org/10.1128/AAC.38.6.1284
https://doi.org/10.3390/antibiotics10121455
https://doi.org/10.1128/JB.182.16.4406-4413.2000
https://doi.org/10.1073/pnas.120163297
https://doi.org/10.1016/0042-6822(72)90442-4
https://doi.org/10.1016/0378-1119(95)00193-a
https://doi.org/10.1016/0378-1119(95)00193-a
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01874-23

	RESULTS
	Gifsy-1 lysis proteins reduce persister cell formation.

	DISCUSSION
	MATERIALS AND METHODS
	Media and antibiotics.
	Bacterial strains.
	Persister assays and UV killing.
	Real-time PCR (qPCR).

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

