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Abstract The plant pathogen Erwinia pyrifoliae was
infected with bacteriophage PEal(h), which produced a
translucent halo plaque when grown on a lawn of E.
pyrifoliae. To investigate the function of an exopolysaccharide
(EPS)-depolymerase in the growth of E. pyrifoliae, an EPS-
depolymerase gene was synthesized using the PCR method
and sequenced. The synthesized gene was then transferred to
E. pyrifoliae. The transformed E. pyrifoliae did not produce
any ooze, and its growth was inhibited. However, the EPS-
depolymerase did not appear to induce cell death. Accordingly,
the present results suggest that an EPS-depolymerase may be
effective in inhibiting the cell growth or infection of the
pathogen E. pyrifoliae.
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We have isolated Erwinia pyrifoliae for the first time and
registered it in Korea. It is a novel pathogen that causes
Asian pear blight and produces an exopolysaccharide
(EPS) [16]. Bacterial EPS is generally produced in a
capsular form or as free slime in pathogenic bacteria and
plant pathogens. It often plays an essential role in plant-
bacteria interactions, including the protection of pathogens
against recognition by plant defense reactions, preserving
water to keep the cells in a moist state, and holding the ions
and nutrients released from damaged plant cells [12, 13].
As such, the synthesis of such capsules and slime is
a common feature of Gram-negative bacteria [21]. The
chemical structure of the EPS produced by E. pyrifoliae is
similar to that of the EPS produced by Erwinia amylovora,
an amylovoran, as ascertained by methylation, ESI-MS,
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and NMR analysis [15]. Yet, the major difference is that
the EPS of E. amylovora includes glucose residues,
whereas the EPS of E. pyrifoliae does not [11].

Certain bacteriophages liberate an enzyme that can
degrade bacterial EPS. This enzyme exists in part as a
freely diffusible protein and in part as a form firmly
attached to the phage particles [1]. Depolymerases (dpo)
for EPS have already been demonstrated in various phage-
infected bacteria, including Pseudomonas aeruginosa [2],
Klebsiella sp. [20, 22], Alcaligenes faecalis 23], Enterobacter
aerogenes [20], Rhizobium trifolii [7], and E. amylovora
[5, 24]. The dpo binds to the capsular EPS (secondary
receptor) and degrades the polymer until a phage reaches
the cell surface, where it binds to an outer-membrane
receptor (primary receptor) and remains in a lytic or
lysogenic state [14]. The EPS from E. amylovora can be
degraded by the viral EPS-depolymerase of phage PEal(h)
[9], which cleaves the amylovoran between two galactose
residues at its B-1—3 linkage [3]. As such, the current
study investigated whether the EPS from E. pyrifoliae
could be degraded by the EPS-depolymerase of phage
PEal(h) to determine whether the Asian pear blight caused
by E. pyrifoliae could be controlled using an EPS-
depolymerase.

All restriction enzymes, the T4 DNA ligase, RNase A,
and DNase I were purchased from Roche (Mannheim,
Germany). The yeast extract, NA, and NB were purchased
from Difco (U.S.A.) and the glucose, anhydrous sodium
bicarbonate, DMSO, and polyethylene glycol (PEG) 8000
from Sigma Chemical Co. (St. Louis, MO, U.S.A.). The
Tag DNA polymerase was purchased from Takara Bio Inc.
(Otsu, Japan) and the PCR purification kit from Qiagen
(QIAquick; Hilden, Germany). The other biochemicals
were of reagent grade.

E. pyrifoliae strain Ep1/96 was isolated in 1996 from
diseased Asian pear trees exhibiting symptoms similar to



fire blight in orchards near Chuncheon in Korea [16]. The
bacteriophage PEal(h) [17] was obtained from the
American Type Culture Collection (ATCC) in the U.S.
(Cat. No. 29780-B1, http://www.atcc.org). The media used
to culture E. pyrifoliae strain Ep1/96 were 2.0% (w/v) NA
containing 0.5% (w/v) glucose (NAG medium) and 0.8%
(w/v) NB with 0.5% (w/v) glucose (NBG medium). The
bottom and top layers were composed of 15-20ml of
NAG and 3 ml of 0.7% (w/v) NA, 0.5% (w/v) glucose, and
0.2% (w/v) yeast extract, respectively. When necessary,
the media were supplemented with 100 ng/ml of ampicillin.
E. pyrifoliae strain Epl/96 was grown with vigorous
shaking at 28°C.

The double-layer agar technique [17] was used for the
phage infection in standard 90-mm diameter plastic petri
dishes. E. pyrifoliae strain Ep1/96 was precultured in 2 ml
of NBG medium at 28°C for 20 h, then the precultured
cells were transferred into the same medium and incubated
for 8 h. One-hundred pl of the cells was added to 3 ml of
the top layer that had been warmed. The cell and top layer
mixture was then poured onto the bottom layer. After the
top layer had solidified, 5 pl of phage PEal(h) was dropped
onto the central section of the plate, and the plate incubated
overnight at 28°C.

The isolation of phage PEal(h) from the top layer was
performed using a modified version of the procedure
developed by Ritchie and Klos [18]. As such, the lysates
were obtained from the plates by a confluent lysis, where
3 ml of an ice-cold sterile 20 mM potassium phosphate
buffer (pH 6.8) was added to each plate. The top agar was
then removed with a glass rod, chloroform added to the
solution to a final concentration of 1.0% (v/v), and the tube
vortexed. Any debris was removed by centrifugation at
12,000 xg for 10 min, then the supernatant was filtered
(Millipore 0.45-um pore size) and the filtrates stored in
over 1% (v/v) chloroform extracted with anhydrous sodium
bicarbonate at 4°C.

The phage lysate was concentrated with 10% (w/v) PEG
8000 using a modified version of the procedure developed
by Yamamoto and Alberts [25]. As such, pancreatic DNase
I and RNase A at respective final concentrations of
1 ug/ml were added to the phage lysates isolated from
the top layer. The lysates were then incubated for 30 min
at room temperature, solid NaCl added to a final
concentration of 0.5 M, and the lysates left for another
1 h on ice. Any debris was removed by centrifugation
at 12,000 xg for 10min at 4°C and the supernatant
transferred into a sterile Corex glass tube. PEG 8000 was
added to the supernatant to give a final concentration of
10% (w/v), dissolved by inverting at room temperature,
then the tube was stored for at least 1h at 4°C. The
precipitate was pelleted by centrifugation at 12,000 xg
for 10min and resuspended in 20 mM potassium
phosphate buffer (pH 6.8). The PEG and residual cell
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debris were extracted from the phage PEal(h) by adding
an equal volume of chloroform. The organic and aqueous
phases were separated by centrifugation at 3,000 xg
for 15 min at 4°C. The precipitated phage PEal(h) was
then stored at 4°C in over 1% (v/v) extracted chloroform,
while long-term storage was at -70°C in over 7% (v/v)
DMSO.

The nucleotide sequence of the dpo gene with accession
number AJ278614 was obtained from the European Molecular
Biology Laboratory (EMBL) nucleotide sequence database.
The dpo gene was amplified using the PCR method in a
volume of 50 ul with 5 ul of the genomic DNA of phage
PEal(h), 100 pmol of each primer (Depol-1, 5'-GGAAG-
CTTCAAGGGAGGCATAATGCC-3"; and Depol-2, 5'-
CCGGATCCTCGTTACGTGTTAGATAC-3"; where the
ribosome binding site is represented in bold, the start
codon in italics, and the HindIIl and BamHI sites
underlined), 200 uM dNTPs, and 5U of Tag DNA
polymerase in the 10x buffer provided by Takara. The
reaction mixture was denatured at 95°C for 5 min and
subjected to 30 cycles of 93°C for 30 sec, 55°C for 30 sec,
and 72°C for 45 sec with a 2 sec elongation time every
cycle in an Applied Biosystems GeneAmp PCR System
2400 Thermal cycler {8]. The PCR product was purified
with a PCR purification kit, digested with BamHI and
Hindlll, and analyzed on a 0.8% agarose gel. The PCR
fragment was eluted from the gel and ligated into a
pBluescript KS+ vector. The DNA fragment was then
sequenced by Bionex Ltd. in Korea.

The transtormation of E. pyrifoliae was performed using
a modified version of the method developed by Kim
et al. [11], where a single colony of E. pyrifoliae from
NAG medium was inoculated in 2 ml of NBG medium.
The culture was then incubated overnight at 28°C with
vigorous aeration in a rotary shaker. One-hundred pl of the
precultured medium was incubated in 100 ml of NBG
medium until the OD,,, reached between 0.4-0.6. The

Fig. 1. Lysis and EPS degradation of Erwinia pyrifoliae strain
Ep1/96 by bacteriophage PEal(h).

(A) Control. (B) 5 ul droplets of phage PEal(h) was added to mixture of
100 pl cultured cells and 3 ml of top layer. The plates were incubated
overnight at 28°C.
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culture was kept on ice for 15- 30 min, then the cells were
washed twice in 25ml of ice-cold sterile water and
harvested by centrifugation at 6,500 xg for 10 min at 4°C.
The supernatant was carefully decanted, and resuspended
in 3 ml of ice-cold sterile water and 1 ml of ice-cold 40%
glycerol. The resuspended cells were then aliquoted at
250 pl/tube into autoclaved eppendorf tubes and stored at
-70°C. To transform E. pyrifoliae strain Ep1/96 using the
electroporation method, 100 ng of the plasmid DNA was
mixed with the pretreated competent cells and incubated
on ice for 10 min. The chilled mixture was then transferred
to a cold 2-mm electroporation cuvette (Bio-Rad, CA,
U.S.A.) and electroporated at a 40 UF capacitance, 2.5 kV,
and 201 Q resistance in an electroporation apparatus,
EASYJET One (EquiBio, Belgium). The electroporated
cells were then incubated for 1h at 28°C in 2ml of
NBG medium. Finally, the cells were spread on LB agar
plates containing 100 ug/ml of ampicillin and incubated

A
Hindlli BamHI
— N 000
B
Hindlll

GGRAGCTTCAAGGGAGGCATAATGCCGGAAACTARGATTAAGCCGTGGAACACAGAGATT 60
TGGACTGATTCCATCGCTACATTACGTACTATGGACCCGGTAGTCTCTGGACATACCGTG 120
GAAGTGGCAGGTTACTACAAGGGTTCTTTGAAGGGTGGCGGCAAGTTCGCTTATGACCCT 180
AATGACACAACCACCGCTGATGATGGCGGGTTTACCATTGTCACTGCTACTGGCARGAGA 240
TTTAAGCGTGCAGACCCCATCGACACCCTGGATATTACTCACTTCGGTGCGTACTGCAAT 300
GGGATTGCTGATGATATGTTTGCAGTAGTTCGTATGCGTGCATGGGCAGCTACCATTAAT 360
GCAACGTTTAACCCAGGTGTGCGTATTCCATCTGGTATTACTACGCTGAGCGCTTATGAC 420
TTTGGTAGCAGTGAGCTTCCATCGTTTAAGATTCGTGGGCCTGAAGTTGCCTATGGACGC 480
ATCCCCGCTGCACAGATTCAARCCGTTCGACCTGTCTTACACTGGGTATCTTATCARGGTG 540
AAGGCACGCCGTATGGAAGTATCTAACCTGATGCTGAGTGETGTTGGTAGTCAGTGTGGG €00
TTCTTGGAGRACACTGTGACCCGTGGTGACTATTGCCGCATTCATGGTATACAGGCACGT 660
AACCTGACTGGTCGTGCATTCCATGTGTACGATACCATCGATACCGCTGTGACCCAGTGT 720
TACTCAACCAGTGGCAAGGCTTCGTTCTTCCGTACTGATTGGTCGAATGAAAACCCAGGT 780
GCATGGGATCACCCAACGGCTATCTACATCGCAGACTGTAACTTTGARACTCACACAGGT 840
GAGTACGCAGTGTCGTGTATTCGTGCAGGTCAGTCTGTCATGCGCAACTGCTGGTTTGAC 900
CGTAACGAGCGTGGCTTCGATATCTCACAAGGCGGCTGGTTGCTGGAGARCATCACACAG 960
GAAAACAGTGTGTACCCATCTGCAACTCAGTATGCGAAGATCGTTCAGATTCGTAACCGC 1020
TTTACTCAGGGTAAGGGTATGGATGATACCGTGTCTGGCTACGACCCATCGCARGACCCG 1080
TCAGGCCAGCCACCATCCTGGGTAAACTCAGGTTATGAGAACGGCACTGCTGAATTCGCG 1140
CTGCTGGGCTTCATCAACTCCGGCTCAATGTCTTACGGTTATGAATCATCTCAGTTCAAA 1200
GTCAGCAACATGACTGCGAATCAGGTGTGGATTGACGTAGGCTCGTTCACGTTGGCTGGG 1260
GCTACTGGTGAAGGTATTAACCTTGAGTTCGTTGGTGCAGGTCACTTTGATGCTGCTACT 1320
TCCAACCCACGTCCAAATGGAACCAACTACGGTGGTGGTAAGACGACCATCATGATGCAG 1380
CAGAAGGACTCTGATGCGAAGGCCCGTGCARGCTGGTTCTCACATGGTGCATCGCCTATC 1440
GTGGCTGTGCGCGTAGCCATGAACCGGAACCGCCCACACGTCTACATCCAGCTGGCTCCG 1500
TACACTGGCCCAATTGCGATGACCGTGCATACCAGCTCGAAGTCTAACTTTGAGGGTGGT 1560
ATTCACTACTACCAGAACATCGTGATGACCGAGGTTACAGCTGACGTAGCCGCAGCCGCT 1620
GCTCCACTGATTCCCGCAACATGGAACGTGTCGRACGGTAACTACCGGTTTGGGTATGCAG 1680
CTGGACACTGGTAAGCTGGCCGTGGACGGTCCGGCGCTGGCGEGCAGCAATGCGAGTTCT 1740
CACTTCCCTATCCAGTACRACGGCAAAGATGTGCTGCTGGCGGTACAGCCTAGCCCATTG 1800
TCTACCAGGATTCAGCGCTGCACCATCGCCACATTGCCTAAAGCTACAGAGAACCCCTAT 1860
GGGETAGTCCTTGTATCTGATGCGGTGTCTGGTAAGGGTGTAACCACCTGGCGCATGGCA 1920
TTCTGTGATGGCTCTGCATGGTTCACTGTAGATGGTGGAACTAACCTGGGTACTGETACA 1980

GTATCTAACACGTAACGAGGATCCGG 2006
BamHI

Fig. 2. (A) Construct of pBlue-Dpo.

Plac: promoter of B-galactosidase gene. Dpo: dpolymerase gene. Ap"
ampicillin-resistant gene. Ori: replication origin. The arrow indicates the
transcription direction. (B) DNA sequence of depolymerase gene.
Ribosome binding site, translation start site, and stop site are all indicated.

for 2 days at 28°C, then the transformed Epl1/96 cells
were observed under a fluorescent microscope (Olympus
BXS50F-3, Japan).

E. pyrifoliae strain Ep1/96 transformed by the electroporation
method was inoculated using sterile toothpicks into the
NAG medium supplemented with 100 pg/ml of ampicillin
and the bacteria were grown for 5 days at 28°C.

The bacteriophage PEal(h) was previously demonstrated
to infect the plant pathogen E. amylovora based on the
production of clear plaques when plated in soft agar layers
[6, 17]. Thus, to determine whether or not phage PEal(h)
could lyse E. pyrifoliae, E. pyrifoliae was infected with
phage PEal(h) using a double-layer technique. As a result,
phage PEal (h) formed a translucent halo plaque on a lawn
of E. pyrifoliae strain Ep1/96 (Fig. 1B), indicating that
E. pyrifoliae strain Ep1/96 was infected by phage PEal(h),
seemingly reflecting the high structural similarity between
the EPS of E. pyrifoliae and E. amylovora. Although
bacteriophages have recently been isolated from E. amylovora
and characterized [19], none have yet been found from E.
pyrifoliae.

The EPS-depolymerase gene from phage PEal(h) (5, 9]
was amplified by PCR without its viral promoter using
the primers Depol-1 and -2. The amplified 2.0 kb DNA
fragment was then inserted into the BamHI and HindIIl
sites after the lac promoter of a pBluescript KS+ vector,
and the resulting plasmid was called pBlue-Dpo (Fig. 2A).
When the inserted DNA was sequenced as described
above, it was revealed that the sequence was identical to

Fig. 3. Construct of plasmid DNA pGFP containing the GFP
gene (A) and expression of the GFP gene in Erwinia pyrifoliae
strain Ep1/96. The transformed cells were visualized under a
fluorescent microscope (B).



Fig. 4. Colony morphology of Erwinia pyrifoliae Epl/96
(pBluescript KS+) (A) and Ep1/96 (pBlue-dpo) (B).

Each strain was grown on an NA plate containing 0.5% glucose (NAG
medium) for 5 days at 28°C.

that from the EMBL database, and that the DNA fragment
contained a ribosome binding site and translational start
and stop codon (Fig. 2B). Before the transformation of
E. pyrifoliae with pBlue-Dpo, it was tested whether the
dpo gene could be transcribed under the control of the lac
promoter in E. pyrifoliae. For this test, a GFP (green
fluorescence protein)-gene under the control of the lac
promoter in pBluescript KS+ (Fig. 3A) was inserted into
E. pyrifoliae Ep1/96 using electroporation. All the Ep1/96
strains selected on ampicillin expressed GFP (Fig. 3B),
indicating that the lac promoter successfully transcribed
the dpo gene in E. pyrifoliae and that the electroporation
method could be used as 4 transformation method for E.
pyrifoliae. Thus, to examine the inhibitory effect of dpo on
cell growth, E. pyrifoliae strain Ep1/96 was transformed
with pBlue-dpo using electroporation. As a result, the E.
pyrifoliae harboring pBlue-dpo was not found to produce
any slime or ooze (Fig. 4B), whereas slime and ooze were
produced by the strain transformed with only the pBluescript
KS+ vector (Fig. 4A). Therefore, these results indicate that
the EPS liberated from E. pyrifoliae was degraded by the
depolymerase. Bacterial EPS aids the movement of bacteria
inside plant tissues, plugs xylem vessels, and blocks water
flow, thereby causing the wilting of diseased plants [12].
Accordingly, based on the current findings, an EPS-
depolymerase may be an effective agent for suppressing
the Asian pear blight caused by E. pyrifoliae. In addition,
the development of transgenic plants that express the dpo
gene may be useful in suppressing the symptoms caused
by E. pyrifoliae.
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