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Abstract
Purpose Escherichia coli O157:H7 is one of the major foodborne pathogens of global public concern. Bacteriophages (phages)
have emerged as a promising alternative to antibiotics for controlling pathogenic bacteria. Here, a lytic E. coliO157:H7-specific
phage (KFS-EC) was isolated, identified, and characterized to evaluate its potential as a biocontrol agent for E. coli O157:H7.
Methods KFS-EC was isolated from slaughterhouse in Korea. Morphological analysis, genomic analysis and several physio-
logical tests were performed to identify and characterize the KFS-EC.
Results A specificity test indicated KFS-EC was strictly specific to E. coli O157:H7 strains among 60 bacterial strains tested.
Morphological and phylogenetic analyses confirmed that KFS-EC belongs to the Rb49virus genus, Tevenvirinae subfamily, and the
Myoviridae family of phages. KFS-EC genome consists of 164,725 bp and a total of 270 coding sequence features, of which 114
open reading frames (ORFs) were identified as phage functional genes. KFS-EC does not contain genes encoding lysogenic
property and pathogenicity, which ensure its safe application. KFS-EC was relatively stable (~1 log decrease) under stressed
conditions such as temperatures (20 °C–50 °C), pHs (3–11), organic solvents (ethanol and chloroform), and biocides (0.1% citric
acid, 1% citric acid, and 0.1% peracetic acid). KFS-EC was able to inhibit E. coli O157:H7 efficiently at a multiplicity of infection
(MOI) of 0.01 for 8 h with greater inhibitory effect and durability and was stable at 4 °C and 22 °C over a 12-week storage period.
Conclusions Our results suggest that KFS-EC could be used as a biocontrol agent to E. coli O157:H7.

Keywords Bacteriophage .Escherichia coliO157:H7 . Biocontrol agent . Lytic activity . Stability

Introduction

Escherichia coli is a gram-negative, facultative anaerobic bac-
terium that is commonly found in the gastrointestinal tract of

mammals [1]. Severe clinical illness can be caused by various
strains of E. coli including enteroaggregative E. coli (EAEC),
enteropathogenic E. coli (EPEC), enterotoxigenic E. coli
( ETEC ) , e n t e r o i n v a s i v e E . c o l i ( E I EC ) , a n d
enterohemorrhagic E. coli (EHEC) [2]. EHEC with the spe-
cific serotype O157:H7 can lead to the widespread incidence
of Shiga-like toxin, and hence is known as a Shiga toxin-
producing E. coli (STEC) serotype [3], after E. coli
O157:H7 has been first recognized as one of foodborne path-
ogens in 1982 [4]. E. coli O157:H7 causes diarrhea, abdomi-
nal pain, vomiting, and mild fever. Moreover, some infections
could be developed into a severe life-threatening complication
known as hemolytic uremic syndrome [2]. Furthermore, some
unique characteristics of E. coli O157:H7 such as low infec-
tious dose (< 100 cells) [1] and long survival in the environ-
ment render it as a major pathogen in the public health aspect
[5]. It was estimated that STEC causes ~2,801,000 acute ill-
nesses globally and leads to ~230 deaths annually [6].

E. coli O157:H7 exist in environmental sources (water and
soil) as well as various foods such as undercooked beef, poul-
try, raw milk, vegetables, and fruits [7]. Antibiotic-based
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control strategy has been used in the food industry to reduce
and inhibit E. coli O157:H7. However, antibiotic treatment
may no longer be the most effective method for the control
of E. coli O157:H7 due to the sharp increase in antibiotic-
resistant infections and strains as a result of the acquisition
of genetic capacity [8] and alteration of the microbiome com-
position of host by antibiotic exposure [9]. Recently, bacteri-
ophage (phage) treatment has emerged as a promising alter-
native to antibiotics [10, 11]. Phages are viruses that have the
ability to infect and kill target bacteria [12]. For the consider-
ation as an effective biocontrol agent, phages are required to
have the capacity to lyse bacterial cells (strictly lytic phage)
[13], be stable under stressed conditions such as extreme tem-
peratures and pHs [14], and facilitate targeted elimination of a
specific strain without disruption of other microbiota [15]. In
addition, phage must be free of the pathogenic genes that
encode toxins and allergens. The purposes of this study were
not only to isolate and purify a novel E. coliO157:H7-specific
phage but also to characterize its physical and genetic proper-
ties for the evaluation of its potential for use as a biocontrol
agent for E. coli O157:H7.

Materials and methods

Bacterial strains

The bacterial strains used in this study (Table 1) were obtained
from the American Type of Culture Collection (ATCC) and a
laboratory in the Department of Plant and Food Sciences at
Sangmyung University in Chungnam, Korea. Bacterial strains
were cultivated in a 25 mL tryptic soy broth (TSB, Difco
Laboratories Inc., Sparks, MD, USA) for 16 h at 37 °C with
shaking. After washing three times with sterilized phosphate-
buffered saline buffer (PBS, pH 7.4; Life Technologies Ltd.,
Paisley, UK) by centrifugation at 7000×g for 4 min, bacterial
pellets were suspended in PBS. The concentration of each
suspension was adjusted to 108 colony forming units (CFU)/
mL by using standard curves constructed by measuring the
optical density at 640 nm (OD640).

Phage isolation

Awastewater sample was collected from a slaughterhouse in
Daegu, Korea. Twenty-five milliliters of wastewater was
mixed with 225 mL of TSB containing 1 mL of E. coli
O157:H7 ATCC 43895 (108 CFU/mL). After incubation for
16 h at 37 °C with 160 rpm agitation, the mixture was centri-
fuged at 4000×g for 10 min at 4 °C. The supernatant was
collected and filtered using a 0.20-μm cellulose acetate filter
(Advantec Toyo Kaisha, Ltd., Tokyo, Japan). To perform a dot
assay, 10 μL of the filtrate was dotted on the surface of pre-
solidified TA soft agar (4 g agar, 8 g nutrient broth, 5 g NaCl,

0.2 g MgSO4, 0.05 g MnSO4, and 0.15 g CaCl2 per 1 L)
containing 200 μL of overnight culture of E. coli O157:H7
ATCC 43895. After incubation for 16 h at 37 °C, the forma-
tion of plaques was observed.

A plaque assay was performed to isolate a single phage
against E. coli O157:H7. An aliquot of 100 μL of serial dilu-
tions of the filtrate and 200 μL of overnight culture of E. coli
O157:H7 ATCC 43895 were placed into 4 mL of TA soft agar
prior to pouring onto tryptic soy agar (TSA, Difco Laboratories
Inc.) plate. After incubation for 16 h at 37 °C, a single plaque
was picked and placed into a sodium chloride-magnesium sul-
fate (SM) buffer (50 mM Tris-HCl, 100 mM NaCl, 10 mM
MgSO4, pH 7.5) with vigorous agitation for 1 h at 22 °C. The
plaque assay was repeated 6 times to elute one single phage.
The eluted single phage was named KFS-EC, where EC indi-
cates the host genus and species name (E. coli) [16].

Propagation and purification of phage

To increase the concentration of the isolated KFS-EC, the prop-
agation procedures described below were performed several
times with increasing volumes of TA broth. One percent of
the overnight culture of E. coli O157:H7 ATCC 43895 was
inoculated into 3 mL of TA broth (8 g nutrient broth, 5 g
NaCl, 0.2 g MgSO4, 0.05 g MnSO4, and 0.15 g CaCl2 per
1 L) and incubated for 2.5 h at 37 °C with shaking at
190 rpm prior to the addition of the eluted KFS-EC at a multi-
plicity of infection (MOI) of 1. The mixture was incubated at
37 °C with shaking at 190 rpm and centrifuged at 2400×g for
10 min at 4 °C. The supernatant was filtered through a 0.20-μm
cellulose acetate filter (Advantec Toyo Kaisha, Ltd.) and the
concentration of KFS-EC was measured at every step using
the plaque assay. The final filtrate was mixed with 10% (w/v)
polyethylene glycol 6000 (Sigma-Aldrich Co., St. Louis, MO,
USA) and 10 mL of 1 M NaCl, followed by overnight precip-
itation at 4 °C. After centrifugation at 7200×g for 20 min at
4 °C, the supernatant was discarded, and the remaining pellet
was suspended in 6 mL SM buffer and subjected to five-layer
CsCl gradient ultracentrifugation at 39,000×g for 2 h at 4 °C.
The bluish opalescent band was extracted, dialyzed and stored
in SM buffer at 4 °C and the concentration of KFS-EC in SM
buffer was determined by plaque assay before use.

Morphological characteristics of KFS-EC

KFS-EC (5 × 109 plaque forming units [PFU]) was adsorbed
on a carbon-coated copper grid and negatively stained with
4% phosphotungstic acid (Sigma-Aldrich Co.). The morpho-
logical characteristics of KFS-EC were observed using trans-
mission electron microscopy (TEM, H-7100, Hitachi Ltd.,
Tokyo, Japan) at an accelerating voltage of 100 kV with
40,000 to 60,000 ×magnification.
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Specificity and efficiency of plating (EOP) analysis

A dot assay was conducted to measure the specificity of KFS-
EC by using various bacterial strains including E. coliO157:H7
strains (Table 1). An aliquot of 200 μL of each bacterial culture
was mixed with 4 mL of 0.4% TA soft agar and overlaid on a
TSA plate. Then, 10 μL of diluted KFS-EC was dotted on the
plate and incubated for 16 h at 37 °C. KFS-EC susceptible
bacterial strains were confirmed by the formation of a clear
zone. Next, plaque assay was carried out to analyze the effi-
ciency of plating (EOP) against phage susceptible bacterial
strains. The number of plaques was determined after a 12-h
incubation and the EOP was calculated by dividing the number
of plaques on each tested strain by the number of plaques on the
indicator strain (E. coli O157:H7 ATCC 43895). EOP value

>0.5, >0.1 - <0.5, and 0.001–0.1 is viewed as high, medium
and low lytic activity of the phage, respectively, while the EOP
value of ≤0.001 denote the insufficient lytic activity of the
phage against the bacterial strain [17].

Genome sequencing and annotation

Genomic DNA of KFS-EC was extracted using the Phage
DNA Isolation Kit (Norgen Biotek Co., Thorold, ON,
Canada) according to the manufacturer’s instructions. The
concentration of genomic DNA was measured using a
PicoDrop spectrophotometer (Picodrop Ltd., Hinxton,
Cambridge, UK). Genome sequencing was performed by
LabGenomics (Seongnam-si, Korea) using the paired-end
Miseq sequencing platform (Illumina, Inc., San Diego, CA,

Table 1 Specificity of KFS-EC against each bacterial strain

Bacterial strains Plaque formationa EOPb Bacterial strains Plaque formation EOP

Aeromonas hydrophila SNUFPC A3 – NT E. coli K12 VSM 1692 – –

A. hydrophila SNUFPC A5 – NT E. coli O157:H7 ATCC 43895 + 1.00 ± 0.00

A. hydrophila SNUFPC A7 – NT E. coli O157:H7 700,599 + 0.95 ± 0.03

A. hydrophila SNUFPC A9 – NT E. coli O157:H7 rif R + 0.94 ± 0.01

A. hydrophila SNUFPC A10 – NT E. coli O157:H7 204p + 0.88 ± 0.04

A. hydrophila SNUFPC A11 – NT E. coli O157:H7 204 + 0.90 ± 0.02

A. hydrophila JUNAH – NT E. coli O157:H7 10,536 + 0.54 ± 0.05

A. salmonicida 1,608,061 – NT Klebsiella pneumoniae ATCC 13883 – NT

A. salmonicida 1,608,062 – NT Listeria innocua ATCC 33090 – NT

Bacillus cereus ATCC 13061 – NT L. monocytogenes 1911 – NT

B. cereus ATCC 1611 – NT L. monocytogenes G3982 4b – NT

B. cereus ATCC 21768 – NT L. monocytogenes G6055 – NT

B. cereus NCCP 14795 – NT L. monocytogenes H7738 – NT

B. cereus RB002 – NT L. monocytogenes H7757 – NT

B. cereus RB003 – NT Pseudomonas aeruginosa ATCC 9027 – NT

B. cereus RB005 – NT Salmonella Enteritidis ATCC 13076 – NT

B. cereus RB011 – NT S. Heidelberg – NT

B. cereus RB013 – NT S. Hartford – NT

B. cereus RB015 – NT S.Mission – NT

B. cereus RB020 – NT S.Montevideo – NT

B. cereus RB037 – NT S. Newport – NT

B. pumilus SR067 – NT S. Salama – NT

B. safensis SR138 – NT S. Senftenberg – NT

B. stratosphericus SR095 – NT S. Typhimurium ATCC 13311 – NT

B. subtilis KACC 12680 – NT Shigella boydii NCCP 11190 – NT

B. toyonensis SR070 – NT S. flexneri 2457 – NT

Escherichia coli ATCC BAA-2192 – NT S. sonnei ATCC 9290 – NT

E. coli ATCC BAA-2196 – NT Staphylococcus aureus ATCC 25923 – NT

E. coli BW 25113 – NT Vibrio parahaemolyticus ATCC 17802 – NT

E. coli K12 ER 2738 – NT Yersinia enterocolitica ATCC 23715 – NT

a +, plaque formation; −, no plaque formation
b EOP: efficiency of plating. EOP values were calculated by dividing the number of plaques on each tested strain by the number of plaques on the
indicator strain (E. coli O157:H7 ATCC 43895). NT means not tested. EOP values are shown as the mean ± SD (n = 3)
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USA). Totally, 2 × 1,558,510 reads were generated, and raw
reads were trimmed to eliminate low quality reads and adaptor
sequences using BBduk trimmer (version 1.0) [18]. Trimmed
reads were assembled into contigs using Geneious v.11.1.4.
(Biomatters Ltd., Auckland, New Zealand). Briefly,
2,605,946 of 3,115,931 reads were assembled and produced
17,152 contigs. They were used to reconstruct a 164,725 bp
consensus sequence. The genome sequence of KFS-EC was
initially compared with those available in the GenBank data-
base using the PubMed NCBI BLAST program. Then, the
genome sequence was annotated by Rapid Annotations using
Subsystem Technology (RAST) [19] and confirmed with
Genemark.hmm [20] and PHASTER [21]. All identified open
reading frames (ORFs) were compared against the virulence
factor database [22], ResFinder 2.1 [23], and Comprehensive
Antibiotic Resistance Database (CARD) [24]. The predicted
protein sequences were compared with the allergen database
(http://www.allergenonline.com) from Food Allergy Research
to confirm potential allergens in phage proteins. Potential
tRNA genes in the genome sequence were predicted using
ARAGORN and RNAmmer (version 1.2) in rapid
prokaryotic genome annotation pipeline (Prokka) [25]. A ge-
nome map was generated and annotated according to the
RAST subsystem.

Nucleotide sequence accession number

The complete genome sequence of KFS-EC is available in the
GenBank database under nucleotide sequence accession num-
ber MH560358.

Phylogenetic analysis of KFS-EC

Eleven phage genome sequences from the GenBank database
were included for phylogenetic analysis. These phages were
selected as the representatives of genera within the subfamily
Tevenvirinae, family Myoviridae [26]. The KFS-EC genome
sequence with 11 phage sequences was subjected to genome-
based phylogenetic analysis using the Virus Classification and
Tree building Online Resource (VICTOR) [27]. All pairwise
comparisons of the nucleotide sequences were conducted
using the Genome-BLAST Distance Phylogeny (GBDP)
method [28] under settings recommended for prokaryotic vi-
ruses [27]. The resulting intergenomic distances were used to
infer a balanced minimum evolution tree with branch support
via FASTME including SPR post-processing [29]. Branch
support was inferred from 100 pseudo-bootstrap replicates
each. Trees were rooted at the midpoint [30] and visualized
with FigTree [31]. Taxon boundaries at the species, genus, and
family levels were estimated with the OPTSIL program [32],
the recommended clustering thresholds [27], and an F value
(fraction of links required for cluster fusion) of 0.5 [33].

Effects of temperature, pH, and biocides on the lytic
activity of KFS-EC

Lytic activity of KFS-EC was investigated by exposing the
phage to various temperatures, pHs, and organic solvents
and biocides. To analyze the effect of temperature on the lytic
activity of KFS-EC, 100 μL of KFS-EC (106 PFU/mL) was
mixed with 900 μL TSB (pH 7) and incubated at various
temperatures (−70, −20, 4, 10, 20, 30, 40, 50, 60, and
70 °C) for 1 h. To measure the effect of pH, 100 μL (106

PFU/mL) of KFS-EC was mixed with 900 μL of TSB at
various pHs (1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12), adjusted
with either 1 M HCl or 1 M NaOH, and incubated for 1 h at
22 °C. To observe the effect of organic solvents and biocides,
100 μL of KFS-EC was mixed with 900 μL of 100% organic
solvent (chloroform, ethanol, or isopropanol) or biocide (0.1%
peracetic acid, 1% peracetic acid, 100 ppm sodium hypochlo-
rite, 200 ppm sodium hypochlorite, 0.1% citric acid, or 1%
citric acid) and incubated for 1 h and 5 min, respectively, at
22 °C. Finally, the plaque assay described above was per-
formed and the results were expressed as phage concentration
(log PFU/mL).

Bacterial challenge assay and one-step growth curve

For the bacterial challenge assay, an overnight culture of E. coli
O157:H7 ATCC 43895 was inoculated into 100 mL of fresh
TSB medium (2% inoculum) and incubated for 3 h at 37 °C
with shaking at 190 rpm. When the OD640 reached ~0.2
(108 CFU/mL), 1 mL of KFS-EC was added at a multiplicity
of infection (MOI) of 0.01, 0.1, 1.0, 10, and 100 and incubated
at 37 °C with shaking at 110 rpm for 26 h. Culture without the
addition of KFS-ECwas used as a control. The bacterial growth
was monitored at 2-h intervals by measuring OD640 [13].

The mixture of the overnight culture of E. coli O157:H7
ATCC 43895 (30mL; OD640 = 1.0) and KFS-EC at anMOI of
0.01 was incubated for 30 min at 37 °C for bacterial adsorp-
tion. To remove unabsorbed KFS-EC, the mixture was centri-
fuged at 11,400×g for 10 min at 4 °C. The pellet was resus-
pended with the same volume of TSB and incubated at 37 °C.
Every 5 min, 1 mL of the incubated mixture was collected,
and each collected suspensionwas evenly divided into 1.5-mL
tubes. To determine the eclipse period, chloroform (f.c. 1%, v/
v) was added to each 1.5-mL tube followed by vigorous
vortexing for 30 s in order to release the internal KFS-EC.
Chloroform-treated KFS-EC and non-chloroform-treated
KFS-EC suspensions were diluted serially and plaque assay
was performed to determine the latent period and burst size.

Storage study

KFS-EC (108 PFU/mL) in TSB was stored at various temper-
atures (−70, −20, 4, and 22 °C) to investigate its viability after
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storage. To minimize freezing damage on KFS-EC, 15% of
glycerol was added and stored at −70 °C and − 20 °C. At 2-
week intervals, each stored sample was collected and a plaque
assay was performed to measure the lytic activity of KFS-EC
at each collection time.

Statistical analysis

All data were expressed as the mean ± standard deviation (SD).
GraphPad and InStatV.3 (GraphPad, San Diego, CA, USA)
were used to perform the statistical analyses. Student’s paired
t test for two groups and one-way analysis of variance
(ANOVA) among more than two groups were used for the
comparison. The significance level was determined at p < 0.05.

Results

Isolation and morphological analysis of KFS-EC

One phage (KFS-EC) was isolated from a wastewater sample
taken from a slaughterhouse in Korea. Fig. S1 in
Supplementary material shows the plaque formation of KFS-
EC after isolation using a dot assay (Fig. S1[a],
Supplementary material) and a plaque assay (Fig. S1[b],
Supplementary material). Finally, KFS-EC was purified at a
concentration of (5.32 ± 0.23) × 1011 PFU/mL. TEM images
(Fig.1) show that the KFS-EC phage has an icosahedral shape
(100.25 ± 7.26 nm in length 70.89 ± 8.90 in width) with a
hexagonal head and a tail (113.88 ± 10.19 nm in length,
21.91 ± 2.59 nm in width). The tailed phages are normally
classified into either Myoviridae (long, rigid, contractile tail),
Podoviridae (very short, non-contractile tail), or Siphoviridae
(long, flexible, non-contractile tail), which are families in the
Caudovirales order [34]. Therefore, KFS-EC was presumed
to belong to the Myoviridae family based on a comparison
with the findings of previous studies (Table S1,
Supplementary material).

Specificity and EOP analysis

A specificity test indicated that KFS-EC had the capability to
form completely cleared zones on all tested E. coli O157:H7
strains among 60 bacterial strains including 11 E. coli strains
(Table 1). Although EOP values was varied among E. coli
O157:H7 strains, all EOP values were categorized into “high
production” (EOP value >0.5)” against all E. coli O157:H7
strains tested [17].

Genome analysis

The KFS-EC genome was sequenced with 4746 × coverage.
The final consensus sequence showed that it was 98% identi-
cal to the complete genomes of Enterobacteria phage RB49
and 99% identical to the complete genomes of Shigella phage
Sf20 (GenBank accession no. AY343333 and MF327006, re-
spectively) in a nucleotide BLAST comparison. The assem-
bled KFS-EC genome consists of 164,725 bp with 40.5%G +
C content and has terminally redundant ends of 812 bp.
Annotation revealed a total of 270 coding sequence features
in the genome, of which 114 ORFs were assigned the phage
functional genes (Fig. 2; Table S2, Supplementary material).
The phage structural genes consisted of genes for phage DNA
replication (15 genes), phage baseplate proteins (10 genes),
phage capsid proteins (7 genes), phage tail fiber proteins (5
genes), phage tail proteins (5 genes), phage lysis module (4
genes), phage DNA synthesis (3 genes), phage packaging ma-
chinery (2 genes), phage neck protein (1 gene), and a phage
intron (1 gene). KFS-EC encoded thymidine kinase,
thymidylate synthase, dNMP kinase, dCMP deaminase,
RNA endonuclease, dihydrofolate reductase, and ribonucleo-
tide reductase. Enzyme sequences were highly conserved (>
90% identity) with the enzyme sequences of Enterobacteria
phage RB49. In addition, a tRNA synthetase (valyl-tRNA
synthetase) gene, a glutaredoxin gene, and 4 ribonucleotide
reduction genes were identified in the KFS-EC genome. The
remaining 156 ORFs are hypothetical proteins. Potential
tRNA sequences were not found in the KFS-EC genome.
Notably, genes coding for lysogenic activity, virulence, anti-
biotic resistance, and potential allergens were not found in the
KFS-EC genome.

Phylogenetic analysis

Enterobacteria phage RB49 and Shigella phage Sf20, whose
genomes are highly similar (> 98%) to that of KFS-EC as
described above, are classified into the Tevenvirinae subfam-
ily and Myoviridae family by the International Committee on
Taxonomy of Viruses (ICTV) taxonomy [26]. To obtain a
more accurate classification of KFS-EC, a phylogenetic anal-
ysis with genome sequences of representative phages within
Tevenvirinaewas performed, revealing that KFS-EC is closely

Fig. 1 TEM images of KFS-EC at a magnification of (a) × 60.0 k and
(b) × 40.0 k
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related to strains within the genus Rb49virus, as proposed by
ICTV [26] (Fig. 3).

Effects of temperature, pH, and biocides on the lytic
activity of KFS-EC

The lytic activity of KFS-EC was stable at temperatures be-
tween 4 and 40 °C (Fig. 4a). Slight decrease (~0.5 log) was
observed at −20 °C, whereas the lytic activity of KFS-EC
decreased at 50 °C (~1.2 log decrease) and at −70 °C (~4
log decrease) (p < 0.05). The lytic activity of KFS-EC phage
was almost lost at 60 °C and 70 °C.With regard to the effect of
pH, the lytic activity of KFS-EC phage was relatively stable
(~l.0 log decrease) at pH values of 3–11, although significant
reductions of KFS-EC concentration at pH 3 and 11 were
observed (p < 0.05) (Fig. 4b). However, the lytic activity of
KFS-EC was almost lost under extremely strong acidic and
basic conditions (pH 1, 2, and 12). The lytic activity of KFS-
EC was stable when exposed to 100% chloroform and 100%

ethanol. However, the lytic activity of KFS-EC exposed to
100% isopropanol was significantly decreased (~0.6 log)
compared with that of chloroform and ethanol (p < 0.05)
(Fig. 4c). Moreover, sodium hypochlorite and 1% peracetic
acid were the most effective phagicidal (virucidal) biocide,
indicated by the almost complete inactivation of the phage,
while KFS-EC showed relatively strong resistance against
citric acid and 0.1% peracetic acid (Fig. 4c).

Bacterial challenge assay and one-step growth curve

E. coli O157:H7 ATCC 43895 was infected with KFS-EC at
different MOIs at 37 °C (Fig. 5). Infection with KFS-EC be-
gan to considerably suppress host growth at the entire range of
MOIs. When compared with the control (without phage expo-
sure), phage treatment with even MOI of 0.01 decreased the
turbidity of the cultures significantly (p < 0.05). Furthermore,
growth inhibition of the host was then maintained until 8-h
post-infection. In addition, there were no significant

Fig. 2 Genome organization of KFS-EC. Predicted ORFs are indicated as
arrows. Heads of arrows designate the direction of transcription. The
colors were assigned according to subsystem classification (or

functional categories) of the ORFs in the RAST pipeline. White arrows
indicate ORFs encoding putative or hypothetical proteins. More detailed
information is listed in Table S2

Fig. 3 Phylogenetic tree of KFS-EC with closely related phage strains.
The analysis was conducted using VICTOR [27] and the tree was con-
structed using FigTree [31]. KFS-EC is shown in the phylogenomic
GBDP trees inferred using the formulas D0 and yielding an average
support of 48%. The numbers above the branches are GBDP pseudo-

bootstrap support values from 100 replications. The branch lengths of
the resulting VICTOR trees are scaled in terms of the respective distance
formula used. The numbers in parentheses are GenBank sequence acces-
sion numbers. Genus classification by ICTV taxonomy [26] is listed on
the right
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differences in the growth inhibition of E. coliO157:H7 ATCC
43895 among the different MOIs (0.01, 0.1, 1.0, 10, and 100)
treatment during 8 h. Although re-growth of bacteria was ob-
served after 10 h, the bacterial growth after exposure to KFS-
EC remained lower than that of the control up to 20-h post
infection, even at a very low MOI of 0.01.

To determine the eclipse period, latent period, and burst
size of KFS-EC, a one-step growth curve analysis was con-
ducted with E. coliO157:H7 ATCC 43895 (Fig. 6). It indicat-
ed 5 min and 30 min for the eclipse period and latent period,

respectively. The burst size was about ~150 PFU per infected
cell.

Storage study

KFS-EC was exposed to deep freezing temperatures (−70 °C
and − 20 °C), cold temperature (4 °C), and room temperature
(22 °C) over a 12-week storage period to evaluate the potential
effects of different temperatures on the stability of KFS-EC.
Storage at 22 °C and 4 °C did not significantly inactivate KFS-
EC for the duration of the storage period (Fig. 7). Although
storage at −20 °C and − 70 °C significantly inactivated KFS-
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Fig. 4 Stability of KFS-EC at
various (a) temperatures, (b) pHs,
and (c) biocides. KFS-EC (106

PFU/mL) in TSB was incubated
at various temperatures, pHs and
biocides and the phage concen-
tration was measured by plaque
assay as described in the materials
and methods. The letters (a-d) in-
dicate significant differences be-
tween treatment condition within
groups p < 0.05. The data repre-
sents the mean ± SD (n = 3)

Fig. 5 Bacterial challenge assay of KFS-ECwithE. coliO157:H7.E. coli
O157:H7 was incubated at 37 °C with KFS-EC at MOI of 0.01, 0.1, 1.0,
10, and 100, respectively and bacterial growth was determined by mea-
suring absorbance. ●, control group without KFS-EC infection; ○, ■, □,
▲ and △, experimental groups with KFS-EC infection at a MOI of 0.01,
0.1, 1.0, 10, and 100, respectively. The letters (a-f) indicate significant
differences between various MOI values at the same incubation time at
p < 0.05. The data represents the mean ± SD (n = 3)

Fig. 6 One step growth curve analysis of KFS-EC. The mixture of E. coli
O157:H7 ATCC 43895 and KFS-EC at anMOI of 0.01 was incubated for
1 h at 37 °C under agitation. The mixture was collected every 5 min and
divided into two groups as a non-chloroform treatment (○) and 1% chlo-
roform treatment (●) for the determination of eclipse period, latent time,
and burst size. The data represents the mean ± SD (n = 3)
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EC (p < 0.05), the overall titers were reduced only by ~1.0 log
and ~1.7 log over the 12-week storage period, respectively.

Discussion

Our study presents a novel E. coli O157:H7-specific phage
with morphological analysis, physiological tests, and genome
analysis. To our knowledge, a total of 16 phages infecting
E. coli O157:H7 have been reported since 2000 and 16 of
these phages were classified into the families Myoviridae (9
strains), Siphoviridae (6 strains), and Podoviridae (1 strains)
within the order Caudovirales (Table S1, Supplementary
material). Our findings were consistent with these previous
results because KFS-EC was found to belong to the
Myoviridae family by TEM analysis (Fig. 1). Comparison of
the morphological features of 9 Myoviridae phage strains re-
vealed that its size was only similar with HY01 [13], FAHEc1
[35], and CEV1 [36] despite of different tail sizes with them
(Table S1, Supplementary material). KFS-EC was strictly spe-
cific to E. coli O157:H7 only among 60 bacterial strains
(Table 1), indicating that KFS-EC phage showed specific rec-
ognition only in E. coli O157:H7 strains. When compared
with other previously reported phages, HY01 was specific to
both E. coli O157:H7 and Shigella flexneri among 23 tested
foodborne pathogens [13]. SFP10 phage [37] was specific to
11 strains of Salmonella (among 13 tested Salmonella) and 4
strains of E. coli O157:H7 from whole 32 tested foodborne
pathogens.

The KFS-EC genome analysis showed highly similar fea-
tures compared to closely related phages (Fig. 3). Their ge-
nome size (~164 kbp), G + C content (40.4–40.6%), and ge-
nomic sequence (>98% identity) were similar to those of other

phage strains. KFS-EC has a G + C content of 40.06%, which
is significantly lower than that of E. coli O157:H7 (average
50%) [11, 38]. Generally, the G + C content of a phage is
lower than that of the host strains [39]. Previous studies
showed that Enterobacteria phage RB49, Enterobacteria
phage JSE, and Enterobacteria phage phi1 recognize E. coli
B/5, E. coliK12 and E. coliK12F+ as a host, respectively [40,
41]. On the other hand, the KFS-EC phage showed specific
recognition only to E. coli O157:H7 strains but not in other
strains as mentioned above. Although there is more than 98%
identity on a genomic basis, it has distinctive features among
relative strains. On a molecular level, the specificity of host
strains was decided by phage proteins. KFS-EC has a unique
phage tail fiber protein (gp37 long tail fiber distal subunit; Fig.
2) in its genome. The nucleotide sequence of gp37 long tail
fiber distal subunit in the genome sequence of KFS-EC shows
less than 30% coverage when compared to those in the ge-
nome sequences of other relative phages (Table S3,
Supplementary material). The long tail fibers are known to
act as a reversible anchor to specific sites on the bacterial
surface. It was reported that the gp37 protein of the isolated
phage which infect E. coli O157:H7 show higher similarity to
those of E. coliO157:H7-typing phages (AR1 and wV7) [42].
Thus, this specific recognition plays an important role in the
selection of the host-phage [43, 44].

EOP data (Table 1) confirmed that KFS-EC could infect
E. coli O157:H7 specifically with minimal disruption of other
microorganisms [15, 35, 45], supporting phage application
over antibiotic use [46]. From the result of the one-step growth
curve (Fig. 6), the latent period and burst size of KFS-ECwere
determined to be 30 min and 150 PFU/cell, respectively,
which indicates KFS-EC has strong lytic activity.
Specifically, the latent period of KFS-ECwas relatively longer
than that of HY01 [13] (15 min) and SFP10 [37] (25 min)
whereas the burst size of KFS-EC was larger than that of
HY01 (100 PFU/cell) and SFP10 (25 PFU/cell). Conversely,
CBA phage (Table S1, Supplementary material) showed a
long latent period (40 min) and larger burst size (440 PFU/
cell) than KFS-EC. Moreover, genomic analysis further
showed that there are no coding genes for lysogenic property,
virulence factor, antibiotic resistance, and potential allergen in
the KFS-EC genome (Fig. 2). These results clearly indicate
the potential of KFS-EC as a biocontrol agent with great ef-
fectiveness and safety.

The ability of phages to facilitate horizontal gene transfer
through transduction is an important consideration in their use
as biocontrol agents [47, 48]. Terminal redundancy (Fig. 2)
and phylogenetic analysis (Fig. 3) suggest that KFS-EC is
predicted to be pac-type phage-like, using a headful packag-
ing mechanism [47]. Virulent pac-type phages do not display
generalized transduction due to a tendency to degrade the host
genome enzymatically [48]. Restriction–modification is one
of the systems that bacteria utilize to guard against phage

Fig. 7 Stability of KFS-EC stored at various temperatures. KFS-EC in
TSB was stored at various temperatures and collected every 2 weeks to
investigate its lytic activity using plaque assay. The letters (a-c) indicate
significant differences between various temperatures at the same storage
periods at p < 0.05
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infection [49]. E. coli O157:H7 has type I restriction-
modification system [50, 51]. Most restriction enzymes do
not digest T4 DNA due to the modification of cytosine [49,
52, 53]. As a result, KFS-EC, which belongs to the genus
T4virus, may be more infective to E. coli O157:H7.

Since E. coliO157:H7 can survive a relatively broad range
of temperatures (7–46 °C) and pHs (4.4–9.0), the lytic activity
of KFS-EC phage needs to cover these ranges for robust
phage application. Temperature and pH stability studies dem-
onstrated that KFS-EC sustained its lytic property through a
broad range of temperatures (−20–50 °C) and pHs (3–11)
(Fig. 4a and b), indicating greater stability of this phage com-
pared with those in previous studies [13, 54]. Biocides are
commonly used in the food industry for reducing and control-
ling microbial contamination in food [55]. Our results (Fig.
4c) also showed that KFS-EC was stable in the presence of
biocides such as chloroform, ethanol, citric acid, and 0.1%
peracetic acid but not sodium hypochlorite and 1% peracetic
acid. When compared with DT1, DT2, DT3, DT4, DT5, and
DT6 phages infecting E. coli O157:H7, our phage showed
better stability in the presence of 100% ethanol and similar
stability in the presence of sodium hypochlorite [56]. This
means that KFS-EC would be stable and active against
E. coliO157:H7 when exposed to various environmental con-
ditions during food processing and storage [37].

In the bacterial challenge assay (Fig. 5), KFS-EC inhibited
the growth of E. coliO157:H7 ATCC 43895 for 8 h at various
MOIs. Mounting studies addressed that HY01 and SFP10
inhibited the growth of E. coli only for 1-h post infection
[13, 37]. Vb_EcoS-B2phage and vB EcoS HSE also inhibited
the growth of E. coli at an MOI of 10 [57, 58]. Our study
revealed that KFS-EC showed excellent bacterial inhibition
for longer periods even with a very low MOI of 0.01.
Although re-growth of E. coli O157:H7 ATCC 43895 was
observed, like in other studies [13, 37, 59], it could be con-
trolled to some extent by storing phage-treated foods at cold
temperatures or eliminating all host bacteria completely.
However, complete elimination of host bacteria is not achiev-
able due to re-growth of E. coli O157:H7. The reason for the
re-growth could be explained by the appearance of bacterio-
phage insensitive mutants (BIMs) bacteria. Due to the BIMs,
the surviving E. coli O157:H7 can continue to grow [13]. So,
further practical approaches are required. Since KFS-EC
showed excellent stability even at cold temperatures (Fig. 7),
the combination of phage treatment with temperature will be
considered in a future study. Due to the limited studies [60, 61]
regarding the storage study of phages, it was difficult to com-
pare our results with other studies objectively. Nonetheless,
the fact that KFS-EC showed significantly better stability
when stored at cold (4 °C) and room temperatures (22 °C)
(Fig. 7) will enhance its practicability in use. Overall, the
bacterial challenge and storage studies confirmed that KFS-
EC might provide excellent practicability and cost efficiency,

which will enhance the suitability and applicability of KFS-
EC phage as a potential biocontrol agent.

Conclusions

The present study revealed that KFS-EC isolated from a
wastewater sample taken from a slaughterhouse in Korea is
specific to E. coli O157:H7 only. TEM analysis and phyloge-
netic analysis confirmed that it belongs to the Rb49virus genus
within the Tevenvirinae subfamily within theMyoviridae fam-
ily. Genomic analysis suggests that KFS-EC may be safe for
use as a biocontrol agent because its genome does not have
virulence factor, toxins, antibiotic resistance, and potential
allergen-coding genes. Moreover, KFS-EC lytic activity was
highly stable at various pHs and temperatures as well as in the
presence of organic solvents and biocides. Additionally, KFS-
EC can inhibit E. coli O157:H7 growth even at an MOI of
0.01 for 8 h and can be stable at cold and room temperatures
for a relatively long period of time. Collectively, our results
clearly speculate that KFS-EC would be useful for application
as a biocontrol agent against E. coli O157:H7 in the food
industry.
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