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We have previously reported the isolation and characterization of two filamentous bacteriophages of Vibrio
parahaemolyticus, designated Vf12 and V{33. In this study, to understand the potential of these phages as tools
for genetic transmission, we investigated the gene structures of replicative-form (RF) DNAs of their genomes
and the distribution of these DNAs on chromosomal and extrachromosomal DNAs. The 7,965-bp nucleotide
sequences of Vf12 and V33 were determined. An analysis of the overall gene structures revealed that Vf12 and
V133 had conserved regions and distinctive regions. The gene organization of their conserved regions was
similar to that of CTX phage of Vibrio cholerae and coliphage Ff of Escherichia coli, while their distinctive
regions were characteristic of Vf12 and V{33 phage genomes. Southern blot hybridization testing revealed that
the filamentous phage genomes integrated into chromosomal DNA of V. parahaemolyticus at the distinctive
region of the phage genome and were also distributed on some plasmids of V. parahaemolyticus and total
cellular DNAs of one Vibrio damsela and one nonagglutinable Vibrio strain tested. These results strongly
suggest the possibilities of genetic interaction among the bacteriophage Vf12 and V{33 genomes and chromo-
somal and plasmid-borne DNAs of V. parahaemolyticus strains and of genetic transmission among strains

through these filamentous phages.

Vibrio parahaemolyticus is a halophilic marine vibrio which
causes gastroenteritis in humans by seafood consumption (4,
11). Although its pathogenic mechanism is not exactly un-
derstood, the thermostable direct hemolysin (TDH) and the
TDH-related hemolysin have been considered to be its impor-
tant virulence factors (26, 28). The tdh gene has many variants,
and these have been found on plasmid DNAs and chromo-
somal DNAs (1, 20) and also in other Vibrio strains (10, 36-38).
Therefore, it can be assumed that some accessory genetic el-
ements (chromosomal islands, plasmids, bacteriophages, and
transposons) can move the genes horizontally as well as verti-
cally through species, clones, chromosomal DNAs, and plas-
mids. Terai et al. reported the possibility of the genetic transfer
of the tdh and tdh-like genes by a transposon-like unit whose
transposase activity from insertion sequences has been lost
(30).

Nakanishi et al. (18) originally reported on the filamentous
phage v6 of V. parahaemolyticus, but they did not carry out a
genetic or physiological analysis of this bacteriophage. To find
a possible clue to the mystery of V. parahaemolyticus, we pre-
viously tried to isolate extrachromosomal elements from 37
strains and revealed that 9 of those strains possessed these
elements and that two of the elements were the replicative-
form (RF) DNAs of the filamentous phages (29). We desig-
nated these two phages V{12 and Vf33. These filamentous
phages are approximately 1,400 nm in length and 7 nm in width
and possess one single-stranded circular DNA genome approx-
imately 8.4 kb in size. However, we could not find an associa-
tion between the possession of the extrachromosomal elements
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and the Kanagawa phenomenon (beta-hemolytic on Waga-
tsuma agar medium).

Filamentous bacteriophages have been divided into two
classes (16, 17). Class I includes the Escherichia coli phages
M13, fd, f1, If1, and IKe, whereas class II includes the phages
Pf1 and Pf3, which infect Pseudomonas aeruginosa, and phage
Xf, which infects Xanthomonas oryzae. They generally possess
a circular, single-stranded DNA genome and can exist in an
infected host cell as a double-stranded RF DNA which can be
isolated as an extrachromosomal plasmid. Some of them can
integrate into chromosomal DNA (12, 35). Infected bacteria
continue to produce phage particles for considerable periods
without lysis (19). Therefore, it is logical to assume that they
might play an important role in horizontal genetic transmission
in the same mode as a lambdoid phage carrying the verocyto-
toxin gene does (5).

Recently, a filamentous phage of Vibrio cholerae, CTX phage,
was reported to be a genetic mechanism for the transmission
of the cholera toxin gene cluster (ctxAB) (34). This phage
integrates into chromosomal DNA via the attRS attachment
site or otherwise replicates as a plasmid in strains lacking the
attRS site. Since ctx4B is part of the CTX phage structure, this
phage can transmit ctxAB horizontally from toxigenic to non-
toxigenic V. cholerae strains. Since that study was published,
filamentous bacteriophages designated VSK (12), fs1 (7), and
fs2 (7) have been isolated from V. cholerae O139. VSK could
also integrate into the chromosome, forming a lysogen.

In this study, to assess the possible association between the
filamentous phages V{12 and V{33 and the mystery of the
Kanagawa phenomenon of V. parahaemolyticus, we analyzed
the gene structures and the distribution among Vibrio species
of V{12 and V{33. Although no tdh or trh gene was detected on
the two filamentous phage genomes, the phage genome inte-
grated into the chromosomal DNAs of host cells and also into
extrachromosomal DNA and other Vibrio species. The results
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TABLE 1. Vibrio strains used for gene distribution analysis and
examined by Southern blot hybridization

Reference or

Strain (n) Serotype source
V. parahaemolyticus
Vp2, Vp25, Vp29 K6 29
Vpl12, Vp33 K12 29
Vpl K13 29
Vp26, Vp34 Ko64 29
Wpl (TDH™) 04:K12 Clinical isolate
Wp28 (TDH™) Untypeable Clinical isolate

V. fluvialis (1) Clinical isolate

V. damsela (1) Clinical isolate

NAG Vibrio (3) Food

V. cholerae (4) Food
V. vulnificus (2) Clinical isolate

V. hollisae (2) Clinical isolate

strongly suggested that V{12 and V{33 phage genomes could
interact with plasmid-borne and chromosomal DNAs of host
cells and could play a role in a dynamic mobilization of the
pathogenic genes of V. parahaemolyticus by the filamentous
phages.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. Bacterial strains of the genus Vibrio
used in this study are described in Table 1. E. coli K-12 XL1-Blue was used as the
host strain for the recombinant plasmid DNA. Luria-Bertani broth (1% tryptone,
0.5% yeast extract, 0.5% NaCl, 0.1% glucose) was used for the plasmid prepa-
ration. Nutrient agar (Nissui Seiyaku, Tokyo, Japan) supplemented with 1.0%
NaCl (final concentration of NaCl, 1.5%) was used for the solid culture of
V. parahaemolyticus. Luria-Bertani agar plates and 2YT agar (1.6% tryptone,
1.0% yeast extract, 0.5% NaCl, 1.5% agar) plates were used for culture of E. coli
strains. Plasmids pUC119 (ampicillin resistant) and pZErO-2.1 (kanamycin re-
sistant; Invitrogen Corporation, San Diego, Calif.) were used as vectors. Antibi-
otics were used at the following concentrations: ampicillin, 100 pg/ml, and
kanamycin, 50 pg/ml.

Isolation and cloning of RF DNAs of bacteriophages Vf12 and Vf33. RF DNAs
of V{12 and V{33 were isolated from V. parahaemolyticus Vp12 and Vp33,
respectively, by the alkaline lysis method of Birnboim and Doly (3). To deter-
mine their nucleotide sequences, RF DNAs of Vf12 and V{33 were digested with
the restriction enzymes EcoRI, EcoRV, Hincll, HindIIl, Kpnl, and PstI (see Fig.
1A) and the digested fragments were cloned into the plasmid vector pUC119 or
pZErO-2.1. The recombinant clones were used to transform E. coli K-12 XL1-
Blue and were selected by resistance to ampicillin (100 wg/ml) or kanamycin (50
wg/ml). All of the restriction enzymes were purchased from TaKaRa Shuzo Co.,
Ltd. (Kyoto, Japan).

PCR amplification. RF DNAs (1 to 20 ng) of V{12 and V{33 were amplified
in a 100-pl reaction mixture containing 200 pM (each) dATP, dTTP, dCTP, and
dGTP; 1.0 pM each primer; 2.5 U of Tag DNA polymerase (TaKaRa Shuzo,
Shiga, Japan); 10 mM Tris-HCI (pH 8.3); 50 mM KCI; and 1.5 mM MgCl,. By
using Program Temp Control System PC-700 (Astec Co., Ltd., Kyoto, Japan),
PCR amplifications were initially denatured at 95°C for 3 min and then subjected
to 30 cycles of denaturation at 95°C for 1 min, annealing at 55°C for 1 min, and
extension at 74°C for 1 min. Oligonucleotide primers used for PCR were pur-
chased from Greiner Japan Co., Ltd. (Kyoto, Japan).

Nucleotide sequencing of the cloned fragments and the PCR products. Nu-
cleotide sequencing of V{12 and V{33 was carried out by using the cloned
fragments and PCR products. Initially, the nucleotide sequences of both terminal
regions of the cloned fragments were determined by using a fluorescein-labeled
M13 universal primer (5'-TGTAAAACGACGGCCAGT-3') and an M13 re-
verse primer (5'-CAGGAAACAGCTATGACC-3") with Dye Primer Cycle Se-
quencing FS Ready Reaction kits (Perkin-Elmer Japan Co., Ltd., Tokyo, Japan).
Next, the nucleotide sequences of the middle regions and each of the connected
portions of the cloned fragments were determined by amplifying RF DNAs of
V{12 and V{33 with synthesized primers. PCR products were sequenced with a
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TaKaRa Taq Cycle Sequencing core kit (TaKaRa Shuzo Co., Ltd., Kyoto, Japan)
and Dye Terminator Cycle Sequencing FS Ready Reaction kits. The nucleotide
sequences were analyzed with an ABI 373S DNA sequencer (Perkin-Elmer
Japan Co., Ltd., Tokyo, Japan). The MacGenetyx and BLAST Search (1) pro-
grams were used for analyzing and searching for homology, and the DNASIS
program (Hitachi Software Engineering Co., Ltd., Yokohama, Japan) was used
to determine G+C contents.

DNA probes and Southern hybridization. To determine the distribution of the
bacteriophage genomes on chromosomal and extrachromosomal DNAs of
V. parahaemolyticus and of other Vibrio strains, Southern hybridization tests were
carried out. Total cellular DNAs of Vibrio strains were extracted by the method
of Saito and Miura (23). Chromosomal and extrachromosomal DNAs digested or
not digested with EcoRV enzyme were electrophoresed on a 1% agarose gel
(Agarose ME; Nakarai Chemicals Ltd.), transferred to a nylon membrane (Hy-
bond-N; Amersham Japan, Ltd., Tokyo, Japan) and hybridized with probes
under stringent conditions as described by Southern (27). The nine fragments of
V133 RF DNAs presented in Fig. 3 were purified from an agarose gel and labeled
with digoxigenin. The prehybridization, hybridization, and chemiluminescent
detection of the nylon membrane blots were done as recommended by the man-
ufacturer (Boehringer GmbH, Mannheim, Germany) with a DIG DNA labeling
and detection Kit.

Nucleotide sequence accession numbers. The nucleotide sequence data for the
RF DNAs of V{12 and V133 appear in the DDBJ, EMBJ, and GenBank nucle-
otide sequence databases with the accession no. AB012574 and AB012573, re-
spectively.

RESULTS

Nucleotide sequencing. We determined the nucleotide se-
quences of Vf12 and V{33 RF DNAs. Both RF DNAs con-
sisted of 7,965 bp.

The entire nucleotide sequences of the genomes of bacte-
riophages V{12 and V{33 were determined by sequencing both
the recombinant fragments and PCR products as described in
Materials and Methods. All of the nucleotide sequences of the
Vf12 and V{33 genomes were determined in both directions on
overlapping DNA fragments. There was only one base differ-
ence between the 7,965-nucleotide sequences of the V12 and
V133 genomes. This nucleotide change occurred within the
third position of a codon and did not affect the predicted
amino acid sequence. We could also find a novel Hincll frag-
ment of approximately 703 bp (Fig. 1A). This fragment pos-
sessed one Accl site, whereas the other Hincll fragment, which
was 719 bp in size, did not possess an Accl site. We digested the
RF DNA of Vf33 with the Hincll enzyme alone or with a
combination of the Hincll and Accl enzymes and could con-
firm the existence of the novel Hincll fragments.

Gene structure. Gene structures of V12 and V{33 genomes
are presented in Fig. 1B. A computer analysis of the nucleotide
sequences of the V12 and V{33 genomes revealed 11 potential
open reading frames (ORFs) and four apparently untranslated
intergenic regions (IGs) (Fig. 1B). On the basis of their num-
bers of amino acids, all of the ORFs were designated VPFs
(V. parahaemolyticus filamentous phage). Eight VPF ORFs
(vpf243, vpfa02, vpf117, vpf81, vpfi7, vpfa9l, vpfl04, and
vpf380) were predicted to be transcribed in one direction,
whereas three VPF ORFs (vpf261, vpf122, and vpf152) were
predicted to be transcribed in the opposite direction.

The organization and the amino acid numbers of seven VPF
OREFs and one IG (vpf402, vpfl117, vpf81, vpf77, 1G3, vpf491,
vpf104, and vpf380) were similar to those of six genes and one
IG of CTX phage (rstA, rstB, 1G, cep, orfU, ace, and zot) of
V. cholerae (34, 35) and seven genes and one IG of M13 phage
(genes 1I/X, V, VIII, 111, VI, and I and IG, with IG located
between genes VIII and IIT) of E. coli (33). Therefore, we
called the region the conserved region. However, Vf12 and
V133 phages, like CTX phage, lack a gene corresponding to
gene IX of M13 phage, which produces a minor protein at the
leading end of the virion.

On the other hand, the region from nucleotide positions
4514 to 7212 included three IGs and four genes (IG1, vpf261,
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FIG. 1. Gene structures of bacteriophage Vf12 and V{33 genomes. (A) Restriction enzyme cleavage map. The circular phage genome is represented in a linear form

with the Hincll site as point zero and is numbered in the 5'-to-3" direction of the viral strand. (B) Comparison of the linear ORF maps of filamentous phages V{12
and V133, CTX of V. cholerae, and M13 of E. coli. ORFs are represented as blocks. The numbers in the blocks refer to the number of predicted amino acids, and arrows
indicate the transcription directions of genes. The genetic map of CTX phage was designed according to the work of Waldor and Mekalanos (34) and Waldor et al.
(35). The genetic map of M13 phage was designed according to the work of Van Wezenbeek et al. (33).

1G4, vpf122, vpf152, vpf243, and 1G2). In the corresponding
region, M13 phage harbored only gene IV, which encodes an
assembly protein, and CTX phage harbored the ctx4B gene,
which encodes cholera toxins A and B, IG1, the rstR gene,
which encodes the repressor of the expression of the rst4 gene,

and IG2. Therefore, we called this region of V{12 and V{33 the
distinctive region.

Amino acid homology search of each VPF. To assess the
potential function of the product encoded by each VPF of the
V£12 and V{33 genomes, database searches for proteins similar

TABLE 2. Comparison of ORFs between filamentous bacteriophages Vf12 and V{33 and CTX or M13

CTX phage of V. cholerae® M13 phage of E. coli

%g :))rf % (ratio) of _ % (ratio) of .
Vi33 ORF¢ homology® Fl;lnctlon(s) or naturAe of ORF homology Functions or natur§ of
omologous proteins B — homologous proteins
Identity  Similarity Identity ~Similarity
vpfa02  rstA (389) 39.2 74.6 Replication, integration? Gene IV (410) Initiates rolling-circle replication; nicks
(122/311) (232/311) and seals DNA at a specific site
vpf117  rstB (123) 12.9 47.1 Integration
(11/85) (40/85)
vpf81 Gene V' (87) Single-stranded-DNA-binding protein
vpf17T  cep (82) 19.5 63.6 Core DNA-encoded pilin Gene VIII (73)  22.1 623 Major coat protein
(15/77) (49/77) (17/77)  (48/77)
vpfa9l  orfUF (395) Structural protein of virion Gene IIV (424) Minor protein at leading end of virion
vpfl04  ace (96) 26.0 61.5 Increase short-circuit current or ~ Gene VI (112) 15.6 67.7 Minor protein at leading end of virion
(25/96) (59/96) serve as a minor protein (15/96)  (65/96)
vpf380  zot (399) 23.0 64.0 Affect intercellular tight junctions Gene I (348) 42 10.2 Assembly protein
(83/361) (231/361) or serve as an assembly protein (15/361) (37/361)
vpf261
vpf122  rstR (112) 17.6 54.1 Regulator, repressor
(15/85) (52/85)
vpf152
vpf243

“ The number in each VPF ORF designation indicates the number of amino acids of the product of each predicted ORF.
® Summarized from the data of Fasano et al. (8), Pearson et al. (22), Trucksis et al. (31), and Waldor et al. (35).

¢ Summarized from the data of Van Wezenbeek et al. (33).

4 Numbers in parentheses are numbers of amino acids of the product.

¢ Number of identical or similar amino acids in the product/total number of amino acids in the product of the homologous region. The levels of homology were
determined with the MaxGenetyx program.

/The ORF is a match in size and location, but its product shows no homology to the amino acid sequence of the product of the ORF of V{12 or Vf33.
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2) putative transcriptional terminators

Tl: TTTTGGGTGGCATTGCCGGATACGTGGCCAGCCAAAA

T2: CGCTTTGCGGGAGGGACCTAAAAGCG

T3: ACCCCCGAATCTGTATTACGGGGGT

T4: TCTAAAGCTAATATTTTTGCTTGAGA

T5: TTTTTTGTCGGGGCTGACAATAAAA

T6: TGTCATAATGCATTTTGAAA

T7: CAAATTCACGAAAAATATAATTTTTAGTCATTTCG

T8: CGATTTACTT, TCC

FIG. 2. Repeat sequences of the Vf12 and V{33 genomes, which consist of (i) direct repeat sequences (R1, R2, and arrows), (ii) inverted repeat sequences (T1 to
T8 and asterisks), and (iii) repeated sequences similar to the shorter versions of the 18-bp terminal inverted repeats of the ISVs (S1 to S5). S1 (large open arrowhead)
is similar to a part of the inverted repeats (5'-GATTTACGCAACAAAGCC-3"). S2 to S5 indicate the homologous sequences with the shorter versions of the inverted
repeats, which are indicated by <1 (5'-AACAAAGCC-3') and > (5'-GGCTTTGTT-3").

to the predicted V{12 and V133 polypeptides were carried out.
Table 2 shows ratios of amino acid homology with CTX and
M13 phages and the function of each protein of CTX and M13
phages.

The amino acid sequence of vpf402 showed a high similarity
(BLAST score = 190) to that of RstA of CTX phage. This
product is required for CTX phage replication and possibly
integration as well (35). The vpf402 product was also similar to
the proteins encoded by orf166 and orf208 of fs1, the filamen-
tous phage of V. cholerae 0139 (7), but did not have significant
homology with gene II of M13 phage. vpf117 matched closely
rstB of CTX phage in size and location, and the predicted
proteins also showed 47.1% similarity. A homologous gene is
not present in M13 phage. RstB is required for integration of
CTX phage (35). By amino acid homology search, it was seen
that the vpf81 product was similar to the TraK protein of con-
jugative plasmid IncP-Beta RP4 of E. coli, which is the single-
stranded-DNA-binding protein with a transfer origin (39).
vpf81 matched closely in size and location gene V of M13 phage,
which encodes the single-stranded-DNA-binding protein (25),
but no homology was revealed between the proteins. These
VPFs might be required for V12 and V{33 phage DNA repli-
cation and integration.

vpf77 corresponded in size and location to cep of CTX
phage, which encodes the core-encoded pilin, and gene VIII
of M13 phage, which encodes the major coat protein. Like
Cep, the NH, terminus of Vpf77 possesses a hydrophobic
signal sequence (22, 34). vpf491, located immediately down-
stream from vpf77, revealed no significant similarity with any
protein. However, the vpf491 product corresponded in size
and location to orfU of CTX phage and gene III of M13
phage (31, 34). Vpf491 might be the virion protein necessary
for participation in receptor binding, because OrfU of CTX
phage and gene III of M13 phage were the minor proteins at
the leading end of the virion adsorbing the receptor of the host
cell. Perhaps there is great diversity in the structures of these
products because the pilus receptors for different filamentous
phages vary widely between bacterial species (34). Vpf104 was
similar (BLAST score = 55) to Ace (accessory cholera entero-
toxin) of CTX phage, Orf93 of bacteriophage Pf3 of P. aerugi-

nosa (15), and the product of gene VI of M13 phage (33). Ace,
which is capable of altering cellular ion fluxes, increases the
short-circuit current in Ussing chambers and causes fluid se-
cretion in rabbit-ligated ileal loops (31). On the other hand, the
ace gene product was similar to the gene VI product of M13
phage, which is the minor protein at the leading end of the
virion (33, 34). Vpf380 had significantly more similarity
(BLAST score = 103) to Zot (zonula occludens toxin) of
V. cholerae (8) than to a family of proteins including the prod-
uct of gene I of Ff phages of E. coli (2, 33) and the correspond-
ing product of gene I of the filamentous phages Pf3 and Pf1 of
P. aeruginosa (9, 15). Zot increases the permeability of the
small intestinal mucosa by affecting the structure of the inter-
cellular tight junctions, or zonulae occludens. The zot product
was similar to the gene I product, which might be involved in
phage assembly and export (34). These genes might be re-
quired for phage morphogenesis.

The Vpf122 product has a similarity to the 8.4-kDa Cro pro-
tein of lambdoid phage HK022. The Cro protein of the lamb-
doid phage is the repressor that regulates transcription (21).
vpf122 is also similar to rstR of CTX phage in size and tran-
scriptional direction. rstR encodes a CTX phage repressor
(35). Search with the Vpf243, Vpf152, and Vpf261 sequences
did not reveal significant homologies with any proteins. These
genes were distinctive to V12 and V{33 phages and might play
a role in the autonomous replication and regulation of the
replicons.

Repeat sequences. We found three different groups of re-
peat sequences in the genomes of V{12 and V{33 (Fig. 2). They
were the sequences of the direct repeats (R1 and R2); the
sequences of the inverted repeats (T1 to T8), which were pu-
tative transcription terminators; and sequences similar to the
shorter 9-bp versions (5'-AACAAATCC-3" and 5'-GGCTTT
GTT-3') of the 18-bp terminal inverted repeat sequences (5'-
GGCTTTGTTGCGTAAATC-3" and 5'-GATTTACGCAAC
AAAGCC-3") of the insertion-like elements (ISVs) which flank
the tdh gene (S1 to S5) (30). Many of the repeat sequences
were in the region peculiar to Vf12 and V{33.

Two direct repeat sequences, R1 (5'-TTCGTCAAAGTTA
TCTTCTT-3') in the 3'-terminal portion of vpf261 and R2
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(5'-TTCGTCTCAGTTCGCTTCTT-3") in 1G2, flanked the
distinctive region of the V{12 and V{33 genomes. The inverted
repeat sequences which form stem-loop structures are assumed
to be transcriptional terminators (T1 to T8) (Fig. 2), and many
of them are located in the distinctive region and in three IGs:
IG1, IG2, and IG3. This localization of terminators suggests
that transcription starts upstream from vpf243, vpf402, and
vpf491 and terminates downstream from vpf243 (T8 in 1G2),
vpf77 (T1 in IG3), and vpf380 (T2 and T3 in IG1), respectively.
The regulation of transcription in the conserved region seems
similar to that of M13 phage. In the distinctive region, putative
transcriptional terminators were located in vpf261 (T4 and T5)
and vpf122 (T6 and T7). The three genes (vpf261, vpf122, and
vpf152) located in the region might be transcribed separately.
Furthermore, sequences similar to the shorter versions of the
terminal inverted repeat sequences of ISVs were found in
vpf243 and vpf402 (S1 to S5) (Fig. 2). We could not find any
repeat sequence in 1G4.

G+C content. The G+C content of the complete nucleotide
sequences of the Vf12 and V{33 genomes was 45.7%. The G+C
content of the nucleotide sequence of the distinctive region
from the 4,780th to the 6,700th position was extremely low,
37%, whereas that of the sequence of the conserved region was
49%.

Southern blot hybridization analysis. To assess the potential
of the filamentous phages V{12 and V33 of being genetic
transmitters like CTX phage of V. cholerae, we investigated the
integration of the Vf12 and V{33 genomes into chromosomal
DNAs of host cells and their distribution within V. parahae-
molyticus and other Vibrio species by Southern hybridization
analysis with nine labeled probes (P1 to P9) (see Fig. 4) of
V133 RF DNA.

At first, to investigate whether V{12 and V{33 genomes in-
tegrate into the chromosomal DNA of a host cell, total cellular
DNA containing V{33 RF DNA and chromosomal DNA were
hybridized with nine labeled probes of V{33 RF DNA. Undi-
gested chromosomal and V{33 RF DNAs hybridized with all
nine probes (data not shown), suggesting that the V{33 ge-
nome exists also on chromosomal DNA. To elucidate the
integration of the V{33 genome into chromosomal DNA, we
searched junction fragments of V{33 genomic and chromo-
somal DNA. EcoRV-digested purified V{33 RF DNA and total
cellular DNA hybridized with nine probes, and the hybridizing
patterns were compared. When the DNAs were probed with
P1 to P7, the hybridizing patterns of total cellular DNAs were
identical to those of purified V{33 RF DNA. However, when
the DNAs were probed with P8 and P9, which were located on
an EcoRV-digested 2.1-kb fragment of the V{33 genome, the
hybridizing pattern of total cellular DNA revealed additional
bands when it was compared to that of Vf33 RF DNA. When
hybridized with probe P8, V{33 RF DNA showed one hybrid-
izing band at 2.1 kb whereas total cellular DNA showed two
additional hybridizing bands at 4.4 and 6 kb, which were named
J2 and J1, respectively (Fig. 3A, lanes 1 and 2). When hybrid-
ized with probe P9, purified V{33 RF DNA showed one hy-
bridizing band at 2.1 kb whereas total cellular DNA showed
one additional hybridizing band at 6 kb, which was identical in
size to J1 of the hybridizing band obtained with the P8 probe
(Fig. 3B, lanes 1 and 2). These results show that the V{33
genome integrated into chromosomal DNA of the host cell at
the region of P8 and that the region of probe P8 was divided
into two terminal portions. Therefore the region of probe P9 is
located on one terminal portion (Fig. 3C).

Next, to investigate the distribution on extrachromosomal
and chromosomal DNAs of V. parahaemolyticus and other
Vibrio species, the extrachromosomal DNAs and total cellular
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FIG. 3. Hybridization patterns of the P8 (A) and P9 (B) probes and the mode
of integration of the Vf12 and V{33 genomes (C). (A and B) Vfl12 and V{33
phage genomes are present as the RF and concomitantly integrated into the
chromosome. Numbers on the left are the sizes of N HindIII markers. RF DNAs
or total cellular DNAs digested with EcoRV were analyzed by agarose gel elec-
trophoresis, transferred to nylon membranes, and hybridized with the labeled
fragments P8 (A) and P9 (B). The chromosomal junction fragments of the Vp33
strain are labeled J1 and J2. (A) Lanes: 1, purified RF DNA of V{33; 2, total
cellular DNA of the Vp33 strain; 3, purified pVp25 DNA; 4, total cellular DNA
of the Vp25 strain; 5, total cellular DNA of the Wpl strain; 6, total cellular DNA
of the Wp28 strain; 7, total cellular DNA of V. damsela; 8, total cellular DNA of
NAG-Vibrio. (B) Lanes: 1, purified RF DNA of V{33; 2, total cellular DNA of
the Vp33 strain. The fragment labeled J1 has the same size as J1 of panel A, lane
2. (C) The phage genome is represented in a thick circular form, and that of the
chromosome is in a thin linear form. P8 and P9 indicate the probes used in panels
A and B, respectively. E and P indicate the EcoRV and PstI enzyme sites of the
phage genome, respectively. a and b and a’ and b’ indicate the attachment sites
of the phage genome and chromosome, respectively. J1 and J2 indicate the
junction fragments that are the same as those of panels A and B.

DNAs of all strains (Table 1), digested or not digested with
EcoRV, were used for hybridization. Probe P6 was not found
on any genetic element tested, except for RF DNAs and chro-
mosomal DNAs of V{12 and V£33 (Fig. 4). The other eight
probes hybridized in places with some extrachromosomal
DNAs (Fig. 4A) and with all of the chromosomal DNAs of
V. parahaemolyticus (Fig. 4B). The region of probe P8 hybrid-
ized with all chromosomal DNAs of V. parahaemolyticus and
also with those of one V. damsela strain and one nonagglutin-
able-Vibrio strain (NAG-Vibrio strain) (Fig. 3, lanes 4 to 8, and
Fig. 4). When probe 8 was hybridized with purified extrachro-
mosomal DNA of pVp25 and chromosomal DNA of the Vp25
strain, there appeared to be more products and the patterns of
the purified extrachromosomal and chromosomal DNAs were
different (Fig. 3A, lanes 3 and 4). This indicates that sequences
similar to those found in V{12 and V{33 are integrated into
the chromosome of the Vp25 strain. One Vibrio fluvialis strain,
two Vibrio hollisae strains, two NAG-vibrio strains, four V. chol-
erae strains, and two Vibrio vulnificus strains were also tested
with these probes, but no bands were detected (data not
shown).
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FIG. 4. Distribution of Vf12 and V{33 genomes in extrachromosomal and chromosomal DNAs of V. parahaemolyticus and total cellular DNAs of other Vibrio
species detected by Southern blot hybridization analysis. The cloned fragments used as probes (P1 to P9) are represented by solid lines with two arrowheads. + and —
indicate the regions which hybridized and did not hybridize with probes, respectively. (A) Distribution on extrachromosomal DNAs of pVpl1, pVp2, pVp25, pVp26, and
pVp34. The numbers in parentheses refer to the sizes of the extrachromosomal DNAs. (B) Distribution on total cellular DNAs of V. parahaemolyticus. (C) Distribution

on total cellular DNAs of V. damsela and NAG-Vibrio.

DISCUSSION

We determined the nucleotide sequences and analyzed the
gene structures of the RF DNAs of Vf12 and V{33, two fila-
mentous bacteriophages of V. parahaemolyticus. The gene or-
ganization and amino acid numbers of the products of VPF
OREFs of the region from vpf402 to vpf380 of the V{12 and V{33
genomes, designated the conserved region, were similar to
those of CTX phage of V. cholerae and those of M13 phage of
E. coli. On the other hand, the gene organization and amino
acid numbers of the products of VPF ORFs of the region from
vpf260 to vpf243, designated the distinctive region, were pecu-
liar to Vf12 and V{33 phage genomes.

In the conserved region, the amino acid sequences of the
products of VPF ORFs were more homologous to those of
CTX phage genes than to those of M13 phage genes. The
amino acid sequence of the product of vpf380 was homologous
to that of the product of zot of CTX phage. Southern hybrid-
ization testing indicated that sequences homologous to vpf380
were present in some plasmids (pVp25, pVp26, pVp34, and
pVp2) and some chromosomal DNAs of V. parahaemolyticus.
It is not yet known whether the vpf380 product is active as a
toxin in a manner other than that of an assembly protein like
the zot product; however, Zot-like activity has been reported
for E. coli (32). The actual functions of the vpf380 product
must be further investigated.

In CTX phage, the sole rst4 gene could not be subcloned

while the fragment containing both the rst4 and rstR genes
could be. The rstR gene was transcribed divergently from other
genes (35). A similar result from subcloning experiments was
obtained by subcloning the vpf243 and vpf122 genes of V{12
and V{33 phages. That is, the sole vpf243 gene could not be
subcloned and the vpf243 gene could be subcloned only when
in existence with the vpf122 gene, which is also divergently
transcribed like the rstR gene of CTX phage. Therefore, the
vpf122 gene product has a function similar to that of the rstR
gene product, which is a regulator of CTX phage. The amino
acid sequence of the vpf402 gene product, though this gene
could be subcloned singly, was homologous to that of the rstA
gene product of CTX phage. The vpf243 gene product, which
had no homology with any protein in the database, or both the
vpf243 and vpf402 products may have a function similar to that
of the rst4 gene product, which is required for replication of
CTX phage.

The region of CTX phage of V. cholerae corresponding to
the distinctive region of V33 phage possessed both the ctxAB
gene cluster, which encodes the cholera toxin, and the diver-
gently transcribed rstR gene described above. The distinctive
region of Vfl12 and V{33 phages did not contain the tdh or
related genes, whereas it showed some distinctive features.
First, the G+C content of this region was extremely low, 37%,
compared with those of the remaining region of the V{33
genome and chromosomal DNA of V. parahaemolyticus. Sec-
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ond, 20-bp-long direct repeat sequences flanked this region
(R1 and R2) (Fig. 2). These results suggest the possibility that
this region was transmitted from species other than V. para-
haemolyticus. Third, this region and adjacent regions had a
sequence similar to the shorter 9-bp versions of the 18-bp
terminal inverted repeats of the ISVs which flanked the tdh
gene (30). Fourth, Southern blot hybridization analysis showed
that the P8 fragment was the hot spot for the integration of the
V133 phage genome into chromosomal DNA of the host cell
and that this region was widely spread in V. parahaemolyticus as
well as in NAG-Vibrio and V. damsela strains. These findings
suggest the ability of the V{33 phage genome to integrate
widely into Vibrio strains which possess the hot-spot portion.
By the way, the tdh gene of V. parahaemolyticus has many
variants and tdh-like genes were found in other Vibrio species,
for example, the NAG-Vibrio V. hollisae. These facts suggest
that the filamentous phage V{33 might play a role in genetic
transmission among Vibrio species. Fifth, the region of probe
P6 was not detected on any genetic elements. This region was
assumed to be required for the development of phages.

Southern blot hybridization analysis showed that a part of
the filamentous phage genome was distributed on extrachro-
mosomal DNAs isolated from V. parahaemolyticus strains (Fig.
3A). It is unclear whether these plasmid DNAs are RF DNAs
of phages or defective phages of V{12 and V{33 phage ge-
nomes, like lambda dv phage (24), or whether other plasmids
have acquired some parts of V12 and V{33 genomes. We were
not able to detect the plaque-forming activities of the culture
supernatants of the strains harboring these extrachromosomal
elements (29). Furthermore, we have not investigated the re-
ceptor of host cells specific to Vf12 and V{33 phages. Vf12 and
V133 phages had lytic activity only on the opaque-type colonies
of strains with K-38 capsular antigen, and we could not find any
extrachromosomal element in the indicator strain that ap-
peared to encode the receptor pilus-like pili encoded by DNA
borne on the F plasmid. With V. cholerae, TCP-pilin formation
was affected by many environmental factors and was controlled
by the ToxRS and ToxT systems (6). Especially, El Tor-type
strains hardly ever formed pili in vitro. However, in vivo, the
filamentous phages were easily transferred from the classical
type strain to the El Tor-type strain (13). A regulation system
equivalent to the ToxRS system of V. cholerae has been re-
ported to exist in V. parahaemolyticus (14). It is interesting how
these filamentous phages of V. parahaemolyticus strains behave
in vivo. To our knowledge a genetic analysis of filamentous
bacteriophages of V. parahaemolyticus has never been report-
ed. Although Vf12 and V{33 genomes do not possess the tdh
gene, the results presented in this report strongly suggest the
possibility that these filamentous phages transmit horizontally
between species and strains or between chromosomal and ex-
trachromosomal DNAs in V. parahaemolyticus. An analysis of
these filamentous phages might give a clue to the solution of
mysterious issues of V. parahaemolyticus.
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