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ABSTRACT When phages infect bacteria cultured in the presence of sublethal
doses of antibiotics, the sizes of the phage plaques are significantly increased. This
phenomenon is known as phage-antibiotic synergy (PAS). In this study, the observa-
tion of PAS was extended to a wide variety of bacterium-phage pairs using different
classes of antibiotics. PAS was shown in both Gram-positive and Gram-negative bac-
teria. Cells stressed with �-lactam antibiotics filamented or swelled extensively, re-
sulting in an increase in phage production. PAS was also sometimes observed in the
presence of other classes of antibiotics with or without bacterial filamentation. The
addition of antibiotics induced recA expression in various bacteria, but a recA dele-
tion mutant strain of Escherichia coli also showed filamentation and PAS in the pres-
ence of quinolone antibiotics. The phage adsorption efficiency did not change in the
presence of the antibiotics when the cell surfaces were enlarged as they filamented.
Increases in the production of phage DNA and mRNAs encoding phage proteins
were observed in these cells, with only a limited increase in protein production. The
data suggest that PAS is the product of a prolonged period of particle assembly due
to delayed lysis. The increase in the cell surface area far exceeded the increase in
phage holin production in the filamented host cells, leading to a relatively limited
availability of intracellular holins for aggregating and forming holes in the host
membrane. Reactive oxygen species (ROS) stress also led to an increased production
of phages, while heat stress resulted in only a limited increase in phage production.

IMPORTANCE Phage-antibiotic synergy (PAS) has been reported for a decade, but
the underlying mechanism has never been vigorously investigated. This study shows
the presence of PAS from a variety of phage-bacterium-antibiotic pairings. We show
that increased phage production resulted directly from a lysis delay caused by the
relative shortage of holin in filamented bacterial hosts in the presence of sublethal
concentrations of stress-inducing substances, such as antibiotics and reactive oxygen
species (ROS).
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Phage-antibiotic synergy (PAS) refers to the phenomenon where phage production
increases in the presence of sublethal concentrations of certain antibiotics (1). For

example, increases have been observed in the case of �MFP and T4-like phages in
Escherichia coli with �-lactam and quinolone antibiotics, prophages of E. coli with
ampicillin (2), phiPVP-SE1 (Salmonella enterica serovar Enteritidis), phiPVP-SE2 (Salmo-
nella enterica serovar Enteritidis), phi IBB-PF7A (Pseudomonas fluorescens), and phiIBB-
SL58B (Staphylococcus lentus) with ampicillin, cefotaxime, or tetracycline (3), prophages
of Pseudomonas aeruginosa with ciprofloxacin (4), phage Sp5 of E. coli with mitomycin
C (5), MR-5 and 7 other phages of Staphylococcus aureus with linezolid, tetracycline, or
ketolide antibiotics (6), phage T4 of E. coli with cefotaxime (7), phages �-1 and 001A of
P. aeruginosa with ceftriaxone (8), phages KS12 and 14 of Burkholderia cenocepacia with
meropenem, ciprofloxacin, or tetracycline (9), and phage EcSw of E. coli with ampicillin,
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tetracycline, penicillin, or kanamycin (10). It has been suggested that PAS is dependent
on bacterial filamentation and sometimes an SOS response (1). Lysogenized phage P1
in E. coli showed PAS in the presence of ciprofloxacin, and a P1 Ref endonuclease
amplified the lytic cycle when a bacterial SOS response was induced by DNA damage
(11). A synergistic effect was also observed when removing P. aeruginosa and S. aureus
biofilms (12, 13). The degree of synergy depended upon the specific antibiotic used
(14).

The bacteriophage-mediated lysis of Gram-negative bacteria usually occurs in three
steps: phage holins make holes in the inner membrane, phage endolysin degrades the
cell wall, and a spanin complex disrupts the outer membrane (15). Importantly, holins
accumulate harmlessly in the cytoplasmic membrane until triggered at an allele-specific
time to form micron-scale holes, thereby determining the phage lysis time.

Antibiotics prompt an SOS response in bacteria (16, 17, 18), which is usually
induced by recA and sometimes accompanies bacterial filamentation by inhibiting
ftsZ (19, 20, 21).

Accordingly, this study investigated the PAS effect of various combinations of
bacteria, phages, and antibiotics. Stresses other than antibiotics were also tested. We
reveal the underlying mechanisms of the PAS effect in relation to stress-induced
bacterial filamentation and lysis timing.

RESULTS

We hypothesized that the increase in phage production was related to three
features: a change in the size of the production facility, a change in the availability of
viral components, and/or a change in particle assembly period. Thus, we tested each
possibility.

Change in size of production facility: bacterial morphological changes in the
presence of antibiotics. The test strains were investigated using sublethal doses of 8
different antibiotics (Table 1). In general, all the bacterial strains tested showed some
degree of resistance to ampicillin and sulfamethoxazole, while the P. aeruginosa strain
showed additional resistance to other antibiotics. Each strain was cultured in the
presence of sublethal antibiotic doses and observed by light microscopy for any change
in morphology (see Fig. S1 in the supplemental material). Many strains exhibited either
bacterial swelling (for cocci) or extensive filamentation (for rods). Under the same
conditions, the host bacteria were also infected with various phages, and the plaque
sizes measured (Table 2). The bacterial swelling or filamentation was generally accom-
panied by increased phage production. However, there were some cases where the
phage production increased without any bacterial morphological changes (indicated in
Table 2).

Bacterial filamentation normally results from an SOS response mediated by recA
expression (22). In the presence of a sublethal dose of ciprofloxacin, all five bacteria
showed an increased expression of recA (Fig. 1A). Under the same conditions, all the
bacteria exhibited bacterial filamentation or swelling, except for the P. aeruginosa strain
(Table 2), which showed an increased resistance to the various antibiotics tested (Table
1). The genetic and/or physiological alterations in this particular strain may have elicited

TABLE 1 Sublethal doses of antibiotics used with test strains

Bacterial strain

Concn (�g/ml)a

AP CTX KM TET CPFX MitC TMP SMX

S. aureus 64 0.5 4 1 0.5 0.12 0.25 128
B. cereus 65 64 8 0.06 0.5 0.12 32 128
E. faecalis 4 0.5 16 0.5 2 0.25 0.5 128
E. coli (K-12) 8 0.01 8 0.06 0.03 2 0.12 128
E. coli (Crooks) 4 0.06 8 0.25 0.01 4 0.03 128
P. aeruginosa 32 32 128 4 0.25 4 64 128
aAP, ampicillin; CTX, cefotaxime; KM, kanamycin; TET, tetracycline; CPFX, ciprofloxacin; MitC, mitomycin C;
TMP, trimethoprim; SMX, sulfamethoxazole.
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some unusual responses to filamentation. The P. aeruginosa strain used showed PAS
without filamentation when ciprofloxacin was present. Interestingly, the resistance to
this antibiotic was not particularly higher. Notwithstanding, the E. coli strain with a recA
deletion mutation still showed filamentation, to a lesser degree, in the presence of
ciprofloxacin (Fig. 1B). Moreover, the same strain produced larger plaques in the
presence of the antibiotic, although at a concentration lower than the sublethal dose
(Fig. 1C). The burst size was tested in a recA deletion mutant host (Fig. 1D). When the
sublethal dose of ciprofloxacin was added, the burst size of phage T4 from the mutant
host increased 3-fold compared to that without the antibiotic. However, the effect was
not as great as that seen with the wild-type bacteria. The increase in the burst size
recovered when exogenous recA was overexpressed. Taken together, the addition of
antibiotics and/or the overexpression of recA led to an increase in burst size. However,
it is possible that there may be a different route, other than a recA-mediated SOS
response and filamentation, leading to the increased phage production in the presence
of antibiotics.

Next, to determine whether the morphological changes to the host bacteria affected
phage adsorption, the viral adsorption was checked in the presence of four different
antibiotics (Fig. 2). While ciprofloxacin showed no effect on phage adsorption, cefo-
taxime, kanamycin, and mitomycin C produced an initial retardation of phage adsorp-
tion. However, 5 min postinfection, the levels of phage adsorption were the same with
or without antibiotics.

Change in availability of viral components. Once inside, an invading phage
genome undergoes gene expression and DNA replication, where early gene expression
usually occurs first, followed by DNA replication. The virion proteins are then expressed
and phage assembly occurs. Therefore, in the present study, we checked for any change
in viral component production (Fig. 3). The mRNA encoding the phage DNA polymerase
increased 2-fold when ciprofloxacin was added (Fig. 3A), thereby increasing the phage
DNA production (Fig. 3B). Polymerase is responsible for the replication of viral genomic
nucleic acids, and its availability directly affects the number of new copies of genomic
nucleic acid produced (23). Notwithstanding, the mRNA encoding the phage major
capsid protein only increased 1.5-fold (Fig. 3C), and the increase in the resulting protein
product (T4 capsid protein) in the filamented cells remained unchanged (Fig. 3D).
Nonetheless, the production of one phage protein, holin, was increased (see Fig. 5).

Change in assembly period: delayed lysis. The results described above raise a
very important question, as a slight increase in the phage component did not explain
the much higher increase in the phage burst size, even if we consider an enlarged
facility. One hypothesis that could explain this higher increase is that there was a

TABLE 2 Changes in plaque size and host cell morphology with sublethal antibiotic doses

Host bacteria Phage

Phenotypea

AP CTX KM TET CPFX MitC SMX TMP

Gram positive
S. aureus SA11 � S �� S � � S � S ��� S � � S
E. faecalis PBEF7 ��� S ��� S �b � � S �� S �b � S

PBEF9 ��� S ��� S �b � � S �� S � � S
B. cereus PBBC03 � F ��� F � F � F ��� F ��� F � �

Gram negative
E. coli K-12 T4 �� F � F � �� F �� F �� F � ��b

E. coli Crooks PBEC22 �� F �� F � � F �� F �� F �b � Fb

PBEC24 �� F �� F �b �� F ��� F �� F ��b � F
PBEC82 ��� F �� F � �� F ��� F �� F � � Fb

P. aeruginosa PA26 �� F �� F �b � F ��b ��b � �� F
PA22 �� F �� F �b � Fb ��b ��b �b �� F
PA25 � F ��� F �b � F ��b ���b �b �� F

aAP, ampicillin; CTX, cefotaxime; KM, kanamycin; TET, tetracycline; CPFX, ciprofloxacin; MitC, mitomycin C; TMP, trimethoprim; SMX, sulfamethoxazole; S, swelling; F,
filamentation; �, �30% increase in plaque diameters; ��, �60% increase in plaque diameters; ���, �90% increase in plaque diameters; �, no change.

bPhage production increased in the absence of a bacterial morphological change.
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prolonged assembly. To test this hypothesis, a time delay in bacterial lysis was first
investigated after phage infection with the sublethal antibiotic concentrations.

At 20 min postinfection without the addition of any antibiotic, the increase in the
numbers of phage T4 stopped, indicating that bacterial burst occurred (Fig. 4A).
However, in the presence of a sublethal dose of cefotaxime or ciprofloxacin, the
increase in the number of phages continued until 25 min postinfection. Thus, the
vegetative cycle was prolonged and bacterial lysis was delayed by 5 min. However, in
the presence of chloramphenicol or erythromycin, to which the host bacteria showed
a higher degree of resistance, no such effect was observed (Fig. 4B). With the lysis delay,
the increase in burst size was 2.5-fold (cefotaxime) or 10.5-fold (ciprofloxacin) (Fig. 4C).
When the infected cells were lysed at 17 min postinfection by the addition of chloro-
form, there was little difference between the phage titers from untreated cultures and
those from cultures that were treated with antibiotics (Fig. 4D).

As a lysis delay was established, the reason for this delay was then investigated
further. When the phage components for virion assembly are produced, phage holins
and endolysins are translated and create exits for the assembled phages. We hypoth-
esized that phage holins had a certain role in the lysis delay, since these proteins need
to be inserted into the bacterial membrane and accumulate to create a hole for the
transport of endolysins for degrading the peptidoglycan cell wall (24, 25, 26). A
bacterial recombination technique was used to create an engineered phage T4 that
harbored a gene encoding the enhanced green fluorescent protein (EGFP) fused to the
3= end of the holin gene in the T4 genomic DNA. This fusion with EGFP enabled phage

FIG 1 Relationship between recA expression and phage production. (A) Determination of recA expression level in different bacteria in the
presence of a sublethal dose of ciprofloxacin using real-time RT-PCR. Negative, without antibiotic treatment and given a value of 1 for
comparison purposes; *, P � 0.05. (B) Bacterial morphological change was observed under a light microscope. E. coli K-12 strain or its recA
deletion mutant (ΔrecA K-12, see Materials and Methods) was grown in the presence or absence of the sublethal dose of ciprofloxacin;
(left) Western blot analysis showing a lack of RecA protein expression. Scale bar, 10 mm. (C) Observation of plaque sizes when phage T4
infected E. coli K-12 strain or its recA deletion mutant (ΔrecA K-12) in the presence of different doses of ciprofloxacin. Scale bar, 10 mm.
(D) Burst sizes measured when phage T4 infected wild-type or recA deletion mutant strain (ΔrecA K-12) of E. coli K-12 in the presence or
absence of the sublethal dose of ciprofloxacin. **, P � 0.01.
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holin expression to be quantitated with a fluorometer and its localization traced under
a fluorescence microscope. The holin-EGFP was detected in the bacterial cells infected
with the engineered T4 (Fig. 5A), and an increased green fluorescence was observed
over time. When the bacterial cells filamented in the presence of the sublethal dose of
ciprofloxacin, the increase in the bacterial length was 15.4-fold (Fig. 5B). However, the
increase in green fluorescence was only 2.1-fold under the same conditions. Although
the holin amount was higher in the presence of the antibiotic, the bacterial facility was
much longer (and accordingly, had a much larger membrane surface area), leading to
a relative shortage of holins to aggregate and form a hole in the bacterial membrane.
Furthermore, since antiholins are similarly important for determining the lysis time (27,
28), the transcription levels of the T4 antiholins RI and RIII were also checked under the
same conditions. mRNAs encoding T4 holin (T) increased 5.8-fold in the presence of a
sublethal dose of ciprofloxacin, while mRNAs encoding antiholins increased 4.8-fold or
4.2-fold for RI or RIII, respectively (Fig. 5C). Although holin expression was a little higher
than that of the antiholins, the difference was not big enough to explain the delayed
lysis. The differences between the actual amounts of protein would be smaller after
translation. To further investigate the importance of delayed lysis due to a shortage of
holin molecules, we prepared host bacteria expressing a tamA3 mutant holin (29) from
a plasmid. The tamA3 mutation was a C259T point mutation introducing a premature
stop codon at the 87th amino acid. The prematurely terminated version of the protein
harbors the two transmembrane domains and induces very little lysis but accumulates
intracellular phages in a wild-type strain (29). When this mutant holin was expressed
from a plasmid in a wild-type host, a delay in lysis and an increased burst size were
observed (Fig. 5D). This phenomenon was absent in a suppressor strain.

Influences of stresses other than antibiotics. An SOS response is induced when
bacteria experience stress from antibiotics. However, bacteria are also known to
respond to other stresses, including reactive oxygen species (ROS) and heat. Therefore,
in this study, we tested whether these two stresses also resulted in increased phage
production. In the presence of a sublethal concentration of H2O2, bacterial filamenta-

FIG 2 Adsorption of phage T4 to E. coli K-12 strain (MOI � 0.01) in the presence of sublethal concentrations of various antibiotics. After phages
were added to a fresh culture of E. coli, the mixture was incubated at 37°C. Aliquots of the culture were taken at the indicated time points and
the titer of free phages was measured. Remaining phages were counted every minute for 5 min postinfection. CON, control. (A) CPFX,
ciprofloxacin; (B) CTX, cefotaxime; (C) KM, kanamycin; (D) MitC, mitomycin C.
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tion was clearly observed (Fig. 6A). Bacterial filamentation also occurred at 45°C, though
not as much as in the case of ROS. Accordingly, an increase in phage production was
clearly observed in the presence of H2O2, and a slight increase was observed at the
elevated temperature (Fig. 6B).

DISCUSSION

Among the tested antibiotics, kanamycin and sulfamethoxazole do not lead to
notable PAS. Interestingly, most of the bacteria used in this study had a relatively higher
resistance to these two antibiotics than to the others tested. Thus, the genetic and/or
physiological alterations responsible for this resistance may have led to the limited
effect of these antibiotics. The tested bacteria also generally had a higher resistance to
ampicillin; yet, PAS was observed in this case. Different resistance mechanisms might
lead to different outcomes in PAS. In most cases, PAS was accompanied by bacterial
filamentation (rods) or swelling (cocci).

As previously suggested (1), PAS was essentially dependent on an SOS response and
bacterial filamentation. However, PAS was also observed when a mutant E. coli with a
recA deletion was used as the host. This mutant strain did not induce an SOS response
yet still exhibited bacterial filamentation in the presence of the sublethal antibiotic
concentration. A filamentation mechanism other than that for an SOS response remains
to be identified. Moreover, there were even cases where PAS was observed without
bacterial filamentation. Antibiotic resistance may be involved, since the P. aeruginosa
strain showing no filamentation exhibited an unusually high resistance to most of the
antibiotics tested.

As the production facility increased with bacterial filamentation, more substrates
were available for the production of early components (early proteins and genomic
DNAs), leading to a notable increase in the production of phage DNA polymerase and
phage genomic DNA. Normally, early proteins are not produced to the maximum
capacity of the transcription/translation machineries, as they are not in such high
demand. The reason for no increase in the phage capsid protein under the same

FIG 3 Changes in transcription of phage T4 mRNA and replication of phage DNA in the presence of a sublethal concentration of
ciprofloxacin (CPFX) as measured by real-time RT-PCR or real-time PCR. Total RNA or total DNA was isolated from T4-infected E.
coli 13 min postinfection and analyzed. (A) mRNA encoding T4 DNA polymerase; (B) phage T4 genomic DNA; (C) mRNA encoding
T4 major capsid protein; (D) Western blot analysis of bacterial RecA protein and phage T4 major capsid protein. GAPDH was used
as an internal control. *, P � 0.05; **, P � 0.01.
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conditions may have been the usual excess production of structural proteins. Essen-
tially, there was little room for an increase in the translation of the capsid protein
relative to that of early proteins. Among the late proteins, phage capsid proteins are
mostly needed for virion assembly, which requires the highest number of copies. Thus,
the higher increase of holins than of the capsid protein was not surprising.

The reason for the increased phage production was not the increased availability of
phage components but rather the prolonged assembly period. Generally, phage holins
accumulate in the bacterial membrane until a signal triggers oligomerization, followed
by pore formation for the transport of endolysins (26). Cell lysis occurs when the holins
reach a critical concentration and nucleate to form rafts (30, 31). Antiholins are also
produced to counteract holins on the basis of the proton motive force (PMF)-
dependent blocking of the holin topological alterations required for triggering lysis
(32). In the case of phage T4, the timing of T (holin)-mediated lysis appears to be
genetically malleable, and the host density and environmental conditions also affect
the lysis timing (33). In the present experiments, more T4 holins accumulated in the
presence of sublethal antibiotic concentrations. However, when the membrane surface
was significantly increased with cell filamentation, the creation of the membrane raft
was slower due to a relative shortage of aggregated holins. As a result, the vegetative
cycle continued and lysis was delayed, leading to a prolonged assembly of new phage
particles. The increase of transcription of T4 antiholins was slightly lower than that of
holins, suggesting that the delayed lysis was not based on the mechanism triggered by
antiholins.

Phage-antibiotic synergy (PAS) is a term that describes the enhanced production of
phages in the presence of sublethal doses of antibiotics. On the basis of the findings
presented here, this phenomenon may also extend to stresses other than antibiotics
and thus should be called “stress-induced increase of phage production.” In this study,
both ROS and heat stress induced bacterial filamentation and increased phage pro-
duction. However, the effect of heat was not as strong, since the cellular protein

FIG 4 Delayed lysis of T4-infected E. coli K-12 strain in the presence of sublethal doses of different antibiotics. (A) One-step
multiplication curve of phage T4 with or without the antibiotics inducing PAS. CPFX, ciprofloxacin; CTX, cefotaxime. An aliquot of the
culture was taken, and the titers of free phages were measured at each time point postinfection (MOI � 0.001). (B) One-step
multiplication curve of phage T4 with or without the antibiotics not inducing PAS. CHL, chloramphenicol; ERY, erythromycin. MICs
were 16 mg/ml and 256 mg/ml for CHL and ERY, respectively. One-half MIC was used as the sublethal dose for this experiment. (C)
Burst sizes measured in the presence of antibiotics inducing PAS. *, P � 0.05; **, P � 0.01. (D) Phage titers after a forced lysis at 17
min postinfection with the addition of chloroform (5% [vol/vol]) to the culture.
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functions of replication, transcription, and translation for supporting phage production
are not normal at an elevated temperature.

The PAS effect is an example of a mechanism to which phages have adapted and
which enables them to benefit from the variability in their environment. The presence
of antibiotics endangers host bacterial survival and ultimately phage propagation. In
addition to antibiotics, there are numerous agents that induce stress to bacteria and
eventually cause death. Actually, bacteria frequently encounter these situations in
nature. To cope with this disadvantageous situation, phages must maximize their
production once they find live hosts suitable for infection. The physiology of hosts has
already been altered due to the presence of stress, and the resulting PAS enables the
phages to take advantage of the situation. It is not uncommon to find viral adaptation
to mammalian hosts. For example, viral resistance to interferon responses of the host
is well documented for hepatitis C virus (HCV) (34) and myriad other viruses. Viral
proteins, including core, E2, NS3/4A, and NS5A of HCV, are responsible for blocking
downstream signaling of the JAK-STAT pathway and interferon stimulatory genes. For
bacteriophages, the majority of the adaptation is observed at the genomic level. For
example, an altered genomic architecture was found in Shigella phage sf6 for faster life
cycles (35). The involvement of the clustered regularly interspaced short palindromic
repeat (CRISPR) system in bacterium-phage coevolution is another example (36). An
expansion of the phage host range via the accumulation of multiple genetic mutations
has also been reported (37). The employment of the phage holin concentration relative
to host membrane surface area for controlling lysis timing reported in this study is a
notable example of beneficial adaptation without the involvement of genetic altera-
tions.

FIG 5 Underlying mechanism of the delayed lysis in the presence of sublethal doses of CPFX. (A) Observation of T4 holin (t) fused to enhanced green fluorescent
protein (EGFP) expressed in bacterial host under a fluorescence microscope at 0, 15, and 23 min postinfection. T4_t_EGFP, engineered phage T4 expressing
EGFP-fused holin (see Materials and Methods). Scale bar, 10 mm. (B) Increase in bacterial length due to filamentation and increase in T4 holin production in
the presence of the sublethal dose of ciprofloxacin. (C) Real-time RT-PCR measurement of phage T4 holin and antiholins. T, T4 holin; rI and rIII, T4 antiholins.
Total RNA was isolated from T4-infected E. coli grown in the presence of ciprofloxacin at 20 min postinfection and subjected to a real-time RT-PCR. *, P � 0.05.
(D) One-step multiplication curve of phage T4 in bacterial host expressing the nonsense mutant t (holin) gene (tamA3) from a plasmid. The host is either the
suppressor strain (DH5�) or the wild type (K-12). MOI, 0.001.
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These results suggest that bacterial infections might be treated more efficiently with
both a low dose of antibiotic and phages, thanks to the PAS effect. This should also help
suppress the emergence of antibiotic-resistant pathogenic bacteria. Additionally, the
PAS effect may facilitate the production of therapeutic bacteriophages in less time and
at a lower cost.

MATERIALS AND METHODS
Bacterial strains, phages, and growth conditions. The Gram-positive bacteria included Staphylo-

coccus aureus (ATCC 13301), Enterococcus faecalis (KCTC 2011), and Bacillus cereus (KCTC 1012). The
Gram-negative bacteria included Escherichia coli Crooks strain (ATCC 8739), Escherichia coli K-12 strain
MG1655 (ATCC 700926), and Pseudomonas aeruginosa (ATCC 13388). All these strains were used as host
strains for the bacteriophages. The bacteria were grown in Luria-Bertani (LB) medium at 37°C. All of the
phages were obtained from the Bacteriophage Bank of Korea (http://www.phagebank.or.kr/). Phage
SA11 was used to infect S. aureus. Phages PBEF7 and PBEF9 were used to infect E. faecalis. Phage T4 was
used to infect E. coli MG1655. Another strain (Crooks) of E. coli (ATCC 8739) was infected with phages
PBEC22, PBEC24, and PBEC82. P. aeruginosa was infected with phages PA22, PA25, and PA26. E. coli DH5�

harbors a supE44 mutation, which confers a weak suppressor activity.
Bacteriophage growth and purification. Standard phage techniques were used as described

previously (38). Briefly, dilutions of phage suspension were mixed with host bacteria in a dilute molten
agar matrix (the “top agar” or “overlay”) containing 0.7% (wt/vol) agar in LB broth, which was distributed
evenly to solidify on a standard agar plate (the “bottom agar” or “underlay”). Antibiotics were added to
both top and bottom agars at the same concentration where needed. After an overnight incubation,
plaques were visualized as zones of clearing (or diminished growth) in the bacterial lawn, which grew in
the overlay. A burst size was calculated by dividing the number of phages after a single burst by the
number of phages initially added to the culture. The phages were purified using centrifugation and a
glycerol gradient method, as described elsewhere (39).

Antibiotics. Ampicillin sodium salt was purchased from Carl Roth, Germany. Cefotaxime sodium salt,
tetracycline hydrochloride, and kanamycin monosulfate were purchased from Duchefa Biochemie,
Germany. Ciprofloxacin was purchased from Sigma-Aldrich, USA. Each antibiotic was dissolved in distilled
water and filter sterilized. Sulfamethoxazole was purchased from Duchefa Biochemie and dissolved in
ethanol. Trimethoprim was purchased from Sigma-Aldrich and dissolved in dimethyl sulfoxide (DMSO).
Mitomycin C was purchased from Duchefa Biochemie and dissolved in ethanol and NaCl.

Determination of MIC and sublethal dose. A 1:2 serial dilution of each antibiotic stock solution was
added to each bacterial culture in glass tubes. The lowest concentration of antibiotics with no bacterial
growth was designated the MIC. A sublethal dose was defined as one-half the MIC.

Phage plaque size measurement. Phage plaques were allowed to form on a bacterial lawn and the
size was measured with a digital caliper.

Construction of engineered T4 expressing EGFP fused to holin. The gene encoding EGFP was
inserted into T4 genomic DNA to create a fusion protein of EGFP and holin based on homologous

FIG 6 Changes in phage T4 production in the presence of other stresses. (A) Bacterial filamentation in
the presence of the sublethal dose of hydrogen peroxide (4.5 mM) or elevated temperature (45°C) was
observed under a light microscope. (B) One-step multiplication curve of phage T4 in the presence of
stresses other than antibiotics. After phages were added to a fresh culture of host bacteria, an aliquot of
the culture was taken and the titers of free phages were measured at each time point postinfection
(MOI � 0.001).
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recombination, as previously reported (40). Briefly, DNA was synthesized to include 50 bp upstream of
the T4 holin open reading frame (ORF), T4 holin-EGFP, and 50 bp downstream of the T4 holin ORF
(Bioneer, South Korea). Five hundred nanograms of the synthesized DNA was then mixed with compe-
tent E. coli cells harboring plasmid pKD46, which was transferred to MicroPulser electroporation cuvettes
(Bio-Rad) for electroporation at 2.49 kV for 6.1 ms using a MicroPulser electroporator (Bio-Rad). There-
after, the bacteria were regenerated at 30°C in a shaking incubator for 3 h. The regenerated cells were
then infected with phage T4, and homologous recombination transpired during phage production. The
production of phages expressing EGFP was confirmed by a DNA sequence analysis (Solgent, South Korea)
of the genomic DNA from the resulting phages.

Construction of �recA strain of E. coli. The ΔrecA mutant strain of E. coli was constructed by
homologous recombination. A kanamycin resistance gene was inserted to replace recA according to the
experimental procedure for EGFP insertion to T4. For ΔrecA strain construction, DNA was synthesized to
include 55 bp upstream of the recA ORF, the kanamycin resistance gene, and 55 bp downstream of the
recA ORF (Bioneer, South Korea), and recA deletion was confirmed by kanamycin selection (50 �g/ml) and
sequence analysis (Solgent, South Korea).

Construction of plasmid harboring amA3 mutation in t (holin) gene. An amA3 mutant (C259T)
(29) of the phage T4 t gene (GenBank accession number Y00408) was synthesized (Bioneer, South Korea)
and cloned in plasmid vector pBT7C-His (Bioneer, South Korea) at the EcoRI site. The resulting plasmid
was used to transform E. coli strain DH5� (supE44) or wild-type MG1655. Expression was induced with the
addition of IPTG (isopropyl-�-D-thiogalactopyranoside) at the final concentration of 0.1 mM.

Real-time RT-PCR. For reverse transcription-PCR (RT-PCR), reverse transcription was performed using
a random hexamer and RNA templates isolated from the phage-infected host bacteria. The PCR was
performed using SYBR green and a MyiQ single-color real-time PCR detection system (Bio-Rad, USA).

Bacterial imaging. The bacterial morphologies were observed under a laser scanning microscope
using ZEN software (Zeiss LSM 700). For sampling, 5 to 10 �l of the bacteria was dropped on a glass slide
and covered with a coverslip. After 20 min of drying in a fume hood, the bacteria were observed using
a 100� objective lens. After the bacteria were cultured using a glass-bottom 96-well black plate (Ibidi
89626), the bacteria were fixed with cold acetone and blocked with 1% bovine serum albumin (BSA) in
phosphate-buffered saline with Tween 20 (PBST) for 30 min. The enhanced green fluorescent protein
(EGFP) was observed using a 488-nm excitation laser line.

EGFP quantification. The bacteria were cultured in a black 96-well plate (SPL Life Sciences, South
Korea). After the cells were infected with EGFP-expressing T4, the fluorescence intensity of the bacteria
was measured using a microplate reader (Infinite 200 PRO; Tecan Group Ltd.) with the GFP detection
mode.

Western blot analysis. An immunoblot analysis was performed using anti-RecA (Abcam 63797),
anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (Thermo MA5-15738), anti-E. coli FtsZ (AgriSera
AS07 217), anti-rabbit (Abcam ab6721), or anti-mouse (Abcam ab6728) monoclonal antibody, as previ-
ously described (41). Anti-phage T4 antiserum was produced from rabbit (AbClon, South Korea). Briefly,
after SDS-polyacrylamide gel electrophoresis, the samples were transferred to a nitrocellulose mem-
brane, followed by blocking, antibody treatment, and chemiluminescence detection.

ROS and heat stress. The phage growth was conducted as previously described (42). When a
fresh culture of the E. coli K-12 strain reached an optical density at 600 nm (OD600) of 0.3, H2O2 was
added to a final concentration of 4.5 mM and the culturing was continued to an OD600 of 0.6, at
which point phage T4 was added at a multiplicity of infection (MOI) of 0.001. The phage titer was
checked every 5 min. For heat stress, a fresh culture of E. coli was grown to an OD600 of 0.3, the
incubator temperature was then increased to 45°C, and growth was allowed to an OD600 of 0.6. The
temperature was then returned to 37°C, and phage T4 was added at an MOI of 0.001. The phage titer
was checked every 5 min.

Statistical analysis. All the data are presented as the means � standard deviations (SDs) from
triplicate runs of 3 independent experiments. Statistical significance was determined with Student’s t
tests, and a P value of �0.05 represented significance.
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