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Cronobacter sakazakii is an important pathogen that causes high mortality in infants. Due to its occasional antibiotic resistance,
a bacteriophage approach might be an alternative effective method for the control of this pathogen. To develop a novel biocon-
trol agent using bacteriophages, the C. sakazakii-infecting phage CR5 was newly isolated and characterized. Interestingly, this
phage exhibited efficient and relatively durable host lysis activity. In addition, a specific gene knockout study and subsequent
complementation experiment revealed that this phage infected the host strain using the bacterial flagella. The complete genome
sequence analysis of phage CR5 showed that its genome contains 223,989 bp of DNA, including 231 predicted open reading
frames (ORFs), and it has a G�C content of 50.06%. The annotated ORFs were classified into six functional groups (structure,
packaging, host lysis, DNA manipulation, transcription, and additional functions); no gene was found to be related to virulence
or toxin or lysogen formation, but >80% of the predicted ORFs are unknown. In addition, a phage proteomic analysis using
SDS-PAGE and matrix-assisted laser desorption ionization–time of flight mass spectrometry (MALDI-TOF MS) revealed that
seven phage structural proteins are indeed present, supporting the ORF predictions. To verify the potential of this phage as a
biocontrol agent against C. sakazakii, it was added to infant formula milk contaminated with a C. sakazakii clinical isolate or
food isolate, revealing complete growth inhibition of the isolates by the addition of phage CR5 when the multiplicity of infection
(MOI) was 105.

Enterobacter sakazakii was first defined in 1980 (1) and reclassi-
fied into a new genus, Cronobacter, in 2007 based on its fluo-

rescent amplified fragment length polymorphism (f-AFLP)
fingerprints, ribopatterns, and 16S rRNA sequencing (2). Crono-
bacter sakazakii is a generally well-known pathogen in infant milk
formula powders and causes bacteremia, meningitis, and necro-
tizing enterocolitis in neonates, with high fatality rates (3, 4). Due
to this high risk to infants, C. sakazakii pathogenesis has attracted
broad public attention. This pathogen was recently reported to
infect the elderly in Taiwan, suggesting that there may be various
routes of C. sakazakii infection (5). When C. sakazakii was de-
fined, antibiotic susceptibility tests revealed that this species had
occasional antibiotic resistance (1, 6), suggesting that the antibi-
otic resistance of C. sakazakii has resulted in limited antibiotic
therapies for the control of this pathogen. Therefore, novel alter-
native biocontrol agents should be developed.

Bacteriophages are bacterial viruses that infect and lyse specific
host bacteria for their replication and propagation (7). Due to
their host specificity and lysis activity, phages have been consid-
ered alternative biocontrol agents for the control of pathogenic
bacteria. Although this approach has been used as a therapeutic
approach in the former Soviet Union and eastern Europe for sev-
eral decades, the application of bacteriophages for the control of
pathogens has been suggested and evaluated only in Western
countries over the last decade (8). Because of the high risk of C.
sakazakii infection and the emergence of antibiotic-resistant
strains, a bacteriophage agent could be very useful for the control
of C. sakazakii. Previous U.S. Food and Drug Administration
(FDA) approval of bacteriophages for food applications, such as
ListShield (Intralytix, Baltimore, MD, USA) and Listex P100 (Mi-
cros Food Safety, Wageningen, The Netherlands), supports this.

As of September 2015, 18 complete genome sequences of bac-
teriophages specific for C. sakazakii have been reported (9–19).
These phage genome analyses have revealed that they have no
virulence-related genes encoding virulence factors and toxins. A
few attempts using C. sakazakii phages have been made in food
applications to control C. sakazakii infection. Selected C. sakazakii
phages have been tested in reconstituted infant formula, and the
results show that they can efficiently prevent the bacterial growth
of C. sakazakii in formula (20). In addition, 67 newly isolated C.
sakazakii phages were tested, and some of them reduced C. saka-
zakii in pure broth culture up to 4 log (CFU/ml), highlighting
their potential as biocontrol agents against C. sakazakii in foods
(21). Furthermore, phage therapy using C. sakazakii phages
showed high efficiency in alleviating Cronobacter-induced urinary
tract infections in mice (22).

In this study, the C. sakazakii-infecting bacteriophage CR5 was
isolated and purified, and its general features were experimentally
characterized to evaluate its possibility as a novel efficient biocon-
trol agent. In addition, its host receptor was confirmed using a
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specific gene knockout of the host strain to elucidate its host in-
fection mechanisms. Furthermore, its genome was completely se-
quenced, and its core structural proteins were analyzed to further
understand its characteristics at the genomic and proteomic lev-
els. In addition, the application of phage CR5 to infant formula
milk was assessed, suggesting its potential as a novel biocontrol
agent against C. sakazakii infection in foods.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains used in this
study are listed in Table 1. C. sakazakii ATCC 29544 was used for the
isolation and propagation of bacteriophage CR5. All of the bacteria were
grown at 37°C (except Enterobacter cloacae and Enterobacter agglomerans,
which were grown at 30°C) for 12 h in tryptic soy broth (TSB) medium
(Difco, Detroit, MI, USA).

Bacteriophage isolation and purification. Environmental samples
from farm soil in Suwon, South Korea, were used for the isolation of C.
sakazakii-targeting bacteriophages. To isolate the bacteriophages, 25 g of
each sample was homogenized with 225 ml of sodium chloride-magne-
sium sulfate (SM) buffer (100 mM NaCl, 10 mM MgSO4·7H2O, and 50
mM Tris-HCl [pH 7.5]). After homogenization, 25 ml of each homoge-
nized sample was diluted twice with 25 ml of 2�-concentrated TSB, and
the mixture was incubated with vigorous shaking at 37°C for 12 h. The
collected samples were centrifuged at 6,000 � g for 10 min, and the su-
pernatants were filtered using 0.22-�m-diameter-pore filters (Millipore,
Billerica, MA, USA). Ten milliliters of each filtrate was mixed with 50 ml
of TSB medium containing 109 CFU/ml of an overnight culture of C.
sakazakii ATCC 29544 as the propagation strain. The mixture was then
incubated at 37°C for 12 h with vigorous shaking. The culture was centri-
fuged at 6,000 � g for 10 min, and the supernatant containing the phages
was filtered using a 0.22-�m-diameter-pore filter to remove the residual
bacterial cells. Next, 10-fold serial dilutions of the supernatant were spot-
ted on molten 0.4% TSB soft agar containing 109 CFU/ml of an overnight
culture of C. sakazakii ATCC 29544. Individual plaques were picked, and
the phages were resuspended with SM buffer. These plaque isolation
and phage resuspension steps were repeated at least five times to isolate
and purify the individual phages. When the optical density at 600 nm
(OD600) of the culture of C. sakazakii ATCC 29544 reached 1.0, bacteria
were infected with the purified phage CR5 at a multiplicity of infection
(MOI) of 1 and incubated at 37°C for 4 h. For the purification of phage
CR5 after propagation, the host cell debris was removed by subsequent
centrifugation at 6,000 � g for 10 min, the supernatant was filtered with
0.22-�m-diameter-pore filters, and the phage particles were precipitated
by treatment with polyethylene glycol (PEG) 6000 (Junsei, Tokyo, Japan).
As a final step, cesium chloride (CsCl) density gradient ultracentrifuga-
tion (HIMAC CP100�; Hitachi, Tokyo, Japan) with different CsCl steps
(step density � 1.3, 1.45, 1.5, and 1.7 g/ml) was performed at 78,500 � g
and 4°C for 2 h. The band containing the viral particles was recovered by
puncturing the centrifuge tube with a sterilized needle, followed by dial-
ysis using standard dialysis buffer (10 mM NaCl, 10 mM MgSO4, and 1 M
Tris-HCl [pH 8.0]). The purified phages were stored at 4°C for further
experiments.

Transmission electron microscopy. The morphology of the purified
phage CR5 was observed using transmission electron microscope (TEM)
analysis. This analysis was conducted in accordance with the procedure
described by Kim and Ryu (23), with some modifications. Briefly, 10 �l of
CR5 phage stock was loaded onto a copper grid and incubated for 1 min,
and excess solution was removed. Next, the same amount of 2% uranyl
acetate (pH 4.0) was applied and washed with ultrapure water. The
stained grid was subjected to TEM analysis with JEM-2100F (JEOL, To-
kyo, Japan) at 200 kV. The identification and classification of CR5 were
conducted according to the guidelines of the International Committee on
the Taxonomy of Viruses (ICTV) (24).

Host range analysis. Five milliliters of molten 0.4% TSB agar contain-
ing 100 �l of each test bacterial culture was overlaid on 1.5% TSB agar

TABLE 1 Host range of C. sakazakii phage CR5

Bacterial straina

Plaque
formationb

Source or
reference

C. sakazakii type strains
ATCC 29544 ��� ATCC
ATCC 29544 �flgK � This study
ATCC 29544 �flgK

pBAD18::flgK
����� This study

ATCC 51329 � ATCC
BAA-894 I 44
ST4 (ATCC 29004) I ATCC

C. sakazakii isolates (sample type)
1-2 (dried fish) ����� 45
3-2 (dried fish) I 45
4-1 (dried fish) ���� 45
5-2 (dried fish) �� 45
7-1 (dried fish) I 45
10-2 (dried fish) I 45
2-1 (dried powdered vegetables) ��� 45
16-2 (sunsik) ��� 45
20-2 (sunsik) ��� 45
27-1 (sunsik) I 45
29-1 (sunsik) I 45
31-3 (sunsik) ���� 45

Other Cronobacter type strains
C. malonaticus DSM 18702 � DSM
C. turicensis DSM 18703 � DSM
C. dublinensis DSM 18705 I DSM
C. dublinensis subsp. lactaridi

DSM 18707
� DSM

Gram-negative bacteria
Klebsiella pneumoniae KCTC

2242
� KCTC

Klebsiella oxytoca KCTC 1686 � KCTC
K. oxytoca ATCC 43863 � ATCC
Enterobacter aerogenes ATCC

35028
� ATCC

E. cloacae ATCC 7256 I ATCC
E. agglomerans ATCC 27987 I ATCC
Salmonella enterica serovar

Typhimurium ATCC 19586
� ATCC

Salmonella enterica serovar
Enteritidis ATCC 13076

� ATCC

Escherichia coli DH5	 � Invitrogen
Vibrio fischeri ATCC 700601 � ATCC
Pseudomonas aeruginosa ATCC

27853
� ATCC

Gram-positive bacteria
Listeria monocytogenes ATCC

19114
� ATCC

Staphylococcus aureus ATCC
29213

� ATCC

Bacillus cereus ATCC 14579 � ATCC
Enterococcus faecalis ATCC

29212
� ATCC

a ST4, sequence type 4.
b �����, EOP of 4 to 2; ����, EOP of 2 to 1; ���, EOP of 1 to 0.5; ��,
EOP of 0.5 to 0.2; �, EOP 
 0.2; I, formation of inhibition zone; �, not susceptible
to phage CR5.
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plates. Ten microliters of each serially diluted phage CR5 suspension from
102 to 109 PFU/ml was spotted on the overlaid plates. The host lysis activ-
ity of the test bacteria by phage CR5 was determined by measuring the
formation of plaques in the spots. The efficiency of plating (EOP) was
calculated by a comparison of titers between the selected test bacteria and
the propagation host strain C. sakazakii ATCC 29544.

Bacterial challenge test. C. sakazakii ATCC 29544 was inoculated into
TSB broth medium and grown at 37°C for 12 h with agitation (220 rpm),
and then 1% of this culture was subinoculated into 50 ml of fresh TSB
broth and incubated at 37°C with agitation. To confirm the bacterial lytic
activity of the phage, CR5 (MOI, 1.0) was added to an exponentially grow-
ing C. sakazakii ATCC 29544 culture at an OD600 of 1.0, and the culture
OD at 600 nm was monitored at 1-h intervals. A culture of C. sakazakii
ATCC 29544 without the phage was used as a control. All of the tests were
conducted in triplicate.

Mutant construction and complementation for identification of
host receptor. The mutants of C. sakazakii ATCC 29544 used for the
identification of host receptors were constructed using the one-step gene
inactivation method previously described by Kim et al. (25). For construc-
tion of the mutant, five host receptor-associated genes, including rfaC for
the O antigen of lipopolysaccharide (LPS), lamB or ompC for outer mem-
brane protein, fhuA for ferric ion uptake transporter, and flgK for flagella,
were selected, and their specific primer sets were designed (Table 2). The
kanamycin resistance cassette for integration into each selected gene in the
host chromosome was PCR amplified from pKD13 using one of the spe-
cific gene-targeting primer sets, which contains identical small DNA se-
quences upstream of the start codon and downstream of the stop codon of
each selected gene. The PCR product was then electroporated into C.
sakazakii ATCC 29544 containing pKD46 with an integrase gene for inte-
gration of the PCR product into the host chromosome via homologous
recombination. After integration of the PCR product, the mutant of each
gene was selected using TSB agar plates containing 50 �g/ml kanamycin
sulfate (Sigma, St. Louis, MO). The kanamycin resistance gene was re-
moved from the selected mutant using the pCP20 plasmid (26). For com-
plementation of the flgK mutant, the host flgK gene was PCR amplified

using the flgK-comple-F forward primer (HindIII) (5=-GTG TAC TAA
TAA GCT TCG TTC GGT TCC CTG-3=) and flgK-comple-R reverse
primer (NheI) (5=-TAA GCG CTA GCG ATA ATT ATC GTC AGG ACC-
3=). After purification of the PCR product, it was cloned into the pBAD18
expression vector. After the transformation of pBAD18-flgK into the C.
sakazakii flgK mutant and selection with 50 �g/ml ampicillin, arabinose
(0.2% final concentration) was used as an induction reagent for comple-
mentation of the flgK gene in the mutant.

Bacteriophage DNA isolation and purification. Before isolation of
the phage genomic DNA, the phage particles were treated with DNase I
and RNase A at 37°C for 30 min to remove any bacterial DNA and RNA,
respectively. The overall isolation and purification of the phage genomic
DNA of CR5 were conducted according to Wilcox et al. (27) and Sam-
brook and Russell (28).

Bacteriophage genome sequencing and bioinformatics analysis.
The phage genomic DNA was sheared using a HydroShear DNA machine
(Digilab, Holliston, MA, USA) and then sequenced using the Genome
Sequencer FLX (GS-FLX) instrument (Roche, Mannheim, Germany) at
Macrogen, Inc. (Seoul, South Korea). After pyrosequencing, the filtered
sequence reads were assembled with Newbler version 2.3 (Roche). All of
the open reading frames (ORFs) were predicted with the bacterial genetic
code parameter using the Glimmer version 3.02 (29), GeneMarkS (30),
and FgenesB software programs (Softberry, Inc., Mount Kisco, NY, USA),
and their ribosomal binding sites were confirmed by RBSfinder (J. Craig
Venter Institute, Rockville, MD, USA). The annotation and functional
analysis of the predicted ORFs were conducted using the BLASTP (31)
and InterProScan databases (32). Virulence factor analysis was performed
using the Virulence Factor Database (http://www.mgc.ac.cn/VFs/). The
complete genome sequence and ORF annotations were handled using
Artemis version 14 (33).

Proteomic analysis of the phage structural proteins. To analyze the
total protein profiles of phage CR5 using SDS-PAGE, a purified phage
stock (1011 PFU/ml) was suspended in loading buffer (0.05 M Tris-HCl
[pH 8.0], 1.6% SDS, 25% glycerol, 5% 2-mercaptoethanol, 0.003% bro-
mophenol blue, final concentrations). Next, this sample was treated in

TABLE 2 Primers used for construction of C. sakazakii mutants

Gene
target Primer name Oligonucleotide sequence (5=–3=)a

rfaC rfaC-red-F AAC GGA TGT TTC CCC GCA AAG CCA GGG ACG CAG TTG TTC AAA AAC GGT AGC GGC
GTG TAG GCT GGA GCT GCT TCG

rfaC-red-R TGC CCG CGT TCT GGA GAC GCT CAA CGA ACT GCT GCT GAA CGA GGA AGC CTG ACG
GAT TCC GGG GAT CCG TCG ACC

lamB lamB-red-F GAG ATA GAA TGA TGA TAA CTC TGC GTA AAC TCC CTC TGG CTG TGG CCG TGA TGG
CTG TAG GCT GGA GCT GCT TCG

lamB-red-R TAC CAC CAG ATT TCC ATC TGG GCA CCG AAG GTC CAC TCA TCA TTG TCG CCA CGG
CAT TCC GGG GAT CCG TCG ACC

ompC ompC-red-F TCG GAC AAT GGA TTT GCC CGC TAG TTC CCT GAA TTA GTG AGC AGT GGC AAT AAT
ATG TAG GCT GGA GCT GCT TCG

ompC-red-R GGA GCC CGC AGG CTC CTT TTG CAC ATC AGG TCG GGG ATT AGA ACT GGT AAA CCA
GAT TCC GGG GAT CCG TCG ACC

fhuA fhuA-red-F TCA AAC AGG TTA TTG ACG TTT AAG GCG ACA GAC GAG CCC GGC AGG CCT AAA CGC
GTG TAG GCT GGA GCT GCT TCG

fhuA-red-R TAG CAT GGC GCG TTC CAC TCA CAC TCA GAT CAA TAC CAG GAT TTG CAG ACT GGC
GAT TCC GGG GAT CCG TCG ACC

flgK flgK-red-F CGC ATG TTC TGC TGA TAC ATC ATT TGT GTA CTA ATA CGC ATC GTT CGG TTC CCT
GTG TAG GCT GGA GCT GCT TCG

flgK-red-R GCG CTG CCG ATA ATT ATC GTC AGG ACC CGC ATA TGA ATG TTC AAA AGG AAC CTC
CAT TCC GGG GAT CCG TCG ACC

a Sequences of the priming sites in pKD13 are underlined.
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boiling water for 5 min, and the denatured phage proteins were subse-
quently separated using a 12% SDS-polyacrylamide gel. After SDS-PAGE,
gels containing eight major visible bands were excised, destained with
50% acetonitrile containing 10 mM NH4HCO3, and dehydrated with
100% acetonitrile. The dried gels were rehydrated with 25 mM NH4HCO3

and digested with 400 mM trypsin overnight at 37°C. The digested pep-
tides were extracted, dried, and redissolved in equilibration buffer (5%
acetonitrile and 0.5% acetic acid). ZipTip C18 pipette tips (Millipore,
Billerica, MA, USA) were used for desalting and cleanup of the sam-
ples. The matrix-assisted laser desorption ionization (MALDI) matrix
was 	-cyano-4-hydroxycinnamic acid (CHCA) in a mixture of 50% ace-
tonitrile and 0.1% trifluoroacetic acid. Mass spectrometry was performed
using the AB Sciex TOF/TOF 5800 system (Framingham, MA, USA) in the
positive reflector mode at the Korea Basic Science Institute (KBSI) (Seoul,
South Korea). The scan parameters in the MS mode were a mass range of
800 to 4,000 Da and a total number of laser shots of 400. After the MS scan,
fragmentation of the selected precursors was performed at 1-kV collision
energy with air. The metastable suppressor mode was selected. The output
peptide sequences were searched against a database containing all protein
sequences of phage CR5. The protein identification was processed with
the ProteinPilot 4.0 software using the Paragon algorithm (AB Sciex).
Next, the statistical cutoff values were used at a peptide confidence of 95%.

Food application. Reconstituted infant formula milk was prepared
according to the manufacturer’s specifications. Approximately 33.6 g of
premium goat infant formula stage 1 powder (Ildong Foodis, Seoul, South
Korea) was resuspended in 240 ml of sterilized water, according to the
manufacturer’s instructions. The host strain (C. sakazakii ATCC 29544 as
a clinical isolate, 31-3 as a food isolate, and their mixture at 102 CFU/ml
final concentration) and phage CR5 at different MOI values (104 to 105)
were added to 20 ml of the prepared infant formula milk. Bacterial cul-
tures without the phage were used as controls. The mixture was incubated
with shaking (200 rpm) at 37°C for up to 10 h. The number of viable cells
was counted at 2-h intervals using the standard serial dilution and viable
cell counting method. All of the tests were conducted in triplicate.

Nucleotide sequence accession number. The complete genome se-
quence of C. sakazakii-infecting phage CR5 is available in the GenBank
database under the accession no. JX094500.

RESULTS
Isolation of bacteriophage CR5. Phage CR5 was isolated and pu-
rified from a soil sample from a cow farm in Suwon, South Korea,
having lytic activity against C. sakazakii ATCC 29544. The TEM
analysis of phage CR5 revealed that it belongs to the Myoviridae
family (Fig. 1). The diameter of the isomeric head and the length
of the tail were approximately 98 nm and 200 nm, respectively.

Host range analysis and bacterial challenge test. The host
range analysis of phage CR5 with C. sakazakii type strains, C. saka-
zakii isolates from the ingredients of infant foods, and other
Cronobacter species type strains revealed that this phage can infect
or inhibit the growth of C. sakazakii and a few other Cronobacter
species type strains, indicating its high specificity for Cronobacter
infections (Table 1). Interestingly, while Cronobacter and Entero-
bacter have a close taxonomic relationship, E. cloacae ATCC 7256
and E. agglomerans ATCC 27987 showed very weak turbid growth
inhibition zones, indicating that phage CR5 does not infect them
(Table 1). The host lysis activity of phage CR5 was determined
using the bacterial challenge method. As soon as phage CR5
(MOI, 1) was added to the culture of C. sakazakii ATCC 29544 at
an OD600 of 0.5, the host strain was efficiently lysed, and the host
growth inhibition activity was sustained, even after 10 h (Fig. 2),
indicating that the duration of host growth inhibition activity of
phage CR5 is longer than that of other C. sakazakii phages that
have been reported (20).

Identification of the host receptor. As mentioned previously,
phage CR5 infects C. sakazakii ATCC 29544 and lyses the host cells
(Fig. 3A). To determine the host receptor of phage CR5, five well-
known host receptor genes, which encode the O antigen of lipo-
polysaccharides (LPS), LamB (maltose transporter), OmpC
(outer membrane protein), FhuA (ferric ion transporter), and
FlgK of flagella (flagellar hook-filament junction protein), were
specifically deleted to find the specific C. sakazakii ATCC 29544
host receptor of phage CR5 (data not shown), and only the �flgK
mutant showed resistance to phage CR5 (Fig. 3B), suggesting that
the specific host receptor of phage CR5 is the flagellum of C. saka-
zakii ATCC 29544. To confirm this host receptor, a subsequent

FIG 1 TEM image of phage CR5 belonging to the family Myoviridae. The
black triangles and the white triangle indicate the contracted and noncon-
tracted tails, respectively. The phages were negatively stained with 2% (wt/vol)
uranyl acetate and observed using TEM JEM-2100 (JEOL, Tokyo, Japan) at
200 kV.

FIG 2 Bacterial challenge test of phage CR5 with C. sakazakii ATCC 29544
(MOI, 1). The closed squares indicate non-phage-treated C. sakazakii ATCC
29544, and the open squares indicate phage CR5-treated C. sakazakii ATCC
29544. The error bars indicate standard deviations from the results of triplicate
experiments.
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complementation experiment using the expression of the flgK
gene was conducted. The flgK gene was cloned into the pBAD18
expression vector and expressed in the �flgK mutant, and the
results showed the recovery of the sensitivity to phage CR5,
thereby substantiating the finding that the host flagellum is the
host receptor of phage CR5 (Fig. 3C). Flagellum formation or
motility has been known to be associated with the virulence of C.
sakazakii (34), and most phage-resistant bacteria using flagella as a
receptor tend to lose their motility (35), suggesting that C. saka-
zakii that is resistant to the flagella targeting CR5 is expected to be
avirulent. Therefore, CR5 could be a good candidate for the con-
trol of pathogenic C. sakazakii.

Genome sequence analysis. The genome of bacteriophage
CR5 contains 223,989 bp of DNA, with a G�C content of 50.06%,
231 predicted ORFs, and no tRNA genes (Fig. 4). The average gene
length is 912 bp, and the gene coding percentage is 94.1%. The
functional ORFs were classified into six groups: structure (major
capsid protein, tail fiber protein, tail sheath protein, and many
virion structural proteins), packaging (terminase large subunit),
host lysis (endolysin), DNA manipulation (nuclease SbcCD sub-
unit D, helicases, endodeoxyribonuclease, and RNase H), tran-
scription (RNA polymerase �- and �=-subunits), and additional
functions (N-acetyltransferases, PhoH-like protein, thymidylate
synthase, thymidylate kinase, and heat shock protein). However,
�80% of the products of predicted ORFs in this genome (185 of
the 231 ORFs) remain hypothetical proteins, likely due to insuffi-

cient annotation data of C. sakazakii bacteriophage genomes in
the genome databases.

Because the flagella were identified in this study as the host
receptors of phage CR5, it is likely that the tail fiber protein targets
these host flagella for phage infection. This genome has only one
gene encoding a tail fiber protein, and it is likely associated with
the host specificity of phage CR5. Although the host lysis activity
of phage CR5 is strong and consistent, this genome has only one
host lysis-related gene encoding endolysin, without any genes en-
coding holin and Rz/Rz1, which is different from other Gram-
negative bacterium-infecting phages. The thymidylate synthase
and thymidylate kinase of the phage may help the folate metabo-
lism of the host as an additional function for the host strain. In-
terestingly, the phage genome has six phage RNA polymerase
�/�=-subunits, and they did not share protein domains with each
other. Each predicted phage RNA polymerase of CR5 showed high
amino acid sequence identities (55 to 73%) with previously re-
ported RNA polymerase �/�=-subunits of other two phages, Sal-
monella phage SPN3US and Erwinia phage phiEaH2 (36, 37), sug-
gesting that those phages may share a phage gene transcription
mechanism (Fig. 5). However, the comparative sequence analysis
of RNA polymerase �/�=-subunits between phage CR5 and the
host strain C. sakazakii ATCC 29544 revealed that the amino acid
sequences of RNA polymerase �-subunits are quite different (data
not shown), suggesting that they may have different gene tran-
scription mechanisms. Furthermore, the presence of multiple
copies of RNA polymerase �/�=-subunits in phage CR5 suggests
that phage gene transcription may be dominant, rather than host
gene transcription with a single copy of the host RNA polymerase
�/�=-subunit predominating (36). However, the functions of the
phage RNA polymerase �/�=-subunits remain to be elucidated.

Proteomic analysis of the phage structural proteins. To con-
firm the expression and identification of the major phage struc-
tural proteins, a proteomic analysis using SDS-PAGE and matrix-
assisted laser desorption ionization–time of flight mass spectrometry
(MALDI-TOF MS) was performed. The comparative analysis of
these partial peptide sequences with the genome sequence analysis
results allowed for the identification of these proteins (Fig. 6).
Interestingly, eight protein bands were identified: two as a putative
major capsid protein (CR5_071, bands B and C), five as putative
virion structural proteins (CR5_078, band H; CR5_158, band E;
CR5_182, band D; CR5_219, band G; and CR5_222, band A), and
one as a hypothetical protein (CR5_137, band F). Interestingly,
one major band (band C, �68 kDa) and one minor band (band B,
�83 kDa) were detected and identified as a putative major capsid
protein using protein sequence analysis (Fig. 6). The protein se-
quence analysis predicted the protein size of the putative major
capsid protein to be 83.6 kDa (Fig. 6B), indicating that the minor
band may be the procapsid protein before maturation. Previously,
it was reported that the cleavage of the procapsid protein by a
proteolysis enzyme is essential for maturation of the major capsid
protein (38). Therefore, overall proteomic experiments of phage
CR5 may be required to extend our understanding of proteomic
characteristics and the maturation process of these structural
phage proteins.

Food application. To verify the potential of using phage CR5
as a novel biocontrol agent against C. sakazakii in food samples,
one or two C. sakazakii strains, ATCC 29544 and/or food isolate
31-3, were added to an infant formula milk sample containing
phage CR5 at an MOI of 104 or 105, and the viable cell numbers of

FIG 3 Identification of the C. sakazakii host receptor by deletion and com-
plementation of the flgK gene. (A) Wild-type (WT) C. sakazakii ATCC
29544. (B) C. sakazakii ATCC 29544 �flgK mutant. (C) C. sakazakii ATCC
29544 �flgK mutant containing pBAD18::flgK for complementation. Tenfold
serially diluted phage CR5 samples were dotted from 102 to 109 PFU/ml in each
chamber.
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C. sakazakii in the sample were monitored. After phage CR5 at an
MOI of 104 was added to the sample containing the clinical isolate
ATCC 29544, the bacterial strain was lysed in 2 h but recovered.
However, after addition at an MOI of 105, it was also lysed in 2 h
and never recovered up to 10 h, suggesting that the addition of

phage CR5 at an MOI of at least 105 is required to completely
control the C. sakazakii ATCC 29544 strain in the sample (Fig.
7A). Furthermore, after phage CR5 at an MOI of 104 or 105 was
added to the sample containing the food isolate 31-3, the bacterial
strain was lysed and never recovered, even though the lysis times

FIG 4 Genome map of phage CR5. The inner circle with the red line indicates the G�C content. The outer circle indicates the predicted ORFs by strand. The
functional categories and annotation of the ORFs are indicated by specific colors, according to the legend. Black ORFs indicate hypothetical proteins. Letters A
to H indicate the major structural proteins. The scale units are base pairs.

FIG 5 Comparative sequence analysis of RNA polymerase �/�=-subunits in the CR5 phage with those of Erwinia phage phiEaH2 and Salmonella phage SPN3US.
The protein sequence identities are indicated between the arrows. The locus tag of each gene is indicated in the middle of each arrow.
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of CR5 at an MOI of 104 and 105 were 6 h and 2 h, respectively
(Fig. 7B).

In addition, a mixed culture of the clinical strain and food
isolate was tested with phage CR5.

After phage CR5 at an MOI of 104 was added to the mixed
culture, the growth curve of the host strains was very similar to
that of a clinical strain, probably due to the presence of the clinical
strain in the mixed culture. The host strains were lysed in 2 h but
regrew (Fig. 7C). However, when phage CR5 at an MOI of 105 was
added, the bacterial strains in the mixed culture were lysed in 2 h
and never regrew up to 10 h (Fig. 7C), which is very similar to
results with both the clinical strain and food isolate. Therefore, the
mixed culture has characteristics of both strains for the control of
C. sakazakii using phage CR5. These results suggest that the MOI
of CR5 for complete control of both clinical and food isolates is
�105, which is much lower than that of previously reported C.
sakazakii phages (107 to 109) (20). Therefore, the high host lysis
activity of phage CR5 against both clinical and food isolates of C.
sakazakii in infant formula milk implies that it is a possible candi-
date for the development of a novel biocontrol agent or natural
food preservative against C. sakazakii.

DISCUSSION

C. sakazakii is a fatal food-borne pathogen causing high mortality
rates and is generally found in infant milk formula powders (3).
Therefore, C. sakazakii urgently needs to be controlled in foods.
However, a biocontrol agent or a natural food preservative to
control this pathogen is not yet available, because antibiotic usage
is not allowed in foods. The bacteriophage approach has been
revisited to control various pathogens because of its bacterial host
specificity, bactericidal activity, and human safety (39).

In this study, we isolated and characterized a novel C. saka-
zakii-infecting phage, CR5, with host lysis activity. In addition,
phage CR5 maintained growth inhibition activity against C. saka-
zakii ATCC 29544 for up to �10 h (Fig. 2). The host growth
inhibition activity of phage CR5 is longer than that of other C.
sakazakii phages that have been reported (20). The duration of this
host growth inhibition activity of phage CR5 in the bacterial chal-
lenge assay suggests that phage CR5 may be a candidate for a
biocontrol agent against C. sakazakii. In addition, the host recep-
tor of this C. sakazakii phage was identified through specific gene
knockout studies and subsequent complementation experiments
to understand the host-phage interaction for phage infection. To
date, one receptor identification experiment has been conducted,
and it confirmed that only one C. sakazakii phage, CR3, infects the
host strains using flagella as the host receptors (13).

Interestingly, the genome study of phage CR5 revealed a few
new molecular characteristics. A comparative genome analysis of
CR5 with 17 other C. sakazakii phages showed extremely low se-
quence identities, suggesting that they may not share genomic
characteristics (data not shown). The absence of endolysin-sup-
porting proteins (e.g., holin and Rz/Rz1 proteins) in this genome
suggests that the single endolysin may lyse the host cells with full
function. To make sure there is no holin gene in the CR5 genome,
the GenBank annotation data of all available 17 C. sakazakii ge-
nomes were collected and checked to see if there is any holin gene
in those genomes. Only two genomes (those of phages ENT47670
and vB_CsaM_GAP161) have holin genes, implying that the pres-
ence of a holin gene may not be common in C. sakazakii phage
genomes. A DNA sequence alignment analysis of these holin genes
with the CR5 complete genome sequence showed that there is no
DNA sequence match in the genome, indicating that there may be

FIG 6 Proteomic analysis of the structural proteins of phage CR5 using SDS-PAGE (A) and MALDI-TOF MS (B). In the SDS-PAGE, eight major bands were
picked and labeled A to H. In a comparison with the genome annotation information of phage CR5, these major bands were identified with molecular weights
and partial peptide sequences using MALDI-TOF MS. In addition, letters A to H are also added to the CR5 genome map to indicate the locations of major
structural proteins (see Fig. 4).
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no holin genes in the CR5 genome. A subsequent protein domain
analysis of these two holin proteins using the InterProScan pro-
gram (32) showed that they have conserved protein domains
(PF16083, LydA phage holin, holin superfamily III for holin pro-

tein from the phage ENT47670; PF11031, bacteriophage T holin
for holin protein from the phage vB_CsaM_GAP161). Additional
InterProScan analysis of all 231 ORFs of the CR5 phage genome
revealed that there is no gene containing these conserved protein
domains, suggesting that there is no holin gene in the CR5 ge-
nome. However, it is still possible that holin or holin-like genes in
C. sakazakii phage genomes will be detected when more C. saka-
zakii phage genome annotation results are available in the se-
quence databases. Interestingly, additional SignalP analysis of the
endolysin proteins in four C. sakazakii phage genomes without
holin genes (CR5, ESP2949-1, phiES15, and vB_CskP_GAP227)
revealed that they have signal peptides in the N terminus for se-
cretion without holin, supporting this (data not shown). In addi-
tion, the phage CR5 genome has six copies of RNA polymerase
�/�=-subunits. The presence of multiple copies of RNA polymer-
ase �/�=-subunits in the genome and the lack of similarity of RNA
polymerase �/�=-subunits between the phage and host genomes
suggest that the phage has different gene transcription mecha-
nisms, and phage gene transcription may be dominant rather than
gene transcription of the host. To further understand the func-
tions of multiple copies of RNA polymerase �/�=-subunits in the
genome of phage CR5, three different Pseudomonas phage
genomes, including those of 201phi2-1, phiKZ, and phiPA3
(40–42), were analyzed and compared. Pfam protein domain
analysis of genes encoding RNA polymerase �/�=-subunits in
two phages, 201phi2-1 and phiPA3, revealed that a gene encoding
the RNA polymerase �=-subunit in each phage genome (gp275 of
201phi2-1 and ORF54 of phiPA3) has a highly conserved protein
sequence motif, Rbp1_domain_2 (NADFDGD), associated with
Mg2� binding (40, 42), while no Rbp1_domain_2 motif was de-
tected in the phage phiKZ. Three aspartic acid (D) residues in the
motif (in bold) have been suggested to be necessary for holding
Mg2� in the active center of the RNA polymerase �=-subunit.
These Mg2� ions in the active center were reported to attract the
negatively charged phosphate of nucleoside triphosphates (NTPs)
and to allow it to interact with the 3=-OH end of the RNA tran-
script for RNA elongation (43). Interestingly, the gene encoding
the RNA polymerase �=-subunit (CR5_024 of CR5) also contains
this Rbp1_domain_2 motif in its protein sequence, suggesting
that this RNA polymerase �=-subunit may be associated with RNA
elongation by Mg2� binding in the active center. Therefore, the
RNA polymerase �/�=-subunits of phage CR5 may play roles sim-
ilar to those of two Pseudomonas phages in RNA transcription and
elongation.

To evaluate the lysis activity of phage CR5 against C. sakazakii
by a bacterial challenge assay for food application, it was added to
infant formula milk containing C. sakazakii clinical or/and food
isolates (ATCC 29544 and/or food isolate 31-3). Surprisingly,
phage CR5 controlled both isolates completely up to 10 h at an
MOI of only 105, which is much lower than that of previously
reported C. sakazakii phages (20); this suggests that phage CR5 is
a good candidate for a biocontrol agent against both clinical and
food isolates in infant formula milk. However, these food appli-
cations using CR5 phage represent a model experiment under
specific food conditions to control C. sakazakii in infant formula.
For real industrial applications, a cheap phage purification and
concentration method and an optimized food application method
should be developed. In addition, although the U.S. FDA ap-
proved the phage application in foods as a natural food preserva-
tive or biocontrol agent, customers may not prefer using phage in

FIG 7 Food application of phage CR5 against C. sakazakii ATCC 29544 (A),
food isolate 31-3 (B), and their mixture (C) in infant formula milk. The closed
circles indicate the non-phage-treated samples used as negative controls. The
open squares with dashed lines indicate phage CR5-treated samples with an
MOI of 104, and the closed squares indicate phage CR5-treated samples with
an MOI of 105. N/D, not detected.
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some sensitive foods, including milk formula. Therefore, food ap-
plications to control food-borne pathogens using phage need to
be considered carefully. This study provides insights into the char-
acteristics and genome of phage CR5 for further development of a
novel phage biocontrol agent against C. sakazakii in foods.
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