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Filamentous Bacteriophages of Vibrios Are Integrated into the
dif-Like Site of the Host Chromosome
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The dif site is located in the replication terminus region of bacterial chromosomes, having a function of
resolving dimeric chromosomes formed during replication. We demonstrate that filamentous bacteriophages
of vibrios, such as 237 (Vibrio parahaemolyticus) and CTXd (V. cholerae), are integrated into the dif-like site

of host chromosome.

Cholera toxin, the most important virulence factor of Vibrio
cholerae, has long been believed to be encoded in the chromo-
some of the bacterium, but recently it was revealed to be encoded
within the genome of a lysogenic filamentous bacteriophage,
CTXd (17). Integration of CTX¢ into the host chromosome is a
site-specific recombination event in which a 17-bp DNA sequence
on the host chromosome, designated attRS1, has been demon-
strated to be the target for the site-specific integration by the
phage genome (3, 11). Although the role as a target for phage
integration is well established, it is not clear whether the attRS1
sequence serves any function for the host bacterium.

Vibrio parahaemolyticus is another vibrio that also is recog-
nized as a major, worldwide cause of acute gastroenteritis (8).
In the last 6 years, V. parahaemolyticus strains belonging to a
few specific serotypes, most likely derived from a common
clonal ancestor, have caused a pandemic of gastroenteritis (1,
2). In previous studies, we reported on a filamentous bacterio-
phage 237 that is specifically associated with the recent pan-
demic V. parahaemolyticus strains (7, 10). 237 is a single-
stranded DNA phage demonstrating a pattern of genomic
organization similar to that of CTX¢ (7, 10).

In this study, we demonstrate that 237 is integrated into the
dif-like site. dif is located in the replication terminus region of
bacterial chromosomes and has a function of resolving dimeric
chromosomes that result from an uneven number of recombi-
nation events between sister chromosomes during the replica-
tion cycle of bacterial DNA (5, 13, 15). Close scrutiny of the
whole genome sequence of V. cholerae N16961 suggests that
CTXd¢ also utilizes the dif-like site for its integration into the
host chromosome.

V. parahaemolyticus strains RIMD2210633 (referred to here
as KX-V237) and RIMD2210587 (KX-V191) used in this study
were isolates from patients (10). The DNA probe for the phage
237 genome was previously described (10). Sample prepara-
tion of bacterial genomic DNA for pulsed-field gel electro-
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phoresis (PFGE) was according to a previously described
method (6, 18). For the construction of the lambda-based
library, the V. parahaemolyticus KX-V237 cells were grown in
Luria-Bertani broth supplemented with 3% NaCl and the
whole gnomic DNA was prepared by the standard method
(14). Gigapack III XL packaging extracts (Stratagene) were
used to package lambda phages. Shotgun sequencing was car-
ried out as previously described (10).

237 was originally discovered as an episomal replicative
form present in the host cytosol (10). Since the genome orga-
nization of 237 is similar to that of CTXd¢, we examined
whether the genome of 237 might be integrated into the host
bacterial chromosome as CTX¢. Genomic DNA of V. parah-
aemolyticus KX-V237 cells known to have been infected with
237 was completely digested with the NorI restriction enzyme
prior to separation by PFGE. Southern blot analysis using a
DNA probe specific for the £237 genome demonstrated hybrid-
ization with the largest Notl fragment (1,080 kb in size) (Fig.
1). The results suggest that f237 is integrated into the host
chromosome as a prophage.

To identify the integration site of the £237 genome on the host
chromosome, we constructed a lambda-based DNA library of the
V. parahaemolyticus KX-V237 genome and screened for clones
that reacted with the probe for the 237 genome. A lambda clone
that hybridized with the probe was obtained (clone 5-7-H). Shot-
gun sequencing of the clone revealed that it contained the whole
genome of f237 (Fig. 2). The sequence demonstrated that the
237 phage is integrated into an intergenic region on the KX-
V237 chromosome without disrupting any open reading frame
(ORF). By comparing the obtained sequence with the previously
reported sequence of the 237 replicative form (10), we could
identify the core of the a#P sequence, which consisted of 12 bp
(referred to as attPy5,) (Fig. 3). This 12-bp sequence was directly
repeated in the clone 5-7-H at both ends of the 237 phage
genome (Fig. 2). We deduced the putative target sequence for
integration of the 237 phage (a#tBy,s;) by subtracting the se-
quence of one set of the 237 phage genome sequence from the
sequence of clone 5-7-H (Fig. 3). Unexpectedly, the 28-bp se-
quence containing the deduced attB,,;, shared a high degree of
homology (identity in 27 of the 28 bases) with the dif site of
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FIG. 1. Southern hybridization with probe for 237 phage. Lane 1,
lambda ladder as size standards; lanes 2 and 3, Notl digests of KX-
V237 genomic DNA. Lanes 1 and 2, ethidium bromide-stained gel;
lane 3, Southern hybridization with a probe for £237 phage. The con-
ditions for PFGE were on 1% agarose gel in 0.5X Tris-borate-EDTA
buffer at 6 V/cm with pulse times of 1 to 60 s for 21 h at 14°C. The
upper signal in lane 3 is the position of the well.
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Escherichia coli (5) (Fig. 3). These results raised the possibility
that £237 is integrated into the dif site on the chromosome of V.
parahaemolyticus KX-V237.

On the E. coli chromosome, the dif site is located 180° away
from the replication origin (oriC) on the circular chromosome
(5). To determine the location of the integration site of {237 on
the chromosome of the KX-V237 strain, we localized the po-
sition of the 237 phage genome on the physical map (16) of
the KX-V237 chromosome. The probe for the f237 genome
hybridized with the NA and SA fragments when the Norl or
Sfil digests of the KX-V237 genome were analyzed by PFGE
(Fig. 4). Considering that dnaA, often found very close to oriC
in many bacteria, is present on the NH fragment (16) (Fig. 4),
the location of the 237 genome is speculated to be directly
opposite oriC on the circular chromosome. Genomic sequenc-
ing by a Japanese consortium using the strain KX-V237 of V.
parahaemolyticus is in progress. In the database of shotgun
phase sequencing (7X coverage) of the whole genome of the
strain, the attBy,5, and its flanking region is the sequence most
homologous to the E. coli dif among all the contigs (Makino et
al., unpublished data). Furthermore, examination by PCR us-
ing primers A and B or A and Cin Fig. 2 revealed that no DNA
fragment is integrated in the a#tBy,, site in a V. parahaemo-
Wticus strain KX-V191 (10) that is not infected with 237.
These results suggest that £237 is integrated into the dif-like
site of the large chromosome of KX-V237.

237 is a closely related phage of CTXd (7, 10, 17). The
integration site on the host chromosome of CTX¢ is a 17-bp
element, attRS1 (3, 11). When compared with E. coli dif, the
28-bp sequence, including the majority of the attRS1 and its
flanking region, was highly homologous to E. coli dif (25 out of
28 bases matched) (Fig. 3). In the whole genome sequence of
V. cholerae N16961 (4), this 28-bp sequence corresponds to the
position from the 1,564,104th base of chromosome 1, located
nearly 180° away from the oriC on the circular chromosome.
Also, the sequence is the most highly matched to E. coli dif in
the whole genome sequence of the N16961 strain. All these
results suggest that CTX¢ also utilizes the dif-like site as a
target for chromosomal integration.

Resolution of dimeric chromosomes at the dif site is a site-
specific recombination event mediated by the tyrosine recom-
binases, XerCD (5, 13). Since the integration of phage ge-
nomes into the host chromosome is also a site-specific
recombination event, there is a possibility that the chromo-
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FIG. 2. Integration site of 237 phage on KX-V237 chromosome. The location of the integration site of 237 on clone 5-7-H is schematically
presented. 4, 12-bp direct repeats; black box, dif-like sequence; blocks, ORFs of the £237 genome. The numbers in the blocks are ORF numbers
(10). Arrows (A, B, and C) show the positions and directions of primers for PCR.
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A: GTGCGCATTATG

B: CTTGGTGCGCATTATGTATATTATGTTAAATGT

C: |CCTAGTGCGCATTATGThTGTTATGTTAAATTA

D: GGTGCGCATAATGTATATTATGTTAAAT,

" Left arm

‘Central’

Right arm

FIG. 3. Alignment of nucleotide sequences of attPy,3,, attBy,3,, attRS1, and E. coli dif. (A) attPs,s7; (B) attBps, with flanking sequences (the
sequence of attBy,3, is boxed); (C) attRS1 with a flanking sequence (the sequence of attRS1 is boxed); (D) the dif sequence of E. coli. (C) The
published sequence of V. cholerae N16961 (4) is the complement of the sequence. Base 1564104 corresponds to the end of the right arm of dif.

somal integration of vibrio phages is also mediated by host
XerCD. However, considering that the overlap of the attPy,;,
or attRS1 sequence with the dif sequence is only partial (Fig.
3), it is also likely that the chromosomal integration of the
vibrio phage is independent of XerCD, and the phages just use
the dif-like site as one of the conserved sequences in bacterial
genomes. To clarify whether the XerCD recombinases are
involved in the chromosomal integration by vibrio phages, fur-
ther studies including construction of xerCD-disrupted mutant
strains of vibrios would be needed.

Because of the positioning of the duplicated region (attPy,5,)
at one end of dif rather than in the center (Fig. 3), the conse-
quence of integration of the 237 genome is that the whole dif
site is regenerated at one end of the prophage. Thus, the
integration should not destroy the dif site nor should it create
two functional dif sites, both of which might be predicted to be
bad for the host. dif (or its coordinate) has been found in a
wide range of bacterial species (12). Recently, it was reported
that Xanthomonas bacteriophage ¢Lf integrated into a dif-like
sequence (22 out of 28 bp identical to E. coli dif) (9). Likewise,
it is possible that bacteriophages infecting other bacteria also
use the dif site for chromosomal integration.
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FIG. 4. Location of the integration site of £237 on the large chro-
mosome of V. parahaemolyticus KX-V237. The circle indicates a phys-
ical map of the KX-V237 large chromosome with restriction sites of
Notl. The physical map is according to Tagomori et al. (16). NA and
NH represent Notl fragments, and SA is an Sfil fragment. The probe
for the f237 genome hybridized with the NA and SA fragments. dnaA
is located on the NH fragment.
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ADDENDUM IN PROOF

After acceptance of this article, a paper (K. E. Huber and
M. K. Waldor, Nature 417:656-659, 2002) was published which
reports that the CTX¢ integration site overlaps with the dif site
and that the integration requires XerC and XerD.
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