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Novel Podoviridae Family Bacteriophage Infecting Weissella cibaria

Isolated from Kimchi

Hans Petter Kleppen,® Helge Holo,® Sang-Rok Jeon,” Ingolf F. Nes,® and Sung-Sik Yoon®

Department of Chemistry, Biotechnology and Food Science, Norwegian University of Life Sciences, Aas, Norway, and Division of Biological Science and Technology,

College of Science and Technology, Yonsei University, Wonju, South Korea®

The first complete genome sequence of a phage infecting Weissella cibaria (Weissella kimchii) is presented. The bacteriophage
$»YS61 was isolated from kimchi, a Korean fermented vegetable dish. Bacteriophages are recognized as a serious problem in in-
dustrial fermentations; however, ¢pYS61 differed from many virulent phages associated with food fermentations since it was dif-
ficult to propagate and was very susceptible to resistance development. Sequence analysis revealed that pYS61 resembles Podo-
viridae of the subfamily Picovirinae. Within the subfamily Picovirinae, the $29-like phages have been extensively studied, and
their terminal protein-primed DNA replication is well characterized. Our data strongly suggest that ¢»YS61 also replicates by a
protein-primed mechanism. Weissella phage $bYS61 is, however, markedly different from members of the Picovirinae with re-
spect to genome size and morphology. Picovirinae are characterized by small (approximately 20-kb) genomes which contrasts
with the 33,594-bp genome of ¢pYS61. Based on electron microscopy analysis, ¢pYS61 was classified as a member of the Podoviri-
dae of morphotype C2, similar to the ¢29-like phages, but its capsid dimensions are significantly larger than those reported for
these phages. The novelty of $pYS61 was also emphasized by the low number of open reading frames (ORFs) showing significant
similarity to database sequences. We propose that the bacteriophage ¢pYS61 should represent a new subfamily within the family

Podoviridae.

Kimchi, a traditional Korean dish, is manufactured by fermen-
tation of vegetables such as Chinese cabbage and radish. Hun-
dreds of kimchi varieties are produced by the addition of different
seasonings, such as scallions, powdered chili peppers, garlic, gin-
ger, and fermented seafood. Lactic acid produced during fermen-
tation contributes to preservation and gives kimchi its character-
istic sour taste. Proper ripening and preservation are ensured by a
2 to 5% (wt/vol) salt content and anaerobic fermentation at low
temperatures. Kimchi is traditionally prepared by spontaneous
fermentation by lactic acid bacteria (LAB) indigenous to the veg-
etable ingredients. However, starter cultures have been developed
in order to better control the fermentation and thus improve qual-
ity, safety, and shelf life of the fermented product (15, 16, 20, 24).
Several LAB species have been identified as likely contributors in
kimchi fermentations, including species of the genera Leuconostoc,
Lactobacillus, Lactococcus, Pediococcus, and Weissella (6, 18, 19, 32,
35, 36, 38—41, 51, 53, 57). Weissella species isolated from kimchi
include Weissella confusa, Weissella kimchii, and Weissella koreen-
sis. These bacteria are abundant late in the fermentation process
and can continue to grow during storage at low temperatures
(—1°C). Weissella species have thus been associated with the ex-
cessive acidic taste of overripened kimchi products. The species
Weissella kimchii, first described in 2002 (19), was reclassified as
Weissella cibaria in 2004 (9, 23).

The kimchi fermentation process is characterized by an initial
heterofermentative phase, followed by a homofermentative phase,
and production of high-quality kimchi relies on proper succession
of the different LAB species. Bacteriophages have been reported to
affect the bacterial community successions in sauerkraut fermen-
tation (42) and are apparently responsible for the variability ob-
served in such vegetable fermentations (8). In a recent study, a
high abundance of phage DNA was found in kimchi fermentation
(32). This indicates that bacteriophages most probably also affect
kimchi production. Bacteriophage infection is a well-recognized
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problem in industrial food fermentations, and a wide range of
countermeasures are employed for their control (50). More
knowledge about how bacteriophages affect industrial food fer-
mentations will be valuable for the improvement of phage coun-
termeasures.

Recently, a bacteriophage infecting a Weissella cibaria starter
culture strain used in the fermentation of Thai Nham sausage was
reported (54). Bacteriophages likely infecting the genus Weissella
were also reported in a sauerkraut fermentation, but the bacterial
isolate was not conclusively identified (42). Here, we report on a
novel Weissella cibaria bacteriophage, $bYS61, isolated from kim-
chi fermentation and present the first complete genome sequence
of a phage infecting the genus Weissella.

MATERIALS AND METHODS

Bacteriophage isolation, growth, and purification. Bacteriophage
$YS61 was isolated from a commercial Chinese cabbage kimchi pur-
chased at a Korean hypermarket 1 week after manufacture. For bacterio-
phage isolation and determination of phage titers, log-phase host strain
Weissella cibaria YS61 cells were inoculated (=3 X 10" CFU/ml) in de-
Mann-Rogosa-Sharpe ([MRS] Oxoid, Basingstoke, Hampshire, United
Kingdom) soft agar supplemented with 5 mM CaCl, (MRS-C) and cast on
MRS-C agar slants. Phage suspensions were spotted on top, and plaques
were isolated and/or counted after overnight incubation at 30°C. Bacte-
riophage amplification was carried out at 30°C in MRS-C medium. Cells
were grown to an optical density at 600 nm (ODy,) of 0.3 to 0.4 before
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being infected with a 1/20 volume of filtered (0.45-pum pore size) phage
lysate and incubated until lysis occurred (approximately 2 h). The multi-
plicity of infection (MOI) was approximately 10. Lysis was completed by
the addition 0f 0.5% chloroform and 1 M NaCl. The mix was incubated on
ice for 1 h before chloroform and cell debris were removed by centrifuga-
tion. Phage particles were precipitated with polyethylene glycol (PEG)
and purified on cesium chloride (CsCl) gradients as described elsewhere
(12), except that all centrifugation steps before ultracentrifugation in CsCl
gradients were carried out at 5,000 X g and 4°C. Purified phage particles
were dialyzed against TM buffer (10 mM Tris-HCI, pH 7.4, 100 mM NaCl,
10 mM MgCl,, 10 mM CaCl,) and stored at 4°C. Single-step growth curve
analysis was performed essentially as described elsewhere (31).

DNA purification. Phage precipitated with PEG was treated with 1
pg/ml DNase I and 10 pug/ml RNase A for 1 h at 37°C and then incubated
for 1 h at 65°C with 25 mM EDTA, 0.5% sodium dodecyl sulfate (SDS),
and 200 pg/ml proteinase K (Qiagen). After removal of residual PEG by
chloroform extraction, standard phenol-chloroform extraction and eth-
anol precipitation were used to obtain phage DNA.

Sequencing and sequence analysis. A shotgun library was made in
pUC19 (62) after partial digestion with Sau3A. Insert sizes ranged from
0.3 to 5 kb, with an approximate average of 1.6 kb. Clones were sequenced
using BigDye, version 3.1, chemistry (Applied Biosystems, Foster City,
CA) and standard M13 primers. Gaps were filled by primer walking on
PCR-amplified genomic DNA. Sequence assembly, bioinformatic ana-
lyzes, and genome annotation were done using the CLC Main Work-
bench, version 6.1.1 (CLC bio, Aarhus, Denmark). Open reading frames
(ORFs) and ribosomal binding sites (RBSs) were identified using the
Prodigal (30) online tool (http://prodigal.ornl.org), and homology
searches were done using BLASTP and PSI-BLAST build 2.2.25+ (3, 4) at
www.ncbi.nlm.nih.gov (accessed June 2012). Conserved domains were
found by searching the Conserved Domains Database (CDD) (44—46) at
www.ncbi.nih.gov (accessed June 2012). Phylogenetic trees were pro-
duced at www.phylogeny.fr (version 2) (17, 21, 28). Promoters were pre-
dicted by manual inspection of intergenic regions and by use of the Pro-
karyote Promoter Prediction tool (http://bioinformatics.biol.rug.nl
/websoftware/ppp) (63). Putative transcription terminators were found
through manual inspection of RNA secondary structures predicted using
the CLC software. The genome comparison figure (see Fig. 5) was pro-
duced using Easyfig (60).

Analysis of structural proteins. Purified phage particles were dena-
tured at 100°C for 10 min in Laemmli buffer (37) and analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Pro-
teins were stained with Coomassie brilliant blue R250 (Bio-Rad). Visible
protein bands were excised, trypsin treated, and extracted as previously
described (56). Extracted peptides were desalted with C, 4 Stage tips (55).
The peptides were eluted with 70% acetonitrile before being mixed with
an equal volume of matrix solution (15 mg/ml alpha-cyano-4-hydroxy
cinnamic acid in ethanol-acetonitrile at 1:1) and applied to a matrix-
assisted laser desorption ionization (MALDI) target plate (Bruker Dal-
tonik GmbH, Bremen, Germany). Peptide mass fingerprinting (PMF)
and tandem mass spectrometry (MS/MS) were performed on an Ultra
Flex MALDI-tandem time of flight (MALDI-TOF/TOF) instrument
(Bruker Daltonik). The mass range for MALDI-TOF/MS was 800 to 4,000
Da, with a mass accuracy of 50 ppm. The mass range for MALDI-TOF/MS
data acquisition was 800 to 4,000 Da, and the spectra were externally
calibrated using a peptide calibration mixture (Bruker Daltonik) ranging
from 757 to 3,147 Da. Protein identification was carried out using Mascot
software (Matrix Science Ltd., London, United Kingdom) with searches
against the NCBI nonredundant (nr) database and a database containing
all predicted ORF sequences (=50 amino acids) from the genome se-
quence of $YS61.

Electron microscopy. Purified phage samples were negatively stained
with 2% (wt/vol) phosphotungstic acid (pH 7.2) on a carbon-Formvar
membrane grid and examined by transmission electron microscopy
(TEM). TEM analysis was performed on an EF-TEM Leo 912AB instru-
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ment (Carl Zeiss Inc., Germany) at an accelerating voltage of 120 kV.
Electron micrographs were taken at a magnification of X200,000 at the
Korea Basic Science Institute in Chuneheon. The phage sizes were deter-
mined from the average of five independent measurements.

Transcription analysis. Seventy-two ¢YS61-specific primers with
binding sites interspersed in the $YS61 genome (see Table S1 in the sup-
plemental material) were used to identify ¢bYS61 transcript boundaries.
The primers were used to set up reverse transcriptase PCR amplification
of intergenic regions using RNA from infected host bacteria as the tem-
plate. Lack of amplification indicated discontinuation of the RNA tem-
plate. Genomic DNA from the phage was used as a positive control. Start
and stop sites for transcription were deduced from putative promoters
and terminators found in the genomic sequence. The methods used to
synchronize infections, purify RNA, and produce cDNA are described
below.

The host bacterium was grown to an ODg, of 0.3 in 50 ml MRS-C
medium, infected with phages at an MOI of 1 to 2, incubated on ice for 30
min, and then rapidly brought to 30°C in a water bath. After 10 and 36
min, 10-ml samples were taken, and cells were washed twice in ice-cold
Tris-EDTA (TE) buffer (pH 7.4) and quickly frozen in ethanol and ice.
Cell disruption in a FP120 FastPrep bead beater (Bio101/Savant) and total
RNA isolation by use of an RNeasy Minikit (Qiagen) were performed as
described elsewhere (59). To avoid residual DNA carryover, an additional
digest with RNase-Free DNase I (Qiagen) in RDD buffer (Qiagen) was
done at 37°C for 30 min. DNase was removed by phenol-chloroform
extraction, and RNA was precipitated with ethanol at —20°C overnight.
The RNA was washed once in 70% (vol/vol) ethanol in diethyl pyrocar-
bonate (DEPC)-treated water and once in 96% ethanol, dried for 5 min at
45°C in an SPD 2010 SpeedVac concentrator (Savant), and dissolved in
RNase-free water. RNA concentrations were measured on an ND-1000
spectrophotometer (NanoDrop Technologies), and RNA integrity was
assessed using an RNA 600 Nano LabChip kit and an Agilent 2100 Bio-
analyzer (Agilent Technologies) according to the manufacturer’s instruc-
tions. cDNA was synthesized by use of random hexamer primers and a
SuperScript I1I Reverse Transcriptase kit (Invitrogen) as instructed by the
manufacturer.

Nucleotide sequence accession number. The genome sequence of
phage ¢YS61 has been deposited in the GenBank database under acces-
sion number JQ341413.

RESULTS

Bacteriophage ¢pYS61 infecting Weissella cibaria YS61 was isolated
from a 1-week-old vegetable kimchi purchased at a Korean hyper-
market. To better understand bacteriophages infecting the genus
Weissella and possibly gain insight into the dynamic microbial
populations of kimchi fermentation, the virulence, morphology,
and genome of $pYS61 were explored.

Virulence and resistance development. The infection charac-
teristics of YS61 were assessed by single-step growth analysis.
After alatent period of about 40 min, the lytic life cycle ended with
the release of approximately 100 progeny phage. When spotted on
host strain YS61 in MRS-C soft-agar, $YS61 produced small
plaques (approximately 0.5 mm in diameter) with slightly diffuse
edges. Growth of phage-resistant bacteria was observed during
phage amplification. To investigate this, YS61 and mixtures of
YS61 and $YS61 (MOI 0f 0.01) were inoculated on MRS-C plates.
Colony counts for phage-resistant mutants were only 10,000-fold
lower than counts of uninfected cells, demonstrating the high fre-
quency of resistance development against $YS61. Twelve phage-
insensitive colonies (YS61-R1 to -R12) were isolated, cast in soft
agar, and challenged with a 10-fold dilution series of $YS61. Com-
pared to YS61, two of the isolates showed wild-type phage sensi-
tivities in this assay; however, plaques produced on these isolates
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FIG 1 Transmission electron micrograph of a $YS61 particle taken at a mag-
nification of X200,000.

differed from those on YS61 as they were diffuse and hard to
identify. Seven isolates displayed similar diffuse plaque morphol-
ogies and showed a 2- to 3-log reduction in plaque counts com-
pared to the YS61 strain. One isolate (YS61-R10) showed a 3-log
reduction in plaque counts but with clear plaque morphology,
similar to that displayed by the wild-type YS61. Two isolates
(YS61-R2 and -R3) showed complete resistance to $YS61 in-
fection. All but two isolates retained their reduced phage sen-
sitivity after repeated subculturing without phage challenge.
YS61-R10 reverted to a wild-type phage-sensitive phenotype
while the more persistent YS61-R3 isolate displayed only slight
growth inhibition when challenged with an undiluted phage
suspension (2 X 10° PFU/ml).

Morphology. Electron microscopy (Fig. 1) showed that phage
$YS61 has a moderately elongated capsid (85 by 36 nm) and a
short noncontractile tail. This identified $YS61 as a member of
the Podoviridae of the C2 morphotype (1). The distinct baseplate
(28 nm wide) has six appendages (6 nm long) and a central spike.
The distance from the head-tail interface to the spike tip was mea-
sured to 29 nm.

The genome of $pYS61. The complete genome sequence of
$»YS61 was obtained through a combination of shotgun sequenc-
ing and primer walking with an average 6.3-fold sequencing cov-
erage. The linear double-stranded DNA genome was 33,594 bp
long, with a DNA base composition of 43.9% G+C. A total of 48
open reading frames (ORFs) were predicted (Table 1 and Fig. 2).
Forty-one of the ORFs had a putative ribosomal binding site
(RBS) upstream of the predicted start codon, and one ORF’s
translation was initiated by a frameshift event (described below).
The predicted ORFs comprised 86% of the genome. Also present
were 25-bp inverted terminal repeats, which are characteristic for
the Picovirinae subfamily that include the $29-like phages (43).

Transcription. To identify transcript borders, RNA was puri-
fied from infected YS61 cells and analyzed by reverse transcrip-
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tion-PCR amplification of intergenic regions. Four early and five
late transcripts were found. Transcripts are mapped on the ge-
nome in Fig. 2. Our results indicated that early transcription pro-
gresses inward from the ends of the linear genome, with tran-
scripts E1, E2, and E3 from the right end and transcript E4 from
the left. Predicted genes on late transcripts were found on the
positive strand downstream of E4 with the exception of orf21,
transcript L3, which was found on the negative strand.

Putative promoters, resembling the consensus Escherichia coli
o’° promoters, were identified upstream of all transcript regions.
Upstream of early transcripts E1 and E2 were also found promoter
signals resembling recognition sites for the lactococcal two-com-
ponent regulator LIrB (52). Moreover, putative promoters up-
stream of E1 were found in a tandem repeat region comprised of
two repeat units, 1 (66 bp) and 2 (35 bp), repeated in the order
1-2-1-2-1-2-1. Tandemly repeated promoters have been shown to
result in strong promoter activity in the Ralstonia solanacearum
phage $RSB1 (34).

As shown in Fig. 2B, putative Rho-independent terminators
were detected in seven of the eight intergenic regions found by
PCR to exert transcription termination. A putative mechanism for
transcription termination in the orf46 (E2)-orf45 (E3) intergenic
region was not identified.

Several putative promoters and terminators identified outside
the confirmed start-stop regions are probably involved in modu-
lating transcription activity and, consequently, downstream gene
expression.

Functional assignment of ORFs. BLAST searches revealed
that 18 of the 48 ORFs were similar to other known sequences,
whereas 30 ORFs produced no significant hits in database
searches. Putative function was assigned to 16 ORFs by sequence
comparison or MS identification of structural proteins. Informa-
tion on the BLAST alignments is given in Table 1. In some cases
the functional assignment was based on genomic location, pres-
ence of conserved domains, or identification of conserved motifs
by manual inspection, discussed below. Based on putative func-
tion, ORFs could be grouped in functional modules. Predicted
module borders matched well with transcript borders identified
by PCR (Fig. 2).

ORFs on early transcripts E1, E2, and E3. Twenty open read-
ing frames, orf28 to orf47, were predicted on early transcripts E1 to
E3. BLAST searches revealed similarity to known sequences for
five of these ORFs (Table 1). ORF41 showed weak resemblance to
a Lactobacillus transcriptional regulator (YP_004286453). A puta-
tive function was assigned to the orf42 gene product by its signif-
icant similarity to proteins of the HNH family of homing endo-
nucleases commonly found in phage genomes.

DNA replication. Four open reading frames (orf I to orf 4)
were predicted in the genomic region corresponding to early tran-
script E4. BLAST searches revealed that orf4 putatively encoded a
DNA polymerase (DNAP) type B, similar to that of Streptococcus
phage Cp-1 (48) and the $29-like phages (49). We identified the
highly conserved DNAP motifs Exol, Exoll, Exolll, CT, and mo-
tif-1, -2a, -2b, and -3. Also present were insertion sequences cor-
responding to terminal protein region 1 (TPR 1) and TPR 2 con-
served among protein-primed DNA polymerases (33, 49).
Sequence comparison of ORF4 and the 36 seed sequences of the
Pfam DNAP family B (PF03175) showed that ORF4 is likely a
distant relative of the phage-encoded protein-primed DNA poly-
merases (Fig. 3). In addition to the polymerase, three proteins are
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FIG 2 Graphicrepresentation of the linear $YS61 dsDNA genome. (A) The relative position and direction of each ORF are indicated by a white arrow. Structural
proteins identified by MS in this study are shown as black arrows. Putative functions are indicated in gray letters: tp, terminal protein; dnap, DNA polymerase;
enc, encapsidation; nmn, NMN transporter; sp, structural protein; mcp, major capsid protein; lys, lysin; taa, tail assembly; tap, tail protein; ucc, upper collar
connector; lep, lower collar protein; faf, tail fiber; hol, holin; hnh, HNH endonuclease. Predicted functional modules are shown at the top with regions of uncertain
function shown as dotted lines. The 25-bp inverted terminal repeats (ITR) are also indicated. Scale bars mark genome positions at 5,000-bp intervals. (B) Early
(light gray bars) and late (dark gray bars) transcripts are shown at their relative positions on the upper or lower strand. Predicted terminators (O) and promoters
(—) located between transcripts are indicated on tall stems or on short stems when found within transcript regions.

essential to DNA replication in the $29-like phages (10). These are
the terminal DNA-bound protein (TP; gp3 in $29), a single-
strand DNA binding protein (SSB; gp5 in $29), and a double-
strand DNA binding protein (DSB; gp6 in ¢29), and they are
encoded by genes immediately upstream of the DNAP-encoding
gene. Based on their genomic localization, orfI, orf2, and orf3 pos-
sibly encode proteins with similar involvement in DNA replica-
tion. The high plI values of the predicted ORF1 to ORF3 proteins
might indicate interactions with negatively charged molecules
such as DNA, but BLAST results did not corroborate this. The
presence of a covalently bound terminal protein was, however,
indicated by the observation that proteinase K treatment was es-
sential for purification of $YS61 DNA. An alignment of the de-
duced 261-amino-acid (aa) sequence of $bYS61 ORF3 to the ter-
minal proteins (aa 167 to 266) of Bacillus phages $29, B103, GA-1,
and Nf, Enterobacteria phages PRD1 and L17, Lactococcus phage
asccd28, and Streptococcus phage Cp-1 revealed conservation of
functional amino acids (33) and predicted secondary structures,
despite the low overall sequence similarity (see Fig. S1 in the sup-
plemental material). These data and the presence of inverted ter-
minal repeats in the $pYS61 genome strongly suggest that $bYS61
DNA replication occurs by a protein-primed mechanism and that
orf3 and orf4 encode the terminal protein and the protein-primed
DNA polymerase, respectively.

DNA packaging. A strong indication of homology was found
between the predicted orf5-encoded protein and the DNA encap-
sidation protein of Bacillus phage B103 and other $29-like phages.
The $29-like DNA encapsidation protein is a DNA packaging
ATPase that, together with packaging RNA (pRNA) and the head-
tail connector protein, forms a packaging motor (58). Strong sim-
ilarity was also observed between the putative head-tail connector
of $YS61 and the connectors of the $29-like phages. Comparison
of $29 and Cp-1 pRNA structures (5, 47) to computer-predicted
$YS61 RNA secondary structures revealed no significant pRNA
prediction.

Structural proteins. Structural proteins were analyzed by
SDS-PAGE, and five protein bands were identified by mass spec-
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trometry analysis (Fig. 4). Three distinct SDS-PAGE bands were
identified as variants of ORF12. Of these, the lower two bands
were identified as ORF12A and ORF12B. The predicted masses of
ORF12A and ORF12B, 45.4 and 53.9 kDa, respectively, were con-
sistent with the observed protein migration during SDS-PAGE.
The third ORF12 variant with an observed mass of about 56 kDa
could possibly result from an additional frameshift event or from
posttranslational modification. We were unable to identify addi-
tional peptides that could cause the observed slower migration of
this band. BLAST searches revealed that ORF12A is homologous
to the major capsid protein of Enterococcus phage EF62¢. ORF12B
contains a bacterial group 2 immunoglobulin-like domain (Big_2;
Pfam accession number PF02368) and is more similar to the ma-
jor capsid protein of the $29-like phages. Immunoglobulin-like
(Ig-like) domains are frequently found on the surface of tailed
dsDNA phages and have been proposed to interact with carbohy-
drates on the cell surface and thereby facilitate phage adsorption
(25). Moreover, Ig-like domains are commonly added to phage
structural proteins by programmed ribosomal frameshifts (26).
We identified two possible slippery sequences in the orfl2A-
orf12B overlapping region: CAGGGGTAA at position 9609 to
9618 and GACCCGTCC at position 9598 to 9606 (+1 frame
codons are shown in boldface and the + 3 frame alternative
codons are underlined). Frameshifting in the —1 direction could
potentially be achieved at both positions but by different mecha-
nisms: in the first position a tRNA®Y (3’-CCC-5') could slip back
one base, and at the second a tRNA™ (3’-UGG-5") could bind the
proline CCG codon, thereby making the third codon base avail-
able for pairing with the following tRNAY* anticodon (7). Our MS
data did not distinguish between the two frameshift positions.
The gene products of orf9 and orf26 were also identified by MS
as components of the ¢$YS61 virion. Based on its genomic loca-
tion, we suspect that orf9 encodes a capsid protein; however, no
sequence similarity was found to known proteins. ORF26 is prob-
ably a tail protein, based on its location on transcript L5 down-
stream of the genes encoding the putative tail, connector, lower
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FIG 3 Maximum-likelihood (ML) tree based on amino acid sequence alignment of $YS61 ORF4, Lactococcus phage asccd28 ORF7, Bacillus phage $29 gp2, and
the 36 seed sequences of the Pfam type B DNA polymerase family (PF03175). The alignment was produced in CLC after alignment fix points had been introduced
at the positions of conserved motifs Exol, Exoll, Exolll, CT, and motif-1, -2a, and -3 (49). Branch lengths are indicated in red.

collar, and tail fiber proteins (orf21, orf22, orf23, and orf24, respec-
tively).

The predicted orf20-encoded protein shares homology and es-
sential catalytic residues with the tail-associated cell wall-degrad-
ing enzyme, gp13, of Bacillus phage B103 and the $29-like phages.
gp13 of $29 is most likely involved in the penetration of the phage
tail through the peptidoglycan layer (61). gp13 has also been
shown to be essential for phage tail assembly interacting with gp9
(tail protein) after gpll (lower collar) has assembled onto the
phage capsid (27, 29).

Host cell lysis. We identified a putative muramidase (ORF18)
with 50% amino acid identity to LytA of prophages integrated in
Weissella paramesenteroides ATCC 33313 and several Leuconostoc
spp. A putative holin (ORF27) was identified by its sequence sim-
ilarity to the holin (gp24) of Leuconostoc phage 1-A4. Significant
sequence similarity was also found to the Pfam holin_4 family
(PF05105).

Comparison to other members of the Podoviridae. Inverted
terminal repeats, ORF similarities, and the probable replication by a
protein-primed mechanism strongly suggest that the closest relatives
of $YS61 are podoviruses of the subfamily Picovirinae. To investigate
this, whole-genome comparisons were done using the Easyfig soft-
ware that utilizes the tBLASTx algorithm. The genome of $YS61 was
individually compared to the genomes of Bacillus phages $29
(NC_011048) and GA-1 (NC_002649), Streptococcus phage Cp-1
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(NC_001825), Lactococcus phage asccd28 (NC_010363), and enter-
obacteria phage PRD1. The two phages which are most similar, $29
and Cp-1, are shown in Fig. 5. As can be seen in the figure, there are
several small regions of sequence similarity and some likeness in ge-
nome organization.

DISCUSSION

In this study, we report the characterization of Weissella cibaria
phage $YS61 and present the first complete genome sequence of a
phage infecting the genus Weissella. The host strain was originally
classified as Weissella kimchii (19); however, the two species W.
kimchii and W. cibaria (9) are very closely related and have been
proposed to be one species named W. cibaria (23). The G+C
content of the 33.594-bp $bYS61 genome is 43.9%, which is more
similar to the reported 43.9 to 44.9% G+C of W. cibaria (9) than
the 48.2% reported for the W. kimchii strain CHJ3 (19). Bacteria
of the genus Weissella are commonly encountered in vegetable
fermentations, and bacteriophages infecting them could be re-
sponsible for variability in fermentation progress and product
quality. Better understanding of bacteriophages in industrial fer-
mentations is of great importance for the use and improvement of
phage countermeasures.

The bacteriophage $YS61 infecting W. cibaria YS61 was iso-
lated from kimchi, a Korean fermented vegetable product. During
serial propagation of $YS61, it was necessary to filter out the read-
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ily appearing resistant YS61 mutants. Twelve resistant isolates
showed various degrees of bacteriophage resistance. Phage resis-
tance is often associated with reduced fitness (11), and kimchi
fermentations are highly competitive environments (32). Thus,
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the readily appearing ¢ YS61-resistant mutants might not be able
to prevail in actual kimchi fermentations.

Another aspect of kimchi fermentation where bacteriophage
knowledge could be useful is in the prevention of overripening.
Weissella spp. have been associated with excess acid formation and
a reduced shelf life for kimchi. Bacteriophages or phage lysins
could possibly be used to reduce the growth of Weissella and other
unwanted bacteria during kimchi storage. This could also be im-
plemented for other fermented products, for instance, in Korean
rice wine, where W. cibaria is a likely cause of quality deterioration
(S. K. Yum, Seoul Takju Manufacturers’ Association, personal
communication). The putative lysin identified in this study
showed homology to LytA of a Weissella paramesenteroides pro-
phage (Table 1). It is possible that the $bYS61 lysin could be ap-
plied to increase shelflife of kimchi and other fermented vegetable
products.

Morphologically, phage $YS61 resembled the recently re-
ported W. cibaria phage $22 isolated from a fermented pork sau-
sage (54). The C2 morphotype of Podoviridae is relatively rare and
had by the year 2000 been reported only for 39 bacteriophages,
whereas the C1 Podoviridae morphotype had been reported 631
times (2). The observed capsid dimensions (85 by 36 nm) were
smaller than the 92- by 50-nm capsid reported for Podoviridae
$22 infecting W. cibaria N22 (54). Genome size is often propor-
tional to capsid dimensions; however, the genome of $YS61 (34.5
kb) is larger than the genome size (29 kb) reported for $22 (54).

Most of the predicted $YS61 ORFs with significant similarity
to known sequences showed homology to proteins of phages and
bacteria commonly associated with soil, vegetables, and vegetable
fermentation (Table 1). This is in agreement with the extensive
horizontal gene transfer observed between bacteriophages in
closely related environments (14, 22).

Putative structural proteins of the $YS61 genome resembled
structural proteins of phages of the Podoviridae subfamily Pico-
virinae, as well as the predicted enterococcal phage EF62¢ (13)
(Table 1). EF62¢ is a phage-like extrachromosomal linear genetic
element identified during Enterococcus faecalis EF62 genome se-
quencing. Enterococcus species have been found along with Weis-
sella in vegetable fermentation (32), and genetic exchange be-

P
l:l Host lysis

tBLASTXx e-value

0.01 [

. DNA packaging

FIG 5 Genome comparison of $YS61 and its two closest relatives, Bacillus phage $29 (NC_011048) and Streptococcus phage Cp-1 (NC_001825). Genes are
indicated by arrows and colored according to gene function, as indicated. Comparisons were done by tBLASTx, and similarities with E values lower than 0.01 were
plotted as gray lines. Darker gray fills indicate lower E values, as shown below the figure.
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tween these species is thus likely. The morphology of the EF62¢-
like enterococcal phages is unknown. An overview of capsid
dimensions and genome sizes of $YS61 and its closest relatives is
given in Table S2 in the supplemental material. Even though
$YS61 resembles the $29-like phages, it is significantly larger both
in capsid and genome size. Moreover, the baseplate structure of
$YS61 differs from the structures of the $29-like phages (49).

Bacteriophage ¢YS61 also resembles the members of the Pico-
virinae with respect to DNA replication and packaging. Although
we were unable to purify TP-DNA from ¢$YS61, the finding that
proteinase treatment was essential for DNA purification and the
presence of TPR-1 and TPR-2 insertion sequences in the DNA
polymerase gene (orf4) strongly indicate that $YS61 replicates by
a protein-primed mechanism. This hypothesis is supported by the
presence of inverted terminal repeats in the $YS61 genome, a trait
that is characteristic for phages with protein-primed replication
within the order Caudovirales (43). To our knowledge, this is the
largest Podoviridae genome to replicate by this mechanism.

Similarity to the phages with protein-primed DNA replication
was further analyzed by whole-genome comparison (Fig. 5). Sim-
ilarities in genome organization were observed, and we find it
likely that $YS61 is a distant relative of Cp-1 and $29-like phages.

The characterization and genome sequence analysis of $pYS61
have revealed a novel member of the Podoviridae with a clear re-
lationship to the Picovirinae. $YS61 differs, however, in typical
Picovirinae traits such as genome and capsid size. We propose that
the bacteriophage $YS61 should represent a new subfamily within
the family Podoviridae.
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