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Since Salmonella Enteritidis is one of the major foodborne
pathogens, on-site applicable rapid detection methods have
been required for its control. The purpose of this study was
to isolate and purify S. Enteritidis-specific phage (KFS-SE2
phage) from an eel farm and to investigate its feasibility as a
novel, efficient, and reliable bio-receptor for its employment.
KFS-SE2 phage was successfully isolated at a high concen-
tration of (2.31 + 0.43) x 10" PFU/ml, and consisted of an
icosahedral head of 65.44 + 10.08 nm with a non-contractile
tail of 135.21 + 12.41 nm. The morphological and phyloge-
netic analysis confirmed that it belongs to the Pis4avirus ge-
nus in the family of Siphoviridae. KFS-SE2 genome consisted
of 48,608 bp with 45.7% of GC content. Genome analysis
represented KFS-SE2 to have distinctive characteristics as a
novel phage. Comparative analysis of KFS-SE2 phage with
closely related strains confirmed its novelty by the presence
of unique proteins. KFS-SE2 phage exhibited excellent spe-
cificity to S. Enteritidis and was stable under the temperature
range of 4 to 50°C and pH of 3 to 11 (P < 0.05). The latent time
was determined to be 20 min. Overall, a new lytic KFS-SE2
phage was successfully isolated from the environment at a
high concentration and the excellent feasibility of KFS-SE2
phage was demonstrated as a new bio-receptor for S. Enteri-
tidis detection.
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Introduction

Salmonella spp. is recognized as one of the major foodborne
pathogens (Batz et al., 2012). The annual cost associated with
salmonellosis in 2010 was estimated at $2.71 billion for 1.4
million reported cases (USDA, 2013). More than 2,600 Sal-
monella serovars have been identified, of which, five main
serotypes such as Salmonella Typhimurium, Enteritidis, New-
port, Javiana, and Heidelberg, account for 56% of all Salmo-
nella infections in human (Hungaro et al., 2013). The most
common symptoms of salmonellosis are diarrhea, fever, ab-
dominal cramps, nausea, occasional vomiting, and headache
(Oh and Park, 2017). Although Salmonella outbreaks have
mainly been associated with eggs, poultry, pork, beef, and
dairy products, its recent outbreaks have been reported to
be caused by fresh produces (almost 4.3 folds increase from
2008 to 2017) (Doyle and Buchanan, 2012; Putturu et al.,
2015). Since fresh produces can be contaminated at any point
during processing and undergo simple cooking and process-
ing procedures, an on-site applicable rapid detection method
of Salmonella is keenly needed for the prevention of Salmo-
nella outbreaks (Li et al., 2010; Park et al., 2013a).
Although a conventional detection method has been con-
sidered as the “gold-standard method”, its laborious and
time consuming procedures provide some limitations for its
use as an on-site applicable method (Park ef al., 2011; Sharma
and Mutharasan, 2013). It is noteworthy that numerous com-
mercial rapid detection methods using immunology-based
products (Salmonella TEK, TECRA, Equate, BacTrace, VIDAS,
and OPUS, etc.) and nucleic acid-based products (BAX,
VIDAS, Lateral Flow System, etc.) have been popularly used.
However, these methods also have some disadvantages such
as complicated sample preparation and procedures and costly
reagents and equipment, and so deemed unsuitable for on-site
and in-field application (Park et al., 2013b; Byeon et al., 2015).
Biosensor methods consist of two major components: a bio-
receptor which identifies and interacts with a target patho-
gen specifically and a transducer that converts the interaction
of bio-receptor with target into a measurable signal (Singh
et al., 2013; Byeon et al., 2015; Park and Chin, 2016). These
biosensor methods are very economical and convenient and
have recently been developed as a novel on-site applicable
method (Singh et al., 2013). To develop a biosensor method,
an appropriate and optimum bio-receptor is key to play a
pivotal role in respect of the novelty, sensitivity, specificity,
and reliability of a new biosensor. There are several candi-
dates employed in biosensor methods such as antibodies,
bacteriophage, nucleic acid, and aptamer (Singh et al., 2013).
Among them, antibodies are highly available commercially,
but these antibodies are unstable under adverse environmen-



tal conditions (temperature and pH) so its application as an
on-site applicable bio-receptor in biosensor is limited (Olsen
et al., 2006; Velusamy et al., 2010; Sorokulova et al., 2014).

Bacteriophage (phages) have been recommended due to
their excellent specificity, low inherent toxicity, adaptability
to their host system, robustness against harsh environments,
and relatively cheap and easy production procedures (Sil-
lankorva et al., 2012; Singh et al., 2013; Byeon et al., 2015).
Relatively few phages have been employed in the ampero-
metric biosensor, fluorescent biosensor, bioluminescent bi-
osensor, impedimetric biosensor, quartz crystal microbalance
(QCM), as well as surface plasmon resonance (SPR) for the
detection of foodborne pathogens (Singh et al., 2012). These
employed phages are either an environmentally isolated phage
with/without genetic modification or a filamentous phage ob-
tained from phage typing technology (Sun et al., 2001; Ger-
vais et al., 2007; Li et al., 2010; Park et al., 2013b). However,
these genetic modifications and phage typing technologies
require time- and labor-consuming procedures. In addition,
when a filamentous phage (long thread-like structure) was
employed as a bio-receptor, the filamentous phage showed
an aggregation problem due to lots of binding sites surround-
ing both sides of the phage (Hosseinidoust et al., 2014; Hire-
math et al., 2015). Several trials have been performed to iso-
late a new wild-type phage for direct employment to various
biosensor methods in order to overcome these limitations
(Singh et al., 2009; Arya et al., 2011). Hence, a new S. Enteri-
tidis-specific phage (hereafter referred to as KFS-SE2 phage)
was explored and investigated for its feasibility as a novel bio-
receptor for its employment as an on-site applicable bio-
sensor method.

Materials and Methods

Bacterial strains and growth conditions

Each bacterial strain (Table 1) was grown in 25 ml of tryptic
soy broth (TSB, Difco Laboratories Inc.) at 37°C for 16 h.
The optical density of each overnight culture was measured
at 640 nm to adjust its final concentration to 10° CFU/ml
for the specificity test. For plaque assay, the overnight cul-
ture of Salmonella Enteritidis ATCC 13076 was washed
three times by centrifugation at 4,000 x g for 4 min at 4°C.
Each collected bacterial cell was then suspended in sterilized
phosphate-buffered saline (PBS, pH 7.4, Life technologies
Co.) and the final bacterial concentration was adjusted to
10° CFU/ml by using a pre-constructed standard curve at
640 nm.

Isolation, propagation, and purification of KFS-SE2 phage

The overnight culture of S. Enteritidis ATCC 13076, as an
indicator strain, was mixed with 250 ml of TSB containing
25 ml of water sample obtained from an eel farm (Jinju,
Gyeongsangnam-do, Korea) and incubated at 37°C for 16 h.
The mixture was centrifuged at 4,000 x g for 10 min at 4°C
and the supernatant was filtered using a cellulose acetate
filter (0.20-pum pore size, Advantec Toyo Ltd.). To identify
phages from the water sample, 10 pl of the filtrate was drop-
ped on the surface of pre-solidified TA soft agar (4 g agar,
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8 g nutrient broth, 5 g NaCl, 0.2 g MgSOy4, 0.05 g MnSO,, and
0.15 g CaCly/L) containing 200 ul overnight culture of indi-
cator strain for incubation (dot assay). Once the clear zone
was formed, the single phage was isolated from the filtrate by
using plaque assay. One hundred microliters of the filtrate
with serial dilutions was mixed with 200 pl of centrifuged
overnight culture of indicator strain and 4 ml of TA soft agar
prior to pouring onto tryptic soy agar (TSA, Difco Labora-
tories Inc.) plate for incubation at 37°C (plaque assay). A sin-
gle plaque was then eluted with sodium chloride-magnesium
sulphate (SM) buffer (50 mM Tris-HCI, 100 mM NaCl, 10 mM
MgSO4, pH 7.5) with agitation (Gwak et al., 2018). For the
propagation of the isolated single phage, 1% overnight cul-

Table 1. Specificity of KFS-SE2

Bacterial strains Plaque formation*  Source
Salmonella spp.

Salmonella Enteritidis ATCC 13076 + ATCC
S. Enteritidis NCCP 14771 + NCCP

S. Enteritidis NCCP 14545 + NCCP

S. Enteritidis NCCP 14546 + NCCP

S. Dublin - DPEFS

S. Hartford - DPFS

S. Heidelberg - DPES

S. Mission - DPFES

S. Montevideo - DPES

S. Newport - DPES

S. Panama = DPES

S. Salamae - DPFS

S. Senftenberg - DPES

S. Typhimurium - DPFS

Non-Salmonella strains

Aeromonas hydrophila ATCC 7966 - ATCC
Bacillus cereus ATCC 13061 ATCC
B. cereus ATCC 21768 - ATCC

B. cereus ATCC14579 ATCC
B. pumilus SR067 - DPFS
B. safensis SR138 - DPES
B. subtilis ATCC 6633 - ATCC

B. toyonensis SRO70 = DPES
Escherichia coli O157:H7 ATCC 43895 - ATCC
E. coli O157:H7 rif R - DPEFS
E. coli O157:H7 204p = DPFES
E. coli ATCC BAA-2192 ATCC
E. coli ER 2738 = DPFES
Klebsiella pneumoniae ATCC 13883 ATCC
Listeria monocytogenes ATCC 19111 - ATCC
L. innocua ATCC 33090 ATCC
Pseudomonas aeruginosa ATCC 9027 - ATCC
Staphylococcus aureus ATCC 25923 - ATCC
Shigella boydii NCCP 11190 - NCCP

S. flexneri 2457 - DPES

S. sonnei ATCC 9290 - ATCC
Vibrio parahaemolyticus ATCC 17802 ATCC
Yersinia enterocolitica ATCC 23715 - ATCC

*+, clear plaque; -, no plaque

ATCC, American Type of Culture Collection; DPFS, Department of Plant and Food
Sciences, Sangmyung University, Cheonan, Republic of Korea; NCCP, National
Culture Collection for Pathogens
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ture of indicator strain was mixed with 3 ml of TA broth and
incubated at 37°C for 2.5 h with agitation. Then the isolated
single phage was added and incubated at 37°C for 2 h, fol-
lowed by centrifugation at 4,000 x g for 10 min and filtra-
tion. The above procedures were performed several times
by increasing the amount of TA broth for increasing the
concentration of the isolated single phage. The final filtrate
was mixed with 10% (w/v) of polyethylene glycol (PEG)
6000 (Sigma-Aldrich Co.) and 10 ml of 1 M NaCl at 4°C for
precipitation of the phage. Then, centrifugation was per-
formed at 7,200 x g (20 min) and the pellet was suspended
in SM buffer followed by CsCl gradient ultracentrifugation
at 39,000 x g at 4°C for 2 h. Finally, the layer of bluish opa-
lescent band was dialyzed and stored in SM buffer at 4°C
and the final phage concentration was measured by plaque
assay.

Morphological analysis of KFS-SE2 phage

Purified KFS-SE2 phage was dropped on a carbon-coated cop-
per grid for adsorption and then stained with 2% phospho-
tungstic acid (Sigma-Aldrich Co.). The stained KFS-SE2 phage
was observed using a transmission electron microscope (TEM,
H-7100, Hitachi Ltd.) at 100 kV with 70,000 to 200,000 x
magnifications.

Genome sequencing and annotation of KFS-SE2 phage

Genomic DNA of KFS-SE2 phage was extracted using the
Phage DNA Isolation Kit (Norgen Biotek Co.) according to
the manufacturer’s instructions. Genome sequencing was
performed by LabGenomics using the Miseq platform (Illu-
mina, Inc.). Of the total 2 x 1,636,751 reads, raw reads were
trimmed using BBduk trimmer (version 1.0) to eliminate low
quality read and adaptor sequences (Bushnell, 2014). Trim-
med reads were assembled into contigs using Geneious (ver-
sion 11.1.5.; Biomatters Ltd.). Briefly, 2,272,824 of 3,273,502
reads were assembled and produced 12,476 contigs, which
were used to reconstruct a 48,608 bp consensus sequence. The
genome sequence was annotated by Rapid Annotations using
Subsystem Technology (RAST) (Aziz et al., 2008) and con-
firmed with PHASTER (Arndt et al., 2016). The packaging
mode and the nature of the KFS-SE2 genome termini were
determined using PhageTerm software (version 1.0.12) with
default options (Garneau et al., 2017). All identified open re-
ading frames (ORFs) were compared against the Comprehen-
sive Antibiotic Resistance Database (CARD) (McArthur et
al., 2013), the ResFinder 2.1 (Zankari et al., 2012), and the
virulence factor database (Chen et al., 2016). The predicted
KFS-SE2 protein sequences were compared against the al-
lergen database (http://www.allergenonline.com) from Food
Allergy Research. A genome map was generated and anno-
tated according to the RAST subsystem. The complete genome
sequence of KFS-SE2 was made available in the GenBank
database under nucleotide sequence accession number MK-
112901.

Phylogenetic analysis of KFS-SE2 phage

The genome sequence of KFS-SE2 was initially compared
with those available in the GenBank database using the Pub-
Med NCBI BLAST program. Fourteen phage genome se-

quences from the GenBank database were included for phy-
logenetic analysis. These phages were selected as the closely
related genome sequences with KFS-SE2 (10 genome sequ-
ences) and the representatives of genera (4 genome sequences)
within family Siphoviridae (Lefkowitz et al., 2017). The KFS-
SE2 genome sequence with 14 phage sequences was subjected
to genome-based phylogenetic analysis using the Virus Cla-
ssification and Tree building Online Resource (VICTOR)
(Meier-Kolthoft and Goker, 2017). All pairwise comparisons
of the nucleotide sequences were performed using Genome-
BLAST Distance Phylogeny (GBDP) method with settings
for prokaryotic viruses (Meier-Kolthoff et al., 2014). The re-
sulting intergenomic distances were used to infer a balanced
minimum evolution tree with branch support using FASTME
including SPR post-processing (Lefort et al., 2015). Branch
support was inferred from 100 pseudo-bootstrap replicates
each. Trees were rooted at midpoint (Farris, 1974) and visu-
alized with FigTree (Rambaut, 2017). Taxon boundaries at
the genus level were determined with the OPTSIL program
(Goker et al., 2009), the recommended clustering thresholds
(Meier-Kolthoff and Goker, 2017), and an F value (fraction
of links required for cluster fusion) of 0.5 (Meier-Kolthoff
et al., 2014). KFS-SE2 was classified according to Interna-
tional Committee on Taxonomy of Viruses (ICTV) taxo-
nomic assignments (Lefkowitz et al., 2017).

Comparative analysis of annotated KFS-SE2 proteins

Nineteen annotated proteins of KFS-SE2 were analyzed us-
ing the NCBI BLASTP program to compare with relative
strains based on phylogenetic analysis. Heatmap was gen-
erated to visualize coverage and identity among relative phage
strains using MORPHEUS (https://software.broadinstitute.
org/morpheus).

Specificity of KFS-SE2 phage

Two hundred microliters of each overnight culture of bac-
terial strain (Table 1) was mixed with 4 ml of TA soft agar
and poured on the pre-solidified TSA plate. Ten microliters
of the 10-fold diluted KFS-SE2 phage was dotted on the pre-
pared plate above. After incubation at 37°C for 16 h, the for-
mation of plaque against each strain was observed and com-
pared.

Stability study of KFS-SE2 phage

To investigate the stability of KFS-SE2 phage against environ-
mental factors, 100 pl of KFS-SE2 phage (10° PFU/ml) was
mixed with 900 pl of TSB. After being placed in various tem-
peratures (-20, 4, 22, 37, 50, 60, and 70°C) for 1 h or pHs (1,
2,3,4,5,6,7,8,9, 10, and 12) at 22°C for 1 h, the plaque
assay was carried out to compare phage stability.

Measurement of latent time of KFS-SE2 phage

The overnight culture of indicator strain (10° CFU/ml) and
KFS-SE2 phage (10° PEU/ml) were mixed and incubated for
10 min at 22°C in order to allow the phage adsorption into
S. Enteritidis. The mixture was centrifuged at 11,400 x g for
10 min at 4°C and the pellet (infected bacterial cells) was
resuspended with 10 ml of TSB for incubation at 37°C for 1 h.



At every five-minute interval, two 0.5 ml suspensions were
taken from the incubated suspensions and 1% chloroform
(v/v) was added into only one of the two suspensions. Plaque
assay was then performed to determine the latent time.

Statistical analysis

The experiments were replicated three times and the experi-
mental results were expressed as mean + standard deviations
(SD). The one-way analysis of variance (ANOVA) among
more than two groups was run to compare the means using
GraphPad Prism 5 and InStatV.3 programs (GraphPad Soft-
ware Inc.). The significance level was determined at P < 0.05.

Results

Isolation and purification of KFS-SE2 phage and its mor-
phological characteristics

Six phages infecting S. Enteritidis were isolated from envi-
ronmental samples collected from an eel farm and six slaugh-
terhouses (Daegu, Gunwi, Gumi, Andong, Gyeongsan, and
Yeongcheon, Korea). Based on our preliminary study, an eel
farm isolated phage was selected for further study due to the
clearest and largest plaque formation. KFS-SE2 phage was
isolated and purified from an eel farm at a high concen-
tration of (2.31 + 0.43) x 10'' PFU/ml. TEM analysis (Fig. 1)
revealed that KFS-SE2 phage consisted of an icosahedral
head with length of 65.44 + 10.08 nm and width of 66.83 +
8.51 nm, and a tail with length of 135.21 + 12.41 nm and width
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Fig. 1. TEM images of KFS-SE2 phage at a magnification of (A) x 70.0 k and
(B) x 20.0 k.

of 14.76 + 2.03 nm. From the several TEM images, the tail
length of KFS-SE2 phage was constant, indicating a non-
contractible tail. Thus, KFS-SE2 was assumed to be classified
into one of Siphoviridae family based on the morphological
comparisons with other previous studies (Choi et al., 2017).

Genome analysis of KFS-SE2 phage

The genome of KFS-SE2 phage was sequenced with 14,027 x
coverage. The assembled KFS-SE2 genome consists of 48,608
bp and its GC content is 45.8% (Fig. 2). KFS-SE2 phage has
terminally redundant ends of 1,398 bp and is predicted to
be permuted by PhageTerm (Garneau et al., 2017). In total,
90 open reading frames (ORFs) and two tRNA gene were
identified in KFS-SE2 genome. Of these ORFs, only 19 ORFs
were annotated as phage proteins and 71 ORFs remained
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annotation information is listed in Supplementary data Table S1.
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Fig. 3. Phylogenetic tree of KFS-SE2 with representative phage strains. KFS-SE2 is shown in the phylogenomic GBDP trees inferred using the formulas DO
and yielding an average support of 55%. 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 accession
numbers. Genus classification by ICTV taxonomic assignments (Lefkowitz et al., 2017) is listed on the right.

putative proteins and hypothetical proteins (Fig. 2 and Sup-
plementary data Table S1). Functional genes involved in phage
binding with S. Enteritidis were not found. Two tRNA genes
(tRNA-Met-CAT and tRNA-Arg-TCT) were found in the
KFS-SE2 genome (Fig. 2 and Supplementary data Table S1).
More importantly, no genes were found for lysogenic acti-
vity, virulence, antibiotic resistance, and potential allergens
in the KFS-SE2 genome.

Phylogenetic analysis of KFS-SE2 phage

The genome sequence of KFS-SE2 showed that it has low
coverage (< 74%) and identity (< 94%) with available com-
plete genomes of phages within Siphoviridae in a nucleotide
BLAST comparison (Supplementary data Table S2). However,
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a phylogenetic analysis with genome sequences of representa-
tive phages within Siphoviridae (Fig. 3) revealed that KFS-
SE2 is closely related to strains within the genus Pis4avirus
(Goker et al., 2009), as proposed by ICTV (Lefkowitz et al.,
2017).

Comparative analysis of annotated KFS-SE2 proteins

Annotated proteins were subjected to NCBI BLASTP search.
We compared KFS-SE2 ORFs with closely related strains (Sal-
monella phage Skate, Salmonella phage 62795_sal3, Salmo-
nella phage LPST10, Salmonella virus VSt472, and Escheri-
chia phage vB_EcoS Sal179lw) based on phylogenetic analy-
sis (Fig. 3) and represented query coverage and identified on
heatmaps for comparison. Heatmaps of coverage and iden-

Fig. 4. KFS-SE2 phage protein com-
parison using BLASTP. The heatmap
shows results for 19 annotated KFS-
SE2 proteins with those of closely re-
lated phage strains. The color scales
indicate the proportion of sequence
coverage and identity.
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tity reveal that most of the unclassified proteins based on
RAST subsystem show low coverage and identity with those
of closely related phage strains (Fig. 4); EaC and EaE proteins
were quite different features among relative strains. Also, 2
of 3 HNH homing endonuclease proteins are less conserved
among these phage strains. Phage-associated homing endo-
nuclease and phage portal (connector) proteins show high
coverage but low identity.

Specificity of KFS-SE2 phage

Consideration of phage specificity is essential for its use as
a new bio-receptor to ensure the reliability of biosensor me-
thod. The majority of foodborne pathogens associated with
fresh produces outbreaks were used in this study. The spe-
cificity of KFS-SE2 phage was investigated against 14 Sal-
monella strains and 23 non-Salmonella strains. As shown
in Table 1, KFS-SE2 phage exhibited excellent specificity to
S. Enteritidis among 14 Salmonella strains and 23 non-Sal-
monella strains.

Stability of KFS-SE2 phage

A phage-employed sensor may be exposed to various environ-
mental conditions (temperatures and pHs) for pathogen de-
tection because fresh produces are exposed to various harsh
conditions during their processing and storage. Therefore,
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Fig. 6. One-step growth curve of KFS-SE2 phage. Open circles ( © ), non-
chloroform-treated sample and closed circles ( ® ), 1% chloroform-treated
sample. Different letters (a-g) represent significant differences among
incubation time within the same treatment at P < 0.05. The data represents
the mean + SD (n = 3).

Salmonella Enteritidis-specific phage as a novel bio-receptor 175

Fig. 5. Stability of KFS-SE2 phage
under various (A) temperature and

b (B) pH conditions. Different letters
(a—c) represent significant differ-
ences at P < 0.05. The data repre-
sents the mean + SD (n = 3).

a a a a a a a a

2 3456 7 8 9101112

pH

phage needs to sustain its activity under these harsh and un-
favorable conditions. As shown in Fig. 5A, KFS-SE2 phage
was stable at 4-50°C whereas its stability was significantly
decreased at -20°C and 60°C by approximately 29% and
19%, respectively (P < 0.05). At a further harsh temperature
condition (70°C), phage stability was lost up to approxima-
tely 97%. Meanwhile, the pH stability of KFS-SE2 phage (Fig.
5B) was well sustained at pH ranges of 3-10. Then, the phage
stability was significantly decreased starting from pH 11 (ap-
proximately 19% reduction) with further reductions at pH 2
(approximately 56% reduction) and pH 12 (approximately
60% reduction), followed by almost complete loss at pH 1
(approximately 98% reduction) (P < 0.05).

Measurement of latent time of KFS-SE2 phage

Since KFS-SE2 phage had a lytic property, the phage can in-
vade the host and integrate its DNA for replication in the host
and eventually release the lysis of their host (Young, 2014;
Gwak et al., 2018). The lysis of bacterial cell on the mass-based
sensor surface will cause less resonant frequency shifts due to
weight loss of bacteria. The detection of phage immobilized
on the sensor with target pathogen needs to be done prior to
the lysis of bacterial cell. Thus, the latent time (the time in-
terval between the adsorption of phage into host cell and
the beginning of the first burst out from the host) should be
considered when employing lytic phage on the mass-based
biosensor method (Li and Zhang, 2014; Byeon et al., 2015).
Phage lytic cycle consists of eclipse time (time between in-
fection by phage and the appearance of mature virus within
the host cell), latent time (mentioned above), rise time (time
for increasing the number of lysed phage) and plateau time
(time for sustaining the number of lysed phage) (Wang, 2006),
as shown in Fig. 6. The latent time of KFS-SE2 phage was
determined to be 20 min, indicating the beginning of first
burst out of phage from the host. In addition, the burst size
of KFS-SE2 phage was determined to be 20 PFU/cell by cal-
culation of phage yields that lysed from one infected cell.

Discussion

Up to now, most phage studies have been focused on its iso-
lation, purification, and characterization as a new bio-con-
trol agent rather than as a bio-receptor. Based on previous
studies, 23 Salmonella-specific phages have been reported
and classified into 12 Siphoviridae, 10 Myoviridae, and 2
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Podoviridae family based on morphological characteristics
(Carey-Smith et al., 2006; De Lappe et al., 2009; Turner et al.,
2012; Tiwari et al., 2013). From the morphological observa-
tion (Fig. 1), KFS-SE2 phage had similar head and tail lengths
with other Siphoviridae phages such as SE2 infecting S. En-
teritidis (Tiwari ef al., 2013), SETP 12 infecting S. Enteritidis
(De Lappe et al., 2009), vB_SenS-Entlinfecting Salmonella
(Turner et al., 2012), and FGCSSa2 infecting S. Typhimurium
(Carey-Smith et al., 2006).

KFS-ES2 phage had a relatively lower GC content of 45.8%
than that of S. Enteritidis genomes (52%) and 2 tRNA genes
(tRNA-Met-CAT and tRNA-Arg-TCT; Fig. 2), which may
overcome possible differences in codon usage between the
host and the phage (Edwards et al., 2002; Bailly-Bechet et al.,
2007; Thomson et al., 2008). KFS-SE2 phage may replicate
faster due to optimal translation by tRNAs (Bailly-Bechet et
al., 2007; Amarillas et al., 2017). In addition, the lytic prop-
erty of KFS-SE2 phage was confirmed, because there are no
encoding genes for lysogenic property (Fig. 2). Moreover, it
could be safe for employment as a bio-receptor due to the
absence of encoding genes associated with virulence factor,
antibiotic resistance, and potential allergen (Fig. 2). Phage-
Term predicts the KFS-SE2 genome is permuted with termi-
nal redundancy (Garneau et al., 2017), which is characteristic
of a head-full packaging strategy (Casjens and Gilcrease, 2009).
These results clearly indicate that KFS-SE2 phage has many
distinctive characteristics as a new phage based on genome
analysis.

The phylogenetic analysis confirmed that KFS-SE2 phage
belongs to genus Pis4avirus within Siphoviridae (Fig. 3).
Comparative analysis (Fig. 4) of annotated KFS-SE2 proteins
with closely related strains based on the phylogenetic analy-
sis clearly showed that KFS-SE2 phage has some distinct pro-
teins associated with DNA modification (homing endonu-
cleases) (Stoddard, 2011) and DNA packaging (portal pro-
tein) (Casjens et al., 1992), which may suggest that KFS-SE2
may have unique features with other closely related phages.
However, EaE and EaC proteins have been used as Salmo-
nella phage markers despite their functions being unknown
(Wullf et al., 1993; Bardina et al., 2016; Proroga et al., 2018).
Moreover, there are many unannotated proteins (71 out of 90
proteins) and no clear evidence of functional proteins related
to phage binding with S. Enteritidis (Fig. 2). Further studies
are necessary to understand the functional features of KFS-
SE2 phage in detail.

Since food can be contaminated with other foodborne pa-
thogens, the specificity of bio-receptor is a very critical factor
to identify a target pathogen only among other contaminated
microorganisms in foods (Park et al., 2012a; Byeon et al,
2015). The excellent specificity of KFS-SE2 phage was con-
firmed by cross-examination with other major foodborne
pathogens associated with fresh produces (Yeni et al., 2016;
Oh and Park, 2017). KFS-SE2 phage exhibited excellent spe-
cificity to S. Enteritidis only among 14 Salmonella strains
and 23 non-Salmonella strains (Table 1). Carey-Smith et al.
(2006) reported that FGCSSal infecting Salmonella exhibited
a broad specificity over six Salmonella strains including S.
Enteritidis, S. Typhimurium, and S. Saintpaul among eight
Salmonella strains although it did not infect two Escherichia
coli strains. $STIz1 phage infecting S. Typhimurium also

showed broad specificity over S. Typhimurium, S. Gallinarum,
S. Abortus equi, S. Pollorum, and S. Enteritidis among a total
of 14 strains including S. Virchow, Staphylococcus aureus,
and Escherichia coli (Kerketta et al., 2014). Compared with
other studies (Carey-Smith et al., 2006; Bao et al., 2011; Tiwari
et al., 2013; Kerketta et al., 2014; Kim et al., 2018), KFS-SE2
phage exhibited specificity to S. Enteritidis. This will offer
excellent advantages for our phage to detect S. Enteritidis
only, even when fresh produces are contaminated with other
pathogens.

Although KFS-SE2 phage is highly specific, the binding of
phage with S. Enteritidis could be affected by several factors
including temperature, pH, ionic strength in solution, in-
cubation time as well as concentrations of KFS-SE2 and S.
Enteritidis (Park et al., 2011; Choi ef al., 2018). Among the
various external factors that influence the binding between
a phage and target, temperature and pH are dominant be-
cause phage can be precipitated, denatured, mutated, and
dissociated (especially capsid protein) under harsh temper-
atures and pH conditions (Joniczyk et al., 2011). Furthermore,
generally reported conditions of fresh produces range from
pH 3 to 7 as well as a temperature range from 4°C to 22°C
(Bridges and Mattice, 1939; Waisnawa et al., 2018). Due to this
reason, when a phage employed sensor is exposed to various
temperatures and pHs, its stability also needs to be sustained.
Phage stability was measured as phage concentration at each
condition (Fig. 5). The excellent stability of KFS-SE2 phage
over the temperatures (4-50°C) and pHs (3-10) will pro-
vide a great advantage when employed. Therefore, this study
confirmed the relatively excellent stability of KFS-SE2 phage,
which will ensure practicability and reliability of our phage
in field use.

Phage has two contradictory characteristics such as lyso-
genic (invade into their host genome and exist as plasmids
within host) and lytic properties (Oh and Park, 2017; Gwak
et al., 2018). The best strategy for searching for an ideal phage
from the environment as a new bio-receptor is to find lyso-
genic phages. Unfortunately, 96% of phages isolated from
the environment are tailed phages so it is not easy to find the
lysogenic phage despite the ubiquitous existence of phage
(10°'-10%%) (Hosseinidoust et al., 2014; Oh and Park, 2017).
Hence, when employing lytic phage as a bio-receptor, the
total detection time should be completed before host lysis
due to the action of lytic phage. Furthermore, since our de-
tection system is based on the subtle mass change on the
sensor surface, the lysis of host cell on the sensor surface will
decrease total weight of mass attached on the sensor, resul-
ting in less changes of resonant frequency shift. From the re-
sult of Fig. 6, the latent time was determined to be 20 min with
a burst size of 20 PFU/infected cell, which was even closer to
that of fmb-p1 phage [20 min, 77 PFU/infected cell, (Wang
et al., 2017)] and PSPu-95 phage [20 min, 77.5 PFU/infected
cell, (Bao et al., 2011)], and shorter than that of SFP10 phage
[25 min, 200 PFU/infected cell, (Park et al., 2012b)], ®SP-1
phage [30 min, 44 PFU/infected cell, (Augustine et al., 2013)]
and SPN9CC phage [30 min, 220 PFU/infected cell, (Shin
et al., 2014)]. This limitation will be overcome by controlling
total incubation time of phage with bacteria. Based on our
preliminary study using a mass-based surface scanning de-
tection system (data not provided), the signal of resonant



frequency shift was observed starting from 5 min and satu-
rated at 15 min once phage-immobilized sensor was placed
on the S. Enteritidis-contaminated food surface. In addition,
the latent time of phage at natural environments could be
extended rather than at laboratory-level optimum condition
(Mao et al., 2009). Therefore, 20 min is sufficient time for
KFS-SE2 phage to interact with S. Enteritidis without any
negative effect of lytic phage. Therefore, a new lytic phage
isolated from the environment was investigated as a poten-
tial bio-receptor in this study. Overall, the highly specific,
safe, economic, and relatively stable KFS-SE2 phage could
be a good candidate as a new bio-receptor and employed to
our mass-based biosensor method to detect S. Enteritidis on
fresh produces.
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