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A novel flagellatropic phage of Salmonella enterica serovar Typhimurium, called iEPS5, was isolated and characterized. iEPS5
has an icosahedral head and a long noncontractile tail with a tail fiber. Genome sequencing revealed a double-stranded DNA of
59,254 bp having 73 open reading frames (ORFs). To identify the receptor for iEPS5, Tn5 transposon insertion mutants of S. Ty-
phimurium SL1344 that were resistant to the phage were isolated. All of the phage-resistant mutants were found to have muta-
tions in genes involved in flagellar formation, suggesting that the flagellum is the adsorption target of this phage. Analysis of
phage infection using the AmotA mutant, which is flagellated but nonmotile, demonstrated the requirement of flagellar rotation
for iEPS5 infection. Further analysis of phage infection using the AcheY mutant revealed that iEPS5 could infect host bacteria
only when the flagellum is rotating counterclockwise (CCW). These results suggested that the CCW-rotating flagellar filament is
essential for phage adsorption and required for successful infection by iEPS5. In contrast to the well-studied flagellatropic phage
Chi, iEPS5 cannot infect the AfliK mutant that makes a polyhook without a flagellar filament, suggesting that these two flagellat-
ropic phages utilize different infection mechanisms. Here, we present evidence that iEPS5 injects its DNA into the flagellar fila-

ment for infection by assessing DNA transfer from SYBR gold-labeled iEPS5 to the host bacteria.

acteriophages (phages) are obligate intracellular parasites of

bacteria. The basic life cycle of phages involves the use of bac-
terial cellular metabolism for production of new phage particles,
release of those particles from their cellular confines, and then
infection of new host cells (1). Phage infection is initiated by the
phage binding to a specific receptor on the surface of the host
bacterium, followed by the delivery of the phage genome to the
host cell. Adsorption involves multiple steps, including reversible
binding for the initial recognition and proper positioning, fol-
lowed by irreversible binding to the final receptor. However, the
molecular mechanisms by which phages deliver their genomes
into a host are far from being elucidated.

Generally, a phage is able to infect a limited number of bacterial
strains or related strains of the same species (2, 3). Interactions
between a phage and the host bacteria is primarily dependent on
the nature and structural characteristics of receptors on the bac-
terial cell surface (4). The representative surface components of
the receptors include OmpA, FhuA, BtuB, and LamB (3, 5-8). In
addition to membrane proteins, many phages use lipopolysaccha-
ride (LPS) as their receptors (4, 9, 10), a fact that reflects the
dominance and diversity of these molecules on the surface of
Gram-negative bacteria. Another macromolecular structure
known to bind phages is the flagellum. Phage x1 (VIII.113), which
was identified in 1936, is a flagellatropic phage with a very broad
range of enteric bacterial hosts (11). Subsequently, phages of both
Gram-negative and Gram-positive bacteria, including Chi (12)
and PBS1 (13), have been shown to require the flagellum for in-
fection of the host bacteria. A nut-on-a-bolt theory has been pro-
posed to explain the requirement of CCW flagellar rotation for
successful infection by flagellatropic phages such as Chi (12, 14).
Recently, other flagellatropic phages, ¢Cb13 and ¢CbK, infecting
Caulobacter crescentus, have been shown to actively interact with
the flagellum and subsequently attach to receptors on the cell pole
(15). They bind to the CCW rotating flagella via the phage head
filament, which increases the likelihood of final adsorption to the
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pilus portals by facilitating concentration of phage particles
around the receptor.

The bacterial flagellum is a 20-nm-thick and 10- to 15-pum-
long helical structure that protrudes from the cell body. Salmo-
nella enterica serovar Typhimurium has 6 to 8 flagella per cell that
are distributed around the cell surface (peritrichous). The flagel-
lum consists of three components, a basal body (engine) by which
it is anchored in the cell envelope, a hook (universal joint), which
connects the basal body, and the filament (propeller) (4, 16). Bac-
terial flagellar function by rotation, which is driven by the proton-
motive force (16). The integral membrane proteins MotA and
MotB form the stator complex, which is necessary for motor ro-
tation (17, 18). The rotor switches between the clockwise (CW)
and CCW directions, controlled by a chemotactic signal transduc-
tion system that monitors chemical environmental cues (19, 20).

In this study, we isolated and characterized a novel bacterio-
phage, iEPS5, which infects Salmonella specifically using the fla-
gellum as a receptor. The infection process of iEPS5 was compared
to that of Chi. Here, we provide some evidence that these two
flagellatropic phages utilize different infection mechanisms.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains
and plasmids used in this study are listed in Table S1 in the supplemental
material. S. Typhimurium strains were derived from strain SL1344. Phage
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P22-mediated transductions were performed as previously described
(21). The bacteria were grown at 37°C in LB medium (Difco) under aer-

TABLE 1 The host range of iEPS5

Reference or

obic conditions. Ampicillin (Duchefa Biochemie), chloramphenicol g, erial isolate Plaque® source”
(Duchefa Biochemie), kanamycin (Duchefa Biochemie), and isopropyl- —
-p-thio-galactopyranoside (IPTG; Gold Bio) were used at 50 pg/ml, 25 $. Typhimurium
. SL1344 T NCTC
pg/ml, 50 pg/ml, and up to 2 mM, respectively.
Construction of strains. The S. Typhimurium strain CH504, which is UK1 T >8
deleted in the motA gene, was constructed using the one-step gene inac- 140285 ! ATCC
L gene S & Pe LT2 T 33
tivation method (22). The kanamycin resistance (Km") cassette from plas- DT104 T o1
mid pKD13 (22) was amplified using primers motA-lamb-F and motA-
lamb-R. Primer motA-lamb-F carries the sequence immediately upstream ATCC 19586 ¢ ATCC
q y up.
. . . ATCC 43147 T ATCC
of the start codon of the motA gene following the priming site 1 sequence 3068 T LC
of pKD13 (22). Primer motA-lamb-R harbors the sequence immediately ST1 o LC
downstream of the stop codon of the m0tA gene linked to the priming site ST2 - LC
4 sequence of pKD13 (22). The resulting PCR product was integrated into ST3 o LC
the motA region in strain SL1344, from which the Km" cassette was re- T4 T LC
moved using plasmid pCP20 (23). Deletion of the corresponding genes ST . LC
was verified by colony PCR. Strains CH501, 502, 505, and CH506, deleted ST6 T IC
in the fliR, figK, cheY, and fliK genes, respectively, were constructed by TS I LC
using the same strategy. The primers used to construct the strains are ST10 T LC
listed in Table S2 in the supplemental material.
Construction of plasmids. Several vectors were made for complemen- g Epteritidis
tation of the mutant phenotypes. To construct plasmid pUHE-motA, in ATCC 13078 _ ATCC
which the MotA protein is expressed from the lac promoter, the motA gene SE4 TT LC
was amplified by PCR using primers motA-pUHE-F and motA-pUHE-R
with chromosomal DNA from strain SL1344 as the template. The  Other Salmonella
product was introduced between the EcoRI and BamHI restriction sites of S. Typhi Ty 2-b — VI
pUHE21-2lacI? (24). The same vector and strategy were used to construct S. Paratyphi A 1B 211 TT VI
pUHE-cheY and pUHE-fliK. Plasmid pACYC-flgK, which contains the S. Paratyphi B IB 231 — VI
FlgK protein coding sequence and its promoter, was constructed for com- S. Paratyphi C IB 216 — IVI
plementation of the fIgK deletion mutant. The flgK gene was amplified by S. Dublin IB 2973 — IVI
PCR using primers flgK-pACYC-F and flgK-pACYC-R with chromo-
somal DNA from strain SL1344 as the template. The product was intro-  E. coli
duced between the HindIII and Sphl restriction sites of pACYC184 (25). MG1655 — 57
The fliR gene was also cloned into the pACYC184 vector for complemen- DH5a — 59
tation. The sequences of the motA, cheY, fliK, fliR, and flgK coding regions DHI10B — 60
in the recombinant plasmids were confirmed by nucleotide sequencing.
The primers used to construct the plasmids are listed in Table S2 in the ~ E- coli O157:H7
supplemental material. ATCC 35150 - ATCC
Propagation of bacteriophages. Phages were propagated by following ATCC 43888 - ATCC
the standard protocols for phage N\ (26). Individual plaques were picked ATCC 43890 - ATCC
and eluted with sodium chloride-magnesium sulfate (SM) buffer (50 mM ATCC 43894 - ATCC
Tris-HCI, pH 7.5, 100 mM NaCl, and 10 mM MgSO,). After repicking ATCC 43895 - ATCC
and replating twice, the phages were inoculated into exponentially grow- O157:NM 3204-92 - CDC
ing SL1344 at a multiplicity of infection (MOI) of 1 and incubated for 3 h 0157:NM H-0482 - CbC
at 37°C. Cellular debris was removed by centrifugation (8,000 X g for 20 . .
. o .. . . Other Gram-negative bacteria
min at 4°C), the phages were precipitated overnight by adding 10% poly- Shigella flexreri 2a strain 2457T o VI
ethylene glycol (PEG) 6000, and then they were isolated by CsClI density- Shigella bovdii 1B 2474 B VI
gradient ultracentrifugation (60,000 X gfor4 h at4°C). The CsCl-purified Vihgrio ﬁsdie i ES-114 ATCC 700601 o ATCC
phage suspension was dialyzed in SM buffer and stored at 4°C. Pseudomonas aeruginosa ATCC 27853 . ATCC
Bacteriophage host range. Forty-two strains were used to test the host Cronobacter sakazakii ATCC 29544 . ATCC
range of iEPS5. A 100-pl sample of an overnight culture of each tested
bacterium was added to 5 ml of molten LB top agar (0.4% agar), and the . Gram-positive bacteria
mixture was overlaid on LB base agar (1.5% agar) plates. After solidifica- Enterococcus faecalis ATCC 29212 _ ATCC
tion of the top agar, 10 pl of each serially diluted iEPS5 phage suspension Staphylococcus aureus ATCC 29213 _ ATCC
was spotted on the overlaid plates. After incubation at 37°C for 18 h, spots Staphylococcus epidermis ATCC 35983 _ ATCC
forming single plaques were selected to determine the efficiency of plating Bacillus subtilis ATCC 23857 _ ATCC
(EOP). The EOP value was calculated by comparison of titers between the Bacillus cereus ATCC 14579 _ ATCC
test bacterium and the propagation host (S. Typhimurium SL1344). The Listeria monocytogenes ATCC 19114 _ ATCC
sensitivity of the test bacterium to iEPS5 was determined by the degree of Listeria innocua 1 VI

clarity of the sp.ots and EOP values. The bacterial strains used for host = C, clear plaque with EOP of 1 to 0.1; T, turbid plaque with EOP of 1 to 0.1; TT, very
range are listed in Table 1. . turbid plaque with EOP of 1 to 0.1; I, inhibition zone; —, nonspecific.

Transmission electron microscopy. Bacteriophages were placed on  » ATCC, American Type Culture Collection; CDC, Centers for Disease Control and
carbon-coated copper grids and negatively stained with 2% aqueous ura- Prevention; NCTC, National Collection of Type Cultures; IV, International Vaccine
nyl acetate (pH 4.0) (Fisher Scientific). Transmission electron microscopy  Institute; LC, laboratory collection.
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FIG 1 (A) Transmission electron micrograph of iEPS5. Head, tail, and tail fiber are marked with arrows. Scale bar, 100 nm. (B) Transmission electron
micrograph of the iEPS5 adsorption to the host bacterial flagella. The inset shows long flexible tail fibrils, outlined with yellow dotted lines, the phage utilizes for

attachment to a flagellum. Scale bar, 50 nm.

(TEM) was performed using an energy-filtering transmission electron
microscope (LIBRA 120; Carl Zeiss) at an accelerating voltage of 120 kV at
the National Instrumentation Center for Environmental Management
(Seoul, South Korea).

One-step growth curves. To determine the latent period, eclipse pe-
riod, and burst size, we used the procedure previously described (27).
Briefly, 50 ml of an exponential-phase (when the optical density at 600 nm
was 1.0) culture of S. Typhimurium was harvested by centrifugation
(10,000 X g for 5 min at 4°C). Phages were added at an MOI of 0.01 and
allowed to adsorb for 5 min at room temperature. To remove the excess
phage, the mixture was centrifuged as described above and the cell pellet
was suspended with the same volume (50 ml) of fresh LB broth medium,
followed by further aerobic incubation at 37°C. Two sets of samples were
collected every 5 min for 1 h. The first sample was immediately diluted and
plated without any treatment, and the second set of samples was plated
after treatment with 1% chloroform (final concentration) to release intra-
cellular phages to determine the eclipse period before phage titration.
Based on the PFU counts per ml, the latent period, eclipse period, and
burst size were determined.

Complete nucleotide sequencing and bioinformatics. Phage genomic
DNA was prepared as described elsewhere (28). A Genome Sequencer 20
system (454 Life Science Corp.) was initially used for whole-genome se-
quencing at Macrogen Korea. To reduce the contigs, a shotgun library was
prepared using DNA that had been randomly sheared with a Hydroshear
(part no. JHSH000000-1; Gene Machines). DNA fragments of the desired
sizes (1 to 3 kb) were cloned into the pCR4Blunt-TOPO vector (Invitro-
gen, CA), and DNA sequencing was performed using Applied Biosystems
BigDye v3.0 and an ABI Prism 3730 XL DNA analyzer. Finally, primer
walking was used to fill the sequence gaps. The complete genome was
assembled using SeqMan II sequence analysis software (DNASTAR, Mad-
ison, WI). The open reading frames (ORFs) were identified with the ORF
Finder program at the National Center of Bioinformatics site (http://www
.ncbi.nlm.nih.gov/gorf) and GenMark version 2.5 (http://opal.biology.gatech
.edu/GeneMark/genemark_prok_gms_plus.cgi). The identified ORFs that
are larger than 50 amino acids were selected to predict functions. Annotation
of ORFs was conducted using BLASTP (29) and InterProScan programs (30).
Sequence manipulations were performed using the CLC Genomics work-
bench version 3.6.1 software. The phylogenetic analysis of phage iEPS5 was
performed using MEGAS with the neighbor-joining method (31).

Random mutagenesis and identification of the phage receptor. To
screen for the phage receptor of the host bacteria, random mutagenesis
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was performed using the EZ-Tn5 pMOD-3<R6K,0ri/MCS> transposon
system (Epicentre, Madison, WI) according to the manufacturer’s in-
structions. The transposon construct was released from pMOD3 by re-
striction digestion with Pvull, separated in 1% agarose gels, and purified
using a gel extraction kit (Promega, Madison, WI). The complexes were
electroporated (at 1.8 kV) into the host cells, and transformants were
selected on LB agar plates containing kanamycin (50 g/ml). The result-
ing colonies were individually cultured and stored at —80°C in LB broth
containing 15% (vol/vol) glycerol. The phage receptor was identified by
plaque assays using these random mutant libraries. Each random mutant
was overlaid on a 24-well plate containing 500 .l per well of base agar.
Seven pl of phage at 10° PFU/ml, which was a sufficient titer for identify-
ing infection, then was dotted into each well and incubated for 8 h at 37°C.

Determination of the transposon insertion site. To localize the Tn5
insertion site, chromosomal DNA was extracted from candidate clones
that were resistant to iEPS5. After self-ligation of restriction enzyme-di-
gested DNA, a portion of the ligation mixture was electroporated into
EC100D pir*, and the transformants were rescued on LB agar containing
kanamycin (50 pg/ml). The self-ligated vector was recovered using a plas-
mid DNA purification kit (DNA-spin; iNtRON) and sequenced with Tn5-
specific primers provided by the manufacturer (pMOD<MCS> forward
sequencing primer and pMOD<MCS> reverse sequencing primer). The
PCR product was sequenced and used for a BLAST search to determine
the transposon insertion site.

Motility assay. A 1-pl aliquot of an overnight culture was spotted in
the middle of a swim plate (LB, 0.3% agar) and allowed to dry for 1 h at
room temperature. The plates were incubated at 37°C for 8 h.

In vitro adsorption assay. To investigate the adsorption of phage to
various Salmonella strains, a phage-binding assay was performed. The
host bacteria were cultivated in LB medium overnight. The cells were
inoculated into 8 ml of LB medium and incubated at 37°C to a final
concentration of 10 CFU/ml. After 2 h of incubation, the bacteria were
infected with phages at an MOI of 0.01. Every minute, samples were col-
lected and the bacterial cells were removed by centrifugation at 16,000 X
g for 1 min at 4°C and filtered using 0.22-pm filters (Millipore). Finally,
the number of PFU in the collected supernatant samples (nonadsorbed
phage) was determined by serial dilution and standard plate counting
using a reference strain. The phage titer at time zero was defined as 100%.

Phage staining and epifluorescence microscopy. Phages were labeled
with SYBR gold (Invitrogen) as previously described (32). The SYBR gold
stock solution (10,000 X) was diluted with TE (10 mM Tris-HCI, 1 mM
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FIG 2 Schematic representation of the iEPS5 genome. The predicted ORFs, with their directions of transcription and tRNA-coding sequences, are indicated by
arrows. Scale bars mark genome positions at 2,000-bp intervals. Gray arrows indicate ORFs coding for hypothetical proteins, and black arrows indicate predicted

functional ORFs.

EDTA, pH 7.5) buffer. Phage lysates (approximately 10'" PFU/ml) were
stained with 5X (final concentration) SYBR gold solution for 20 min in
the dark at room temperature. The phage solution was diluted with SM
buffer and was filtered through an Amicon Ultra-15 10,000 molecular-
weight-cutoff centrifugal filter (Millipore) at 1,500 X g for 90 min at 25°C
to remove the free SYBR gold particles. SYBR gold-labeled phages were
added to cells at an MOI of approximately 100 and incubated with shaking
in the dark for up to 1 h. One-milliliter samples, taken at the various times,
were centrifuged at 4,000 X g for 5 min. The pellets were washed with
motility solution (0.01 M KPO,, 0.067 M NaCl, 10~* M EDTA [pH 7.0])
and resuspended in a small volume of motility solution for observation
under a fluorescence microscope.

Nucleotide sequence accession number. The GenBank accession
number for the complete genome sequence and annotation information
for Salmonella phage iEPS5 is KC677662.

RESULTS AND DISCUSSION

Isolation and characterization of iEPS5. The overall aim of this
study was to assess the interaction between the bacteriophage and
its host bacterium during infection. We initially isolated a phage,
iEPS5, infecting S. Typhimurium SL1344 from a sewage sample.
TEM analysis revealed that it belongs to the Siphoviridae family
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and featured an isometric capsid (59 = 2 nm) and noncontractile
tail (216 = 3 nm) (Fig. 1A). At the end of the tail, there is a tail fiber
that is involved in the phage binding to the bacterial cell (Fig. 1A).
The plaque morphology of iEPS5 was turbid and small, and the
lysis activity in a broth culture was relatively low (data not shown).
iEPS5 has a narrow host range that is restricted to several of the
strains of Salmonella that were tested (Table 1). All of the S. Ty-
phimurium type strains and four of the nine S. Typhimurium
isolates tested were sensitive to iEPS5. However, iEPS5 could not
infect other Gram-negative bacteria, including Escherichia coli, or
Gram-positive bacteria. The high host specificity of iEPS5 is un-
usual among the flagellatropic phages, as other flagellatropic
phages, such as x1 (11) and Chi (12), have relatively broad host
ranges.

General characteristics of the genome of iEPS5. The iEPS5
genome comprises 59,254 bp, with an overall G+C content of
56.31%, which is higher than that of the Salmonella genome (52%)
(33). The genome of iEPS5 has 73 ORFs clustered into five func-
tional modules (Fig. 2; also see Table S3 in the supplemental ma-
terial). The structural module was the largest of them and can be
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TABLE 2 iEPS5-resistant isolates

Candidate Sequencing result Motility
3-B12 fliR; flagellar export apparatus No
3-D2 fliR; flagellar export apparatus No
6-H10 hnr; response regulator of RpoS Reduced
12-B9 flgK; hook-filament junction protein No
14-A7 fliA; flagellar biosynthesis sigma factor No
15-D9 flip; flagellar export apparatus No

divided into three submodules, the packaging, head structure, and
tail morphogenesis submodules. The terminase of the bacterio-
phage, consisting of a large (ORF62) and a small (ORF63) subunit,
is essential for the initiation of DNA packaging. The head mor-
phogenesis submodule, clustered in the region of ORF57 to
ORF61, contains the genes for the capsid protein, the prohead
protease ClpP, and the portal protein that is required for DNA
entering the capsid. The tail module appeared to extend from
ORF46 to ORF52. A large number of genes encode tail assembly
proteins, and their levels of homology with those of other phages
indicate that iEPS5 has an unusual tail. The other two modules are
linked to DNA replication, modification, and expression. These
modules had lower levels of identities to the known phage genes
than the structural modules. BLASTP analysis using predicted
ORFs of iIEPS5 revealed that its genome is relatively close to that of
phage Enc34 (GenBank accession no. JQ340774) (34), targeting
Enterobacter cancerogenus, and phage Redjac (GenBank accession
no. JX296113) (35), targeting Providencia stuartii, suggesting that
these phages have a common ancestor (see Table S3). Prediction
of genomic termini of phage iEPS5 conducted as described by
Casjens and Gilcrease (36) revealed that phage iEPS5 is classified
in the A-like 5"-extended COS ends group (see Fig. S6).
Adsorption, latent period, and burst size. To investigate
iEPS5’s in vitro adsorptive ability to the host bacterium, S. Typhi-
murium SL1344 was infected with iEPS5 at an MOI of 0.01. More
than 50% of the phages were adsorbed onto the host bacteria in 5

A B

AfliR
pACYC-fliR

Identification and Characterization of iEPS5 Phage

min, and at least 90% were absorbed in 15 min (see Fig. S1A in the
supplemental material). One-step growth curve analysis revealed
that the eclipse and latent periods of iEPS5 were 15 and 30 min,
respectively (see Fig. S1B). The eclipse period was consistent with
the in vitro adsorption assay results. The burst size was more than
100 PFU per infected host cell.

iEPS5 uses the flagellum as a receptor. To identify the recep-
tor for iEPS5, a transposon-mediated random mutant library was
constructed, and resistant clones were screened. From 1,700
clones, we found five mutants that were resistant to iEPS5 infec-
tion (no plaque formation) and one mutant that yielded highly
turbid plaques (Table 2). The transposon insertion sites were de-
termined by sequencing the transposon-chromosome boundar-
ies. All six of the resistant mutants had insertions in genes involved
in flagellar biosynthesis and included the fliA gene, encoding fla-
gella-specific sigma factor, the fliR and fliP genes, encoding the
flagellar export apparatus, the fIlgK gene, encoding a hook-fila-
ment junction, and the hnr gene, encoding a response regulator of
RpoS (Table 2). Most of the structural components of the flagel-
lum of Salmonella are exported via a flagellum-specific pathway,
which is a member of the family of type I1I secretary pathways (16,
37). Salmonella strains with mutations in the flagellar export ap-
paratus (FliR and FliP) still express flagellin monomers, but they
cannot be secreted to assemble functional flagella, so the mutant is
nonmotile (38, 39). Without FlgK, monomeric flagellin can be
secreted but not assembled (16, 40). FliA is responsible for the
transcription of the class IIT flagellar genes, which include the
filament structure genes and the genes of the chemosensory path-
way (41). As expected, these resistant mutants were nonmotile on
swim plates due to the absence of flagella on their cell surfaces (see
Fig. S2A in the supplemental material). The hnr mutant also
showed very low motility on the swim plate (see Fig. S2A), because
flagellar expression was reduced due to the higher than normal
intracellular concentration of RpoS that occurs in the absence of
Hnr (42). Hnr modulates the intracellular RpoS concentration by
promoting RpoS degradation by the ClpXP protease (43, 44);

FIG 3 Motility and plaque assays of flagellar mutants and their complementation strains. (A) One pl of an overnight culture was spotted in the middle of a swim
plate and incubated at 37°C for 8 h. (B) Serially diluted phages were spotted onto plates of the wild type (SL1344), its isogenic flagellar mutants (AfliR [CH501]
and AflgK [CH502]), and their complementation strains (AfliR/pACYC-fliR [CH511] and AflgK/pACYC-flgK [CH512]), respectively. The serially diluted phages

from 10° to 10° PFU/ml were used as indicated inside the circle.
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FIG 4 iEPS5 requires CCW-rotating flagella for adsorption to and final infection of the host bacteria. The plaque-forming ability (A and B) and adsorption (C
and D) of iEPS5 against each strain was measured. For panels A and B, the wild type (WT; SL1344), its isogenic mutants, and two reported chemotaxis mutant
strains (SJW3076 [CCW-biased mutant] and SJW2811 [CW-biased mutant]) were grown exponentially and plated on the top agar and infected with serially
diluted iEPS5. The concentrations of IPTG are 100, 200, and 500 pM for motA complementation and 100, 200, 500, 1,000, 1,500, and 2,000 wM for cheY
complementation, respectively. For panels C and D, exponentially growing cells were infected with iEPS5 (MOI, 0.01) and incubated at 37°C. After centrifugation
and filtration, the phage titer in the filtrate was determined by standard overlay assay. The results are expressed as means and standard deviations from triplicate
assays. The concentrations of IPTG are 100, 200, 500, 1,000, 1,500, and 2,000 uM, respectively. NS, nonsensitive.

thus, RpoS is stabilized in the absence of Hnr. The reduced motil-
ity of the hnr mutant resulted in iEPS5 infection, producing very
turbid plaques.

The validity of the results described above was further assessed
using two representative mutants with the fliR or flgK gene deleted
by the one-step gene inactivation method (22). These two mutants
were nonmotile (Fig. 3A), and iEPS5 did not adsorb to these two
strains (Fig. 4C). The motility and sensitivity to iEPS5 of the AfliR
and the AfIgK strains were fully restored upon complementation
with pACYC-fliR and pACYC-fIgK, respectively (Fig. 3A and B).
All of these results suggest that the flagellum is a receptor of iEPS5.
Salmonella has two flagellar types and switches between two alter-
native antigenic forms of its flagellin protein, either type B (FljB)
or C (FliC) (45, 46). Mutants deleted in either fliC or fljB were
motile (see Fig. S2A in the supplemental material) and showed
similar sensitivities to iEPS5 (see Fig. S2B), indicating that there is
no preference of flagellar types used by iEPS5 as a receptor.

TEM analysis revealed a direct interaction between iEPS5 and
flagella. After incubation of iEPS5 with its host bacteria, followed
by several washing steps to remove free phages, we could observe
the phage bound to the flagellar filament via its tail fiber (Fig. 1B).
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Requirement of flagellar rotation for iEPS5 infection. It is
known that the flagellatropic phage Chi requires flagella rotating
CCW for successful infection (12). The requirement for flagellar
rotation for iEPS5 infection was tested using the motA mutant,
which assembles a normal flagellar filament and basal body but
cannot rotate its flagella due to a lack of torque (18). iEPS5 could
not adsorb and infect this paralyzed flagellar mutant (Fig. 4A and
C). Complementation of the mutant with a plasmid harboring
motA fused to the lac promoter restored flagellar motility and its
sensitivity to iEPS5 in the presence of IPTG, indicating that motile
flagella are essential for iEPS5 infection (Fig. 4A). Assessment us-
ing diverse flagellar mutants with different motilities revealed that
the infectivity of iEPS5 was reliant on the degree of motility; iEPS5
presented low EOP against the mutants with low motility (see Fig.
S3 in the supplemental material). Taken together, the data suggest
that a rotating flagellum is required for iEPS5 infection.

CCW flagellar rotation is required for iEPS5 infection. Al-
though iEPS5 can infect only motile strains of Salmonella, one
exception was the STW3076 strain (see Fig. S3 in the supplemental
material). SJW3076 was highly sensitive to iEPS5, even though it is
nonmotile due to its CCW-biased rotation of flagella, which re-
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sults from the deletion of chemotaxis genes cheA through cheZ
(47). These results imply that the direction of flagellar rotation is
critical for iEPS5 infection. Alternating directions of flagellar ro-
tation is crucial for bacterial movement (48). Switching from
CCW to CW rotation of the flagella occurs as a result of the bind-
ing of phosphorylated CheY protein to the base of the flagellum
(20); therefore, deletion of cheY of Salmonella makes the flagellar
rotation CCW biased. Similar to SJW3076, the AcheY mutant was
also nonmotile but highly sensitive to iEPS5 in the spotting assay
(data not shown), confirming the requirement of CCW rotation
of flagella for iEPS5 infection. The direction of flagellar rotation
can be changed from CCW biased in the AcheY mutant strain to
CW biased by overexpressing CheY protein (14, 49). A plasmid
harboring a cheY gene under the control of the lac promoter was
introduced into the AcheY mutant, and the EOPs of iEPS5 were
measured with increasing amounts of IPTG. As expected, the bac-
terial resistance to iEPS5 increased in an IPTG-dependent man-
ner. When we added 2 mM IPTG, iEPS5 could no longer absorb to
and infect its host (Fig. 4B and D).

Interestingly, iEPS5 had defects on EOPs in both SJW3076 and
AcheY mutants (Fig. 4B). Successful phage multiplication needs
various biological processes after injection of phage genome to the
host bacterial cells. The bacterial metabolic activity may not be
optimal for phage multiplication in SJW3076 or in AcheY mu-
tants, even though phage adsorption was not affected by the mu-
tations in these strains (Fig. 4B and D).

Further experiments using the CW-biased strain SJW2811, in
which the deletion of the region of the fliG gene encoding amino
acid residues 169 to 171 results in an extremely strong CW motor
bias (50, 51), confirmed that iEPS5 could not adsorb to and infect
the CW-biased strains (Fig. 4B and D). These results indicate that
iEPS5 infects its host bacteria using a CCW-rotating flagellum as a
receptor; thus, the direction of flagellar rotation is critical for
iEPS5 infection.

Importance of the flagellar filament for iEPS5 infection. Ac-
cording to the bolt-and-nut model of Chi, the hook structure is
also important for flagellatropic phage infection; the phage must
traverse the hook to reach the filament base (14). A molecular
ruler, FliK, controls the length of the flagellar hook (normally ~55
nm). FliK catalyzes the secretion substrate specificity switch from
rod-hook substrate specificity to late substrate secretion, which
involves the filament subunits. The AfliK mutant has a polyhook
structure with a wide length distribution of up to approximate 1
pm but does not produce flagellar filaments (52-54).

We found interesting differences in the infection of the AfliK
strain by iEPS5 and Chi; Chi could infect the AfliK strain, albeit
with lower efficiency than it infected the wild-type bacterium, but
iEPS5 could not. Neither phage could infect the Salmonella mu-
tants lacking flagella (AfliC and AfljB strains) or the AmotA strain
(Fig. 5). TEM analysis of the AfliK strain indicated that iEPS5
could not bind to the polyhook structure by their tail fibers (see
Fig. S4 in the supplemental material). These results suggested that
iEPS5 uses the flagellar filament as a receptor, but the role of fla-
gellar filament in the iEPS5 infection process may be different
from that of Chi, which uses the flagellar filament as a guide to
reach the bacterial surface (12, 14).

The flagellar filament might be the DNA injection site of
iEPS5. Phages inject their DNA into the host bacteria only when
they remain bound to their specific receptor on the bacterial sur-
face (3, 4). To elucidate the differences in the infection processes
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FIG 5 Requirement of flagellar filament for iEPS5 infection. iEPS5 adsorption
to the wild-type strain (WT; SL1344), polyhook strain (AfliK; CH506), and its
complementation strain (AfliK/pUHE-fliK; CH516). (A) Exponentially grow-
ing cells were infected with iEPS5 (MOJ, 0.01) and incubated at 37°C. After
centrifugation and filtration, the phage titer in the filtrate was determined by
standard overlay assay. The results are expressed as means and standard devi-
ations from triplicate assays. The concentrations of IPTG are 100, 200, and 500
M for the complementation strain. (B and C) Bacterial challenge assay with
iEPS5 (B) and Chi (C) to diverse flagellar types, including normal flagella (WT;
SL1344), nonmotile flagella (AmotA; CH504), normal hook without filament
(AfliC/AfljB; CH509), and polyhook without filament (AfliK; CH506). Each
phage was added at an MOI of 0.1 to the bacterial culture after 1.5 h of incu-
bation (time point 0).

of Chi and iEPSS5, their phage DNA injection processes were com-
pared using SYBR gold-labeled phages. SYBR gold was selected
from several DNA staining materials for its ability to penetrate the
phage capsid (32, 55, 56). SYBR gold is an unsymmetrical cyanine
dye that exhibits ~1,000-fold fluorescence enhancement upon
binding to RNA, single-stranded DNA, or double-stranded DNA
(56). Binding a fluorophore such as SYBR gold to the phage DNA
may not alter the phage infection process (47). The fluorescent
phages appeared as small dots when viewed under an epifluores-
cence microscope (Fig. 6; also see Fig. S5 in the supplemental
material). Moreover, after injection inside the host, the fluoro-
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iIEPS5

AO min

Chi

FIG 6 Visualization of bacterial cells during infection by SYBR gold-labeled phages. Pictures were taken at 1, 10, and 60 min after infection. LM, light
microscopy; EFM, epifluorescence microscopy; merge, LM and EFM. Magnification, 1,000X.

phore molecules bound to phage DNA retain their fluorescence
(32, 56).

The SYBR gold-labeled phages were mixed with the host bac-
teria and incubated for 1 h under the same conditions as those
used for the in vitro adsorption assay. Interestingly, from between
1 and 10 min after infection, some of the flagella became fluores-
cent, but most of the fluorescence seemed to move to the cytosol of
the bacteria 1 h after infection (Fig. 6A). The most probable ex-
planation for the appearance of fluorescent flagellar filaments is
that the filaments were filled with SYBR gold-labeled iEPS5 DNA,
because SYBR gold moves exclusively with DNA, which is the
genome of iEPS5 in this case. Because iEPS5 can infect bacteria
only when the flagella rotate CCW, these results imply that the
phage can inject its DNA through the flagellar filaments into the
interior of the bacteria only when the flagella rotate CCW. Fluo-
rescent flagellar filaments were not seen when Chi was used but
the cytosol appeared fluorescent (Fig. 6B), demonstrating that Chi
and iEPS5 employ different infection processes. Flagellar filament
is a 20-nm-thick and 10- to 15-pum-long hollow tube with a nar-
row channel of 2.5 to ~3.0 nm in diameter (16, 37). The diameter
of DNA is approximately 2 nm; therefore, the flagellin channel
could be a passageway for phage DNA injection. The detailed
mechanism of DNA injection through the flagellar filament
should be elucidated for better understanding of the process.
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