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Characterization of Helicobacter pylori Bacteriophage KHP30
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Helicobacter pylori inhabits the stomach mucosa and is a causative agent of stomach ulcer and cancer. In general, bacteriophages
(phages) are strongly associated with bacterial evolution, including the development of pathogenicity. Several tailed phages have
so far been reported in H. pylori. We have isolated an H. pylori phage, KHP30, and reported its genomic sequence. In this study,

we examined the biological characteristics of phage KHP30. Phage KHP30 was found to be a spherical lipid-containing phage
with a diameter of ca. 69 nm. Interestingly, it was stable from pH 2.5 to pH 10, suggesting that it is adapted to the highly acidic
environment of the human stomach. Phage KHP30 multiplied on 63.6% of clinical H. pylori isolates. The latent period was ca.
140 min, shorter than the doubling time of H. pylori (ca. 180 min). The burst size was ca. 13, which was smaller than the burst
sizes of other known tailed or spherical phages. Phage KHP30 seemed to be maintained as an episome in H. pylori strain NY43
cells, despite a predicted integrase gene in the KHP30 genomic sequence. Seven possible virion proteins of phage KHP30 were
analyzed using N-terminal protein sequencing and mass spectrometry, and their genes were found to be located on its genomic
DNA. The genomic organization of phage KHP30 differed from the genomic organizations in the known spherical phage fami-
lies Corticoviridae and Tectiviridae. This evidence suggests that phage KHP30 is a new type of spherical phage that cannot be

classified in any existing virus category.

Helicobacter pylori, a Gram-negative spiral bacterium, colo-
nizes the human stomach mucosa (1). It causes chronic
inflammation, which may progress to peptic ulceration, atro-
phic gastritis, and gastric cancer (2). Recent studies of H. pylori
have revealed that the pathogenicity of H. pylori strains is re-
lated to the specific geographic region from which they derive
(3, 4). An East Asian type of H. pylori strain most likely causes
gastric cancer and highly likely contains cytotoxin-associated
gene A (cagA), a carcinogenic genetic element (1, 3). However,
how the pathogenicity of the H. pylori strains has evolved is
unknown, although H. pylori inhabits a very restricted niche in
the stomach mucosa. Therefore, the factors involved in H. py-
lori evolution must be investigated.

Bacteriophages (phages) are the most diverse and abundant life
form on Earth. Phages practice lateral gene transfer and are in-
volved in a coevolutionary arms race with bacteria (5-8), so they
may well be factors involved in bacterial evolution. Several H.
pylori phages have been reported (9-13), and some of these have
been morphologically studied and have been found to belong to
the order Caudovirales (i.e., the tailed phages) (9-12). Recent ad-
vances in sequencing technologies have allowed intensive
genomic analyses of Helicobacter spp. and have also suggested the
presence of phages in the bacterial genome (10, 11, 14, 15). How-
ever, the biological characteristics of these H. pylori phages are not
well-known.

We have recently isolated phage KHP30 from the culture su-
pernatant of an East Asian H. pylori strain, NY43, isolated from a
patient at Yamaguchi University Hospital in Japan, and have re-
ported its genomic sequence (16). To extend our understanding of
the contribution of phages to H. pylori evolution, the biological
characteristics of the H. pylori phages must be examined. To our
knowledge, the biology of the H. pylori phages has not yet been
investigated. In this study, we analyzed the biological characteris-
tics of H. pylori phage KHP30.

3176 aem.asm.org

Applied and Environmental Microbiology p. 3176-3184

MATERIALS AND METHODS

Media and reagents used in this study. All reagents were obtained from
Nacalai Tesque (Kyoto, Japan) or Wako Pure Chemical (Osaka, Japan),
unless otherwise stated. Equine serum (HyClone Laboratories, South Lo-
gan, UT) was heated (56°C, 30 min) before use. Brucella broth was pur-
chased from Becton, Dickinson and Co. (Sparks, MD). BE medium (pH
7.2) is brucella broth (pH 6.8) containing 10% equine serum (HyClone
Laboratories). BEV medium (pH 7.2) is BE medium containing 10 pg/ml
vancomycin. BEV medium was used to culture H. pylori and phage, unless
otherwise stated. The double-layered agar method was used for phage
plaque formation, with BEV-based medium containing 1.5% agar and
brucella broth-based medium containing 0.5% agar used for the lower
and upper layers, respectively.

Bacterial strains and culture conditions. H. pylori strain 3401 was
used as the standard host bacterium (17). H. pylori strain NY43, which was
isolated from a 54-year-old male patient with gastric ulcer, spontaneously
releases phage KHP30 and was also used in this study. The other H. pylori
strains used in this study, which were isolated from different patients, are
shown in Table S1 in the supplemental material (18-22). All H. pylori
strains were incubated in an appropriate medium in air containing 10%
CO, at 37°C.

Bacterial genotyping by RFLP. Restriction fragment length polymor-
phism (RFLP) was conducted as described elsewhere with a slight modi-
fication (23). Briefly, the genomic DNAs of H. pylori were extracted using
NucleoSpin tissue columns (Macherey-Nagel, Diiren, Germany). The
DNAs were amplified by PCR using two sets of primers: 5'-AGGAGAAT
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GAGATGA and 5'-ACTTTATTGGCTGGT for UreAB fragments and 5’-
ATGGCTTTTCAGGTCAATAC and 5'-GCTTAAGATATTTTGTTG
AACG for FlaA fragments. After the PCR amplification, the UreAB and
FlaA fragments were digested by restriction enzymes Haelll and Hhal
(TaKaRa Bio, Shiga, Japan), respectively. The restricted DNAs were elec-
trophoresed in 1.5% agarose gels. After staining with ethidium bromide,
the gel was visualized under UV transillumination. H. pylori types were
manually differentiated according to their restriction band patterns (see
Fig. S1 in the supplemental material). The RELP types of H. pylori used in
this study are shown in Table S1 in the supplemental material. According
to the RFLP, the H. pylori strains used in this study were considered to
have the genetic variation.

Phage KHP30. Phage KHP30 was isolated previously (16). Briefly,
phage KHP30 was isolated from the culture supernatant of H. pylori strain
NY43 with three rounds of single-plaque isolation in double-layered agar
containing H. pylori strain 3401. Phage KHP30 formed plaques and
showed lytic activity in liquid medium (see Fig. S2 in the supplemental
material). It was amplified in H. pylori strain 3401 in double-layered agar
and used as a phage stock, unless otherwise stated.

Measurements of bacterial and phage concentrations. Bacterial con-
centrations were measured as turbidities with a Klett-Summerson photo-
electric colorimeter (filter 54; Klett Manufacturing Co., New York, NY).
One Klett unit was assumed to be equivalent to 3.6 X 10° cells/ml, based
on a standardized correlation between turbidity and bacterial cell num-
bers counted directly with a Petroff-Hausser counting chamber (Hausser
Scientific, Horsham, PA). Phage concentrations (PFU/ml) were measured
with the double-layered agar method using H. pylori strain 3401 as the
host, unless otherwise stated.

Large-scale culture and purification of phage. One liter of brucella
broth containing 0.5% P-cyclodextrin and 10 pg/ml vancomycin (pH
7.0) was inoculated with H. pylori strain 3401 to be ca. 8.2 X 10° cells/ml
and simultaneously supplemented with phage KHP30 stock at a multi-
plicity of infection (MOI) of 0.5 to 2. The culture mixture was incubated
with shaking for 1.5 to 2 days until cell lysis. The culture lysate (ca. 2.4 X
10® PFU/ml) was centrifuged at 10,000 X g for 10 min to remove the cell
debris. Polyethylene glycol 6000 (10%), 3 M NaCl, and 1% Tween 20 were
added to the culture supernatant. After centrifugation (10,000 X g, 20
min, 4°C), the pellet was treated with 100 p.g/ml DNase I (Sigma-Aldrich
Co., St. Louis, MO) and 100 pg/ml RNase A (Sigma-Aldrich) in 2 ml of
TM solution (10 mM Tris-HCl, 5 mM MgCl,, pH 7.2) for 60 min at 37°C.

The phages were purified using CsCl density gradient ultracentrifuga-
tion. The phage suspension (1 ml) was layered above a discontinuous
CsCl density gradient of layered 2.5, 1.5, and 0.5 ml of CsCl solutions (p =
1.3,1.5,and 1.7, respectively) and was centrifuged (100,000 X g, 1 h, 4°C).
The phage band was collected, and the CsCl density gradient ultracentrif-
ugation was repeatedly conducted to increase the purity of the phage
particles. The phage band (0.5 to 1 ml) was then placed on top of a dis-
continuous CsCl density gradient, of which 1 to 1.2, 0.6 to 0.9, and 0.3 ml
of CsCl was layered (p = 1.3, 1.5, and 1.7, respectively), and was centri-
fuged (100,000 X g, 1 h, 4°C). The first and second ultracentrifugations
were conducted using the S80AT3 and S100AT4 rotors of a Himac
CS100GX microultracentrifuge (Hitachi, Tokyo, Japan). Polycarbonate
centrifuge tubes were used for ultracentrifugation.

Electron microscopic observation of phage particles. After dialysis
against AAS (0.1 M ammonium acetate, 10 mM NaCl, 1 mM CaCl,, I mM
MgClL,, pH 7.2) for 1 h at 4°C, the purified phage sample (ca. 1.0 X 10'°to
10'"" PFU/ml) was loaded onto a Formvar-coated copper mesh and
stained with 2% uranyl acetate. The sample was observed with an H-7100
transmission electron microscope (Hitachi) at 100 kV. The size of the
phage was measured using the standard bar automatically displayed by the
instrument at magnifications of X 100,000 to X200,000. The mean phage
particle sizes and their standard deviations were calculated.

Electron microscopic observation of phage-infected H. pylori sec-
tions. Phage KHP30 was added to H. pylori strain 3401 (ca. 3.6 X 10°
cells/ml) at an MOI of 10 to 20. The phage-bacterium suspension was
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incubated at 37°C with shaking for 140 and 280 min. H. pylori alone was
used as the control. The H. pylori cells were fixed by suspension in 200 wl
of AAS containing 2% glutaraldehyde (TAAB Laboratories Equipment,
Berkshire, United Kingdom). Ultrathin sections of the bacteria were pre-
pared essentially as described elsewhere (24). The sections were observed
with an H-7100 transmission electron microscope (Hitachi) at 100 kV.

Trend analysis of the phage head/particle volume and genomic size.
By a review of published papers and the genome database at the National
Center for Biotechnology Information (NCBI), the head/particle size and
genome sequence lengths of the following phages were obtained: phages
SAP-2, dpMRI11, pMR25, KPP12, KPP10, $EF24C, SPP1,\, A511, P1, N4,
$C31, PRD1, SSIP-1, PM2, P23-77, Bam35c, GIL16, and AP50 (25-45).
The head/particle volume, which was estimated using the formula 4/3 X
X 1° (where r is the radius, or one-half of the diameter), and the se-
quence lengths of the tailed and spherical phages were examined by linear
regression analysis using the statistical software GraphPad Prism (v4;
GraphPad Software, La Jolla, CA).

Sensitivity of phage to organic solvents. The sensitivity of phage
KHP30 to organic solvents was examined as described elsewhere (46).
Briefly, after the purified phage was dialyzed against AAS for 1 h at 4°C, 1
volume of either AAS (control), chloroform, or diethyl ether was added to
3 volumes of the purified phage suspension (ca. 4.0 X 107 PFU/ml). After
the components were mixed, the samples were incubated at 25°C for 1 h.
The phage concentrations were then measured.

Phage lipid extraction and TLC analysis. After the ultracentrifugal
purification, six fractions (0.5 ml) were collected from the top of the
centrifugal tube (total volume, 3 ml). The phage concentration in each
fraction was measured. The fractions were then dialyzed against AAS so-
lution. The fractions were dried with a vacuum concentrator (CC-105;
Tomy Digital Biology, Tokyo, Japan). Chloroform-methanol (2:1, vol/
vol; 1 ml) was added, and the sample was incubated at 25°C for 2 h with
shaking. The suspension was centrifuged (1,000 X g, 10 min), and the
organic solvent was removed with the vacuum concentrator (CC-105;
Tomy Digital Biology). Chloroform (0.1 ml) was added, and the sample
was stored at —20°C until use. The extract from each fraction was spotted
onto a silica gel 60 F,5, thin-layer chromatography (TLC) plate (Merck,
Darmstadt, Germany), and a one-dimensional chromatograph was devel-
oped with chloroform-methanol-water (14:6:1, vol/vol). The lipids could
be separated using the differences in their ionic charge in TLC. After the
silica gel plates were dried, the lipids were stained with iodine vapor.

Phage adsorption, latent period, and burst size. H. pylori strain 3401
(ca.3.6 X 10° cells/ml) was prepared. For phage adsorption measurement,
phage KHP30 was mixed with the H. pylori culture at an MOI of ca. 10~ ©
to 107>, After incubation with shaking for specific periods, 1 ml of the
culture was collected and centrifuged at 9,200 X g for 1 min, and the phage
concentration in the supernatant was measured. Moreover, for the mea-
surements of the phage latent period and burst size, phage KHP30 was
added to the H. pylori culture at an MOI of ca. 10~ and the culture was
incubated for 10 to 15 min. The H. pylori sample was washed with BEV
medium and resuspended in fresh BEV medium. An aliquot of the H.
pylori culture was collected at specific points in time, and the phage con-
centration was measured. The doubling time of H. pylori 3401 was also
calculated from the turbidity change (in Klett units).

Host spectrum of the phage. The phage was amplified in H. pylori
strain 3401, KMT84, or KMT86. The plaque-forming activities of the
phage were examined by streaking a loop of the phage lysates onto double-
layered agar containing the appropriate H. pylori strain. The plaques that
formed on the double-layered plate were examined after incubation.

Stability of the phage at various pHs. Brucella broth was prepared
with a pH of 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 6.0, 6.8 (standard Brucella broth),
8.0, 10.0, or 12.0, adjusted with HCl or NaOH, as appropriate. The pH of
the medium was measured using a pH meter (D-51AC; Horiba, Kyoto,
Japan). After 10*-fold dilution of the phage suspension with brucella
broth at various pHs to ca. 6.0 X 10° PFU/ml, the suspensions were incu-
bated at 25°C for 1 h (46). After incubation, the pHs of the phage suspen-
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sions were rechecked with pH indicator paper (Whatman, Kent, United
Kingdom). The phage concentrations were measured.

Bioinformatic analysis of the phage KHP30 genome. The possible
integration of a KHP30-like phage into the host genome was examined
with the BLASTp program. The similarity of phage KHP30 to other H.
pylori phages was examined with the BLASTp and BLASTn programs. The
analyses were performed with the software GenomeMatcher (http://www
.ige.tohoku.ac.jp/joho/gmProject/gmhomeJP.html) (47). The phage and
bacterial data were obtained from GenBank, and the data used in the
analyses are listed in Table S2 in the supplemental material.

PFGE of H. pylori DNA. Samples for pulsed-field gel electrophoresis
(PFGE) were prepared from H. pylori strains 3401 and NY43 (ca. 1.7 X 10°
cells/ml), as described elsewhere (48). A bacteriophage lambda ladder
PFG marker (New England BioLabs, Beverly, MA) was included in this
analysis as a molecular weight standard. Electrophoresis (1% gel) was
performed using a CHEF-DR II system (Bio-Rad Laboratories) at 6.0
V/cm with pulse ramps from 1 to 45 s for 20 h at 14°C in 0.5X Tris-borate-
EDTA buffer. After staining with ethidium bromide, the gel was visualized
under UV transillumination.

Southern blot analysis of phage DNAs. After PFGE of H. pylori DNA,
a Southern blot analysis was conducted, as described elsewhere (49). Open
reading frame 14 (orf14) of phage KHP30, which encodes the major struc-
tural protein of this phage (see below), was used as a probe to detect phage
KHP30 DNA for the following reason. When the orf14 sequence of phage
KHP30 was compared with sequences in the NCBI database using
BLASTn, orfl4-like sequences were not found on the DNA sequences
intrinsic to H. pylori, although they were found on putative phage DNA
sequences integrated into the genomes in some H. pylori strains. A primer
set (primers ORFI4F [GGTATAGAAGTTGGTAGAGAGATCC] and
ORF14R [CCATATCAGACACTAAACCGATCACG]) was designed on
the basis of the orf14 sequence in the phage KHP30 genome (16), and the
orfl4 fragment was amplified by PCR using the phage DNA as a template.
The phage DNA was obtained, as described below in “Restriction diges-
tion analysis of phage DNAs.” The PCR product and bacteriophage \
DNA (TaKaRa Bio) were labeled with horseradish peroxidase, and the
signals were detected using an Amersham ECL direct nucleic acid labeling
and detection system (GE Healthcare, Little Chalfont, United Kingdom)
according to the manufacturer’s instructions.

Restriction digestion analysis of phage DNAs. In silico restriction
digestion of the phage KHP30 genome was conducted using the NEBcut-
ter (v2.0) program (New England BioLabs) (50). The restriction enzyme
EcoRI was selected for this analysis because the digestion pattern was
appropriate.

Genomic DNA was extracted from the phage particles essentially as
described elsewhere (43, 44). Moreover, H. pylori strain NY43, which
releases phage KHP30, was cultured in BEV medium and then pelleted.
The phage DNAs inside the H. pylori cells were extracted using a FastGene
plasmid minikit (Nippon Genetics Co., Tokyo, Japan). The phage DNAs
(1 g) were digested with EcoRI (TaKaRa Bio) and then resolved electro-
phoretically in a 0.8% agarose gel. After staining with ethidium bromide,
the gels were visualized under UV transillumination.

Phage protein analysis. Phage proteins were prepared from the phage
purified by CsCl density gradient ultracentrifugation for SDS-PAGE, as
described previously (44). The phage proteins were separated electropho-
retically on a 12.5% SDS-polyacrylamide gel with an (unstained) XL-
Ladder Broad marker (APRO Life Science Institute, Tokushima, Japan),
basically followed by the protocol described elsewhere (49). Phage pro-
teins were subjected to N-terminal protein sequencing and mass spec-
trometry, as described elsewhere (51).

Accession numbers. The protein sequences determined by N-termi-
nal sequencing were deposited in the UniProt database (accession num-
bers 17H893 for ORF13 and I7HOH9 for ORF14). Moreover, for the anal-
ysis of mass spectrometric data, the database of protein data for phage
KHP30 combined with H. pylori strain 2018 was constructed locally. H.
pylori strain 2018 has no phage protein sequence similar to that of phage
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KHP30 and was used to increase the accuracy of protein identification.
The protein data for phage KHP30 and H. pylori strain 2018 were obtained
from GenBank (accession numbers AB647160 and CP002572, respec-
tively). The data were analyzed with the Paragon method using Protein-
Pilot (v3.0) software (AB Sciex) (52). The protein identification threshold
was the detection of more than one peptide with 99% confidence.

RESULTS AND DISCUSSION

Morphological features of phage KHP30. The purified phage
KHP30 with plaque-forming ability was successfully isolated.
Electron microscopic analysis of the phage morphology showed
that phage KHP30 has a spherical shape with no tail (Fig. 1A). The
diameter of the phage KHP30 particle was 68.8 * 2.3 nm (mean *
standard deviation, n = 11). In addition, when observing the thin
sections of phage-infected H. pylori, no tail production was seen,
nor were any tails attached to the phages observed (see Fig. S3 in
the supplemental material). All these observations suggest that
phage KHP30 is a spherical phage.

Phage KHP30 has a double-stranded DNA (dsDNA) genome
(16). Spherical phages with dsDNA often contain lipids inside the
phage particles (53), and so they seemed to have a smaller genomic
DNA size relative to the particle volume than the tailed phages.
Therefore, trends in the phage head/particle volumes and the ge-
nome sizes in the tailed and spherical phages were then analyzed,
and the trend for phage KHP30 was examined (Fig. 1B). Both the
tailed and spherical phages have their own trends for the ratio of
the head/particle volume to the genome size. The trend for phage
KHP30 differed from that for the tailed phages, and it seemed to
be closer to that for the spherical phages containing lipids.

In general, the authentic tailed phages seem to be resistant to
treatment with organic solvents, such as chloroform and ether,
whereas the spherical phages containing lipids are sensitive to
them (54-56). Thus, treatment of phage KHP30 with organic sol-
vents can be used to speculate indirectly over its lipid content. The
sensitivity of phage KHP30 to organic solvents such as chloroform
and diethyl ether was examined. Chloroform depleted the phage
concentration by almost 100%, and diethyl ether depleted it by ca.
80%. Thus, phage KHP30 was assumed to contain lipids. Subse-
quently, the presence of lipids in the phage KHP30 particles was
examined by TLC lipid analysis of fractions obtained from the
ultracentrifugal phage purification (Fig. 1C) (25, 31, 32, 34). Frac-
tion 3, containing a phage band, showed the highest phage con-
centration, and the lipids in that fraction were most clearly sepa-
rated by TLC, although the lipid class has not yet been specified.
Thus, phage KHP30 was considered to have lipids.

Unlike the other enveloped viruses, some spherical phages with
adsDNA genome, which are classified into tectiviruses or cortico-
viruses, contain lipids inside the viral particles (53-56). Electron
microscopic observation of the purified phage particles treated
with chloroform or diethyl ether showed that phage KHP30 also
did not have lipids outside the particles (data not shown).

Adsorption, latent period, and burst size of phage KHP30. In
general, phage infection is initiated by the adsorption of the phage
to the bacterial surface, and the infecting phage produces progeny
phage inside the cells, which then spreads outside the cells after
cell lysis. These infection processes can be measured as the adsorp-
tion efficiency, latent period (i.e., the time from adsorption to the
release of progeny phage), and burst size (i.e., the ratio of the
released phage to the infecting phage) (57, 58). These infection

Applied and Environmental Microbiology


http://www.ige.tohoku.ac.jp/joho/gmProject/gmhomeJP.html
http://www.ige.tohoku.ac.jp/joho/gmProject/gmhomeJP.html
http://www.ncbi.nlm.nih.gov/nuccore?term=I7H893
http://www.ncbi.nlm.nih.gov/nuccore?term=I7H0H9
http://www.ncbi.nlm.nih.gov/nuccore?term=AB647160
http://www.ncbi.nlm.nih.gov/nuccore?term=CP002572
http://aem.asm.org

< 1Y
E
2
[T
o

10
§ 10°
g
€
8
£ 10°]
o
[
[=)]
©
T

108+

1. 2 3 4 5 6 1 2
Fraction

Characterization of Helicobacter pylori Bacteriophage

1504

100+

50+

Genome size (kbp)

0 25 50 75
Phage head/particle
volume (x 10* nmd)

3 4 5 6
Fraction

FIG 1 Morphological features of phage KHP30. (A) Electron microscopic observation of intact phage KHP30 particles. Bar, 50 nm. (B) Analysis of the
head/particle size and genome size of phage KHP30 compared with those of other phages. White and black circles, tailed and spherical phages, respectively; black
triangle, phage KHP30. Linear regression lines for the tailed and spherical phages are drawn in black (¥ = 0.9664 and 0.9712, respectively), and the 95%
confidence intervals for the mean predictions are plotted as dotted lines. (C) Lipid content of phage KHP30 using the fractions obtained from CsCl density
gradient ultracentrifugation. (Left) Phage concentration in each fraction; (right) TLC of the lipids extracted from the indicated fractions.

parameters are important in evaluating the biological activity of
the phage.

First, the adsorption efficiency was examined using H. pylori
strain 3401. Approximately 30% of the phage population ad-
sorbed to this strain within 15 min, after which most phage ad-
sorption seemed to be reduced (Fig. 2A). Although CaCl, and/or

A
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Free phage (%)

0 T T T
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Time (min)

MgCl, is essential for the adsorption of some phages (46), the
adsorption efficiency of phage KHP30 was not improved by these
divalent cations (data not shown). Second, the latent period of
phage KHP30 was ca. 140 min (Fig. 2B) and is therefore longer
than the latent periods of other spherical phages with dsDNA
genomes, which generally range from 35 to 45 min (46). The latent
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FIG 2 Life cycle of phage KHP30 in H. pylori strain 3401. (A) Adsorption rate. (B) Single-step phage growth analysis. Gray arrow, initiation of phage production;
black arrow, time when the phage production curve leveled off. The period before phage production (until the gray arrow) is the latent period. The burst size was
determined as the relative phage number at the plateau stage (at the black arrow).
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FIG 3 Phage infectivity in different H. pylori strains. Phage KHP30 was pas-
saged through H. pylori strain 3401, KMT84, or KMT86. The efficiency of
plating was measured and used as the index of phage infectivity. Gray and black
bars, efficiencies of plating for the phage in H. pylori strains KMT84 and
KMT86, respectively.

period of phage KHP30 is thus less than the H. pylori doubling
time, which is usually ca. 3 h, as in H. pylori strain 3401 (59). Thus,
the phage life cycle is completed within the period of bacterial cell
division.

Finally, the phage burst size generally ranges from 50 to 100 in
the tailed phages and from 40 to 700 in the spherical phages with
dsDNA genomes (46). However, the burst size of phage KHP30 was
ca. 13 in H. pylori strain 3401 and is therefore quite small (Fig. 2B).

Host range and phage infectivity of different H. pylori
strains. The plaque-forming capacity of phage KHP30 was exam-
ined in 44 H. pylori strains. Phage KHP30 formed plaques on 28 of
these H. pylori strains (63.6%; see Table S1 in the supplemental
material). Thus, phage KHP30 seems to have a significantly
broader host range than other reported H. pylori phages (9, 11).

In our host range analysis, the phage plaque-forming capacity
seemed to differ among the individual H. pylori strains, and its
infectivity seemed to be influenced by the host immunity. We
examined the infectivity of phage KHP30 for H. pylori strains by
comparing the efficiency of plating of phage KHP30 in H. pylori
strains 3401, KM T84, and KMT86. The relative efficiency of plat-
ing was calculated as the ratio of the number of PFU when the
phage was plated on a particular bacterial strain to the number of
PFU when it was plated on standard strain 3401. Phage KHP30
was initially adapted to strain 3401 (KHP30/3401) and did not
show strong infectivity for H. pylori strains KMT84 and KMT86
compared with its infectivity for strain 3401 (Fig. 3). Phage
KHP30 was then adapted to H. pylori strains KMT84 and KMT86,
and the adapted phages were designated KHP30/KMT84 and
KHP30/KMT86, respectively. These phages showed highly in-
creased infectivity for their adaptive hosts, KMT84 and KMT86,
respectively (Fig. 3). The infectivity of phages KHP30/KMT84 and
KHP30/KMT86 for H. pylori 3401 was also maintained. Phages
KHP30/KMT84 and KHP30/KMT86 were then readapted to H.
pylori strain 3401 and designated phages KHP30/KMT84/3401
and KHP30/KMT86/3401, respectively. The infectivity of phages
KHP30/KMT84/3401 and KHP30/KMT86/3401 seemed to revert
to that of phage KHP30/3401 (Fig. 3). These data suggest that
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FIG 4 Stability of phage KHP30 at different pHs. The activity of phage KHP30

was measured after incubation for 1 h at different pHs. The phage concentra-
tion measured in standard brucella broth (pH 6.8) was set equal to 100%.

phage KHP30 can adapt to H. pylori immunity, which may be an
adaptation to the bacterial restriction-modification system.

Stability at various pHs. H. pylori protects itself from the
highly acidic environment of the stomach by neutralizing the gas-
tric juices with urease and by moving by chemotaxis through the
mucus to the epithelium, which is considered to be near pH 7.0 (1,
60). Although H. pylori has developed these tactics as adaptive
strategies, the phage cannot move by itself and cannot produce
enzymes to protect itself. If a phage lyses H. pylori in the mucus of
the stomach, the progeny phage will be exposed to the harsh gas-
tric environment, in which the pH ranges from neutral to acidic.
Therefore, phage stability at acidic pHs is relevant to its survival.
To examine the phage’s stability at various pHs, we incubated
phage KHP30 in culture media of different pHs, where it showed
stability over a pH range of 2.5 to 10 (Fig. 4). The pHs of the phage
solutions remained the same after incubation. Thus, the phage
itself is considered to be stable over a wide range of pHs.

Some spherical phages containing lipids have been isolated
from harsh environments (with high temperatures or high salt
concentrations) that are also inhabited by the host bacterium (25,
31, 32). Considering the unique morphological features of the
lipid-containing spherical phages and their niches, phage KHP30
is considered to have adapted to the extreme gastric environment,
and phage lipids may function to confer stability and protect the
phage from this harsh environment.

Genomic DNA conformation in H. pylori cells and phage
particles. Integrated phage sequences have been discovered in H.
pylori strains isolated worldwide (11, 14, 15) and were briefly con-
firmed by in silico analysis in this study (see Fig. S4 in the supple-
mental material). Integrated phage sequences have also been
found in Helicobacter spp. infecting cats, mice, and ferrets. H.
pylori strain NY43, from which phage KHP30 was originally iso-
lated, spontaneously and continuously produces phage KHP30,
even when it is repeatedly subcultured. The whole genome of
phage KHP30 (ca. 26 kbp) contains a putative integrase gene, orf2
(16). Therefore, phage KHP30 is inferred to be a lysogenic phage.

To determine the state of the phage KHP30 genomic DNA in
H. pylori cells, the phage inside H. pylori strain NY43 was analyzed
by PFGE and Southern blotting (Fig. 5A). These analyses revealed
that phage KHP30 DNA was present independently of the bacte-
rial genome in the host bacterial cell. Thus, the phage KHP30
genome did not seem to integrate into the bacterial genome of its
host, H. pylori strain NY43. Moreover, the phage DNAs were ex-
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FIG 5 (A) Location of the intracellular phage genome in phage-producing H.
pylori strain NY43. The DNAs of H. pylori strains 3401 and NY43 were sepa-
rated by PFGE (left) and subjected to Southern blot analysis with a phage-
specific probe (right). H. pylori strain 3401 was used as the non-phage-harbor-
ing control. Black and gray arrows, phage and H. pylori DNAs, respectively.
Lanes M, 1, and 2 in both panels, bacteriophage lambda ladder, strain 3401,
and strain NY43, respectively. (B) Restriction digestion analysis of phage
DNAs. (Left) Phage DNAs derived from the purified particles or the phage
DNAs derived from H. pylori strain NY43 were digested with EcoRI and sep-
arated electrophoretically in a 0.8% agarose gel. Bacteriophage lambda DNA
digested with HindIII was also separated electrophoretically as a marker. The
DNA bands are indicated by arrows. (Right) In silico EcoRI digestion patterns
of phage KHP30 DNA in the linear form, the circular form, a mixture of the
linear and circular forms, and the concatemeric form, which were resolved in
a 0.7% agarose gel.

tracted from the phage particles and from H. pylori strain NY43
and digested with EcoRI, and the DNA band pattern was exam-
ined (Fig. 5B). The extrachromosomal DNA was considered to be
predominantly phage KHP30 because the DNA digestion pattern
was very similar to that of the DNAs extracted from the phage
particles. When we compared the in vitro digestion pattern with
the in silico digestion pattern, the phage DNA inside the bacterial
cells was a mixture of the linear and circular forms and/or the
concatemeric form. On the basis of this evidence, the phage
KHP30 DNA seemed to be present as episomes in the host cell.

In a pseudolysogenic life cycle, phage is present as a plasmid
or episome when the cells do not grow efficiently (61, 62). Both
Iytic and lysogenic phages can transmit their life cycle to pseudo-
lysogeny (61, 62). Considering the biological activity of phage
KHP30 under this experimental condition, phage KHP30 seemed
to conduct a pseudolysogenic life cycle preferentially, at least in H.
pylori strain NY43.
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Phage KHP30 protein analysis. The proteins derived from the
purified phage KHP30 particles were analyzed with N-terminal
protein sequencing and mass spectrometry (Fig. 6), which identi-
fied ORFs 13 and 14 and ORFs 3, 11, 12, 13, 14, 17, and 29, respec-
tively. According to the pattern of protein bands separated by
SDS-PAGE, ORF14 was found to have the greatest quantity
among the separated proteins, so ORF14 was considered to be a
major structural protein. ORFs 13 and 11 had the second and third
greatest quantities, so they were also considered structural pro-
teins. N-terminal processing of the major structural protein, as
seen in the major structural protein of the other tailed phage, has
not been observed in ORF14 of phage KHP30 (43, 63-65), al-
though the first 3 amino acid residues of ORF13 seemed to be
removed. In contrast, ORFs 3, 12, 17, and 29 were present in
minor amounts. Host proteins, such as the o and 8 subunits of
urease and GroEL, were detected in small amounts. It is unclear
whether these minor host and phage proteins are components of
phage KHP30.

The ORFs encoding the identified proteins were mapped on
the phage KHP30 genome and seemed to be clustered as a module
(i.e., ORFs 11, 12, 13, and 14), as seen in other tailed phage ge-
nomes (66, 67). Moreover, the genome of phage KHP30 was com-
pared with those of other H. pylori phages, including phages
KHP40, $HP33, and 1961P. These phages showed a high level of
similarity not only in their DNA sequence but also in their ORFs
and ORF arrangement (see Fig. S5 in the supplemental material).
In particular, structural proteins (i.e., ORFs 11, 12, 13, and 14)
were relatively conserved.

Possible novel classification of H. pylori phage KHP30. Lip-
id-containing spherical phages such as phage KHP30 are not fre-
quently isolated in phage research. According to the current viral
taxonomic classification, the members of the families Corticoviri-
dae and Tectiviridae are lipid-containing spherical phages with
dsDNA genomes (55, 56). However, phage KHP30 differs from
the spherical phages of these two phage families. First, the genome
size of phage KHP30 (ca. 26 kbp) is larger than the genome sizes of
the phages of the families Corticoviridae and Tectiviridae, which
are ca. 10 kbp and ca. 15 kbp, respectively, although the particle
diameters of phage KHP30 and the other spherical phages (corti-
coviruses and tectiviruses) are relatively similar (69 nm, 57 nm,
and 66 nm, respectively) (16, 55, 56). Second, phage KHP30 may
be pseudolysogenic or lysogenic, whereas the phages of these two
families are lytic (55, 56). Third, the ORFs and the ORF arrange-
ment of phage KHP30 are dissimilar to those of the other lipid-
containing spherical phages. Finally, the burst size of phage
KHP30 (ca. 13) is considerably smaller than the burst sizes of the
phages belonging to these two phage families (ca. 40 to 700) (46).
On the basis of the evidence reported in this study, H. pylori phage
KHP30 is very different from the phages of the families Cortico-
viridae and Tectiviridae.

Because of the genetic and genomic similarities among H. py-
lori phages, H. pylori phages KHP30, KHP40, $HP33, and 1961P
were considered to belong to the same group. However, the mor-
phology of phage KHP30 differs from those of H. pylori phages
$HP33 and 1961P, which have been classified in the order Cau-
dovirales (i.e., tailed phage), whereas phage KHP30 has been iden-
tified in this study as a lipid-containing spherical phage. The other
H. pylori phage, KHP40, has also been isolated by us (16). Phage
KHP40, which was amplified in H. pylori strain 3401 and also
observed with electron microscopy in this study, was identified as
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sequencing and mass spectrometry. N-terminal protein sequencing showed ORF13 to have the sequence GIKEKEIELETLKREIAQAEASLEQDFIKH and ORF14
to have the sequence MLEKLNNINFNNISNNLNLGIEVGREIQNA. The ORFs are indicated on the right of the gel and were determined by mass spectrometry.
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a spherical phage almost identical in size to phage KHP30 (see Fig.
S6 in the supplemental material). Although the reason for the
morphological differences of the H. pylori phages is unknown, it
may be a consequence of the host strains used for phage amplifi-
cation or because of other unknown factors. We believe that H.
pylori phages KHP30 and KHP40 constitute a novel type of lipid-
containing spherical phage which may be classified within a new
viral family.

Conclusion. In this study, we revealed that H. pylori phage
KHP30 is a novel spherical phage containing lipids with double-
stranded DNA. It was stable over a wide pH range, and it could
multiply by over 60% in its host. Phage KHP30 has a long latent
period and a relatively small burst size. The phage was shown to be
maintained as an episome, at least in H. pylori NY43 cells (i.e., the
cells had undergone pseudolysogeny). Phages generally contrib-
ute to host bacterial evolution by horizontal gene transfer and the
host-parasite coevolutionary arms race. We hope that further
study of the molecular biology and epidemiology of H. pylori
phages will clarify their pivotal role in H. pylori evolution.
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