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In this study, we determined the borders of the pathogenicity island in V. parahaemolyticus RIMD2210633
(Vp-PAI). Vp-PAI has features in common with Tn7 and other related elements at both terminal ends. Our
findings indicate that the mobile element with a transposase which contains the DDE motif may have been
involved in Vp-PAI formation.

Vibrio parahaemolyticus is a gram-negative bacterium which
belongs to the Gammaproteobacteria (17, 22), and some V.
parahaemolyticus strains cause food-borne gastroenteritis. The
pathogenicity of this organism for humans has been shown by
epidemiological studies to be strongly associated with the pres-
ence of the gene(s) encoding thermostable direct hemolysin
(TDH) and/or TDH-related hemolysin (TRH) (11, 13, 19, 20).
Whole-genome sequencing of tdh� V. parahaemolyticus strain
RIMD2210633 led to the proposal that there is a pathogenicity
island (PAI) consisting of ca. 80 kb of DNA on the small
chromosome (ChrII) (1.9 Mb). This region contains the genes
for TDH and type III secretion system 2, which are involved in
virulence (17). The term PAI refers to a horizontally acquired
genetic region that contains a virulence gene(s), is found only
in pathogenic strains, and is not detected in the same or closely
related avirulent species (7, 21). PAIs play an important role in
pathogenesis and bacterial evolution (8, 28). The PAI in V.
parahaemolyticus RIMD2210633 (Vp-PAI) has a G�C content
that is lower than the average G�C content of ChrII (17). In
addition, experimental findings indicate that the genes for type
III secretion system 2 on Vp-PAI are absent in tdh-lacking
strains (24). Since the precise region of Vp-PAI and its genetic
features as a mobile element have not been thoroughly iden-
tified, we performed the study described here.

All V. parahaemolyticus strains used in this study were ob-
tained from the Laboratory for Culture Collection, Research
Institute for Microbial Diseases, Osaka University, Osaka, Ja-
pan. Bacterial strains used in this study are listed in Table 1. V.
parahaemolyticus strains were cultured in Luria-Bertani broth
supplemented with 3% NaCl at 37°C with shaking. Purification
of genomic DNA with a DNeasy tissue kit (Qiagen, Valencia,
CA) and extraction of DNA from agarose gels using a Qiaex II
gel extraction kit (Qiagen) were carried out according to the
manufacturer’s instructions. The primers used in this study

were primer-C (5�-GAATCAAAAGATATGATAAATGCC
C-3�) and primer-D (5�-CGCGCTAACTTCCACAAGGTTG
CC-3�). A conventional PCR was performed using Ex Taq
polymerase (TaKaRa Bio, Shiga, Japan) according to the man-
ufacturer’s instructions. Nucleotide sequencing was performed
with an ABI PRISM 3100 sequencer (Applied Biosystems,
Foster City, CA) and a BigDye v3.1 cycle sequencing kit (Ap-
plied Biosystems). The sequencing conditions were changed
according to the manufacturer’s protocols depending on the
templates used for cycle sequencing. Direct sequencing with
the sequencing using genomic DNA as a template method was
performed as previously described (15). For homology
searches of both nucleotide and amino acid sequences, the
BLAST service at the Genome Information Research Center
(http://genome.naist.jp/bacteria/vpara/) and the NCBI (http:
//www.ncbi.nlm.nih.gov) were used. Sequence information was
obtained from the NCBI.

For determination of Vp-PAI boundaries, we compared
RIMD2210633 and RIMD22121918, a tdh trh-lacking strain.
The region corresponding to the outside of Vp-PAI in
RIMD22121918 was sequenced by the sequencing using
genomic DNA as a template method using genomic DNA as
the template and PCR products (430 bp) amplified with
primer-C and primer-D. Compared with RIMD2210633, the
sequences showed loss of a large genetic segment (Fig. 1). A
similar loss of a large Vp-PAI segment was also found in two
other tdh trh-lacking strains, RIMD2212481 and RIMD2212470.

The analysis showed that Vp-PAI ranged from 1,387,705 to
1,467,746 bp from oriCII (covering open reading frame [ORFs]
VPA1310 to VPA1396) of RIMD2210633 and was flanked by
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TABLE 1. V. parahaemolyticus strains used in this study

Strain
Genotype

Year of isolation Reference
tdh trh

RIMD2210633 � � 1996 17
RIMD2212481 � � 2001 This study
RIMD2212470 � � 2001 This study
RIMD22121918

(� KE10491)
� � 1983 23
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5-bp direct repeats (DRs) (5�-AACTC-3�). These DRs were
presumably generated by target site duplication. Vp-PAI was
inserted into an intergenic region between VPA1309 (an ORF
encoding a hypothetical protein) and VPA1397 (an ORF en-
coding an acyl-coenzyme A thioester hydrolase-related pro-
tein). The size of Vp-PAI was 80,042 bp, and the G�C content
was 39.2%, which is notably lower than the average G�C
content of ChrII, which is 45.4%.

The relationship between a tRNA and an integrase has been
the subject of reports on PAIs or genomic islands in a number
of organisms, including V. parahaemolyticus (12, 18, 32). Vp-
PAI, however, is not associated with an tRNA gene (the near-
est tRNA gene, the tRNA-Gly gene, is more than 230 kb from
Vp-PAI) and does not possess the gene for integrase. More-
over, we could not find any genes related to phages or conju-

gative transposons (recently renamed integrating conjugative
elements) in Vp-PAI (3–5, 29). For these reasons, Vp-PAI may
be atypical and distinct from other PAIs or genomic islands
reported to date. We investigated the sequences at both ends
of Vp-PAI since we thought that they could provide insight
into the manner in which Vp-PAI was formed. We found that
Vp-PAI possesses five inverted repeats (IRs) at both ends,
consisting of one pair of long IRs (16 bp) and four pairs of
short IRs (11 bp). The terminal ends are formed by the 5�-
TG. . .CA-3� dinucleotide (Fig. 2). These features are similar
to those of Tn7, Mu, and other related transposable elements
(10). For this reason, we searched for genes homologous to the
genes present in such transposable elements and found that
the products of VPA1394 and VPA1395 are similar to TnsC
and TnsB (Tn7) or TniB and TniA (Tn5090), respectively (10,
26, 27). These proteins are responsible for transposition in Tn7
or binding to IRs in Tn5090 (1, 2, 6, 14, 30, 31). A central
component of the catalytic reaction for TnsB and TniA, the
DD(35)E motif, is conserved in VPA1395 (D226, D301, E347).
The superfamily including Tn7 and Tn5090 is linked by the
presence of the characteristic DD(35)E motif in the trans-
posases and by the presence of the dinucleotide TG at the
transposon 5� ends (16). The structural features of Vp-PAI,
therefore, indicate that Vp-PAI (or its precursor) may be re-
lated to this superfamily. It is difficult to imagine that an 80-kb

FIG. 2. Left and right ends of Vp-PAI and DRs. The DRs are enclosed in boxes. LIR long IR; SIR, shorter. A subscript L indicates that the
IR is embedded in the left end, and a subscript R indicates that the IR is embedded in the right end. For short IRs, the same nucleotides are
shaded. The bent arrow indicates the initiation codon of VPA1396, GTG (complementary strand).

FIG. 1. Schematic diagram of the exact region of Vp-PAI. The
open triangles represent DRs in RIMD2210633, and the open penta-
gons represent VPA1394, VPA1395, and VPA1396 (see text).
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stretch of DNA was transferred horizontally by the Tn7 super-
family because no such case has been reported. One assump-
tion is that such an element was a founder that generated
Vp-PAI, as previously described by Parks and Peters (25).

The TnsA homolog in Vp-PAI has not been identified using
sequence information alone. The site of integration for Vp-
PAI is different from that of Tn7. This seems to be consistent
with the absence of TnsD and TnsE in Vp-PAI (9, 26).

We examined sequences that are at least 200 bp long around
the target site in tdh� and/or trh� strains by direct genome
sequencing (15). We aligned the sequences around the target
site in tdh� and/or trh� strains with those in tdh trh-lacking
strains. The results showed that unknown foreign elements
become integrated into the same region of the Vp-PAI target
site. Both ends of the elements were very similar to the ends of
Vp-PAI (see the nucleotide sequences we deposited). Since
this finding was obtained with the tdh� and/or trh� strains
tested, it implied that elements with Vp-PAI-like end se-
quences are present not only in tdh� strains but also in trh�

strains.
The Vp-PAI boundaries determined in this study are slightly

different from those predicted by bioinformatics (12), but they
are supported by experimental results obtained using three tdh
trh-lacking strains (Fig. 1). The consolidated data should be
helpful in future investigations of the pathogenicity and evo-
lution of V. parahaemolyticus.

Nucleotide sequence accession numbers. The nucleotide se-
quences described here have been deposited in the GenBank/
DDBJ/EMBL database under accession numbers AB298911,
AB298912, AB298913, AB298914, AB298915, AB298916,
AB298917, AB298918, AB298919, AB298920, AB298921, and
AB298922.
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