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The tdh gene of Vibrio parahaemolyticus which encodes the thermostable direct hemolysin has been found in
some strains of other Vibrio species. Analysis of seven tdh genes cloned from V. parahaemolyticus, Vibrio
mimicus, and non-O1 Vibrio cholerae revealed that all tdh genes were flanked by insertion sequence-like
elements (collectively named ISVs) or related sequences derived from genetic rearrangement of ISVs. The ISVs
possessed 18-bp terminal inverted repeats highly homologous to those of 1S903 (2- to 4-bp mismatch) and were
881 to 1,058 bp long with <33.6% sequence divergence. These features and nucleotide sequence similarities
among ISVs and IS903 (overall homologies between ISVs and 1S903, ca. 50%) strongly suggest that they were
derived from a common ancestral sequence. A family of ISVs were widely distributed in Vibrio species, often
regardless of the possession of the tdh genes, and one to several copies of the ISVs per organism were detected.
A strain of V. mimicus possessed two copies of the ISVs flanking the ¢dh gene and three copies unrelated to the
tdh gene. However, the transposition activity of the ISVs could not be demonstrated, probably because they had
suffered from base changes and insertions and deletions within the transposase gene. The possible mode of

ISV-mediated spread of the tdh gene is discussed from an evolutionary standpoint.

Vibrios are widely distributed in the marine environment,
and some species can cause gastroenteritis in humans
through seafood consumption (5, 18). The pathogenic mech-
anism of one such bacterium, Vibrio parahaemolyticus, is
not clearly understood, but the thermostable direct hemoly-
sin (TDH) produced by this organism is considered an
important virulence factor (37). Recently, some strains be-
longing to other Vibrio species isolated from diarrheal pa-
tients were found to produce hemolysins similar to TDH.
These species include non-Ol1 Vibrio cholerae (44, 45),
Vibrio mimicus (15), and Vibrio hollisae (46).

We have been studying the gene (¢dh) encoding TDH. Five
tdh genes cloned from V. parahaemolyticus (designated tdhl
to tdhS) have been sequenced, and it was found that the
coding regions had a sequence divergence of less than 3.3%
(2, 29, 30). The genes encoding the TDH-like hemolysins of
other Vibrio species have also been cloned (16, 31). The
coding sequences of the genes cloned from non-Ol1 V.
cholerae, V. mimicus, and V. hollisae had 96.7% or more,
97.0% or more, and 93.3% or more homologies, respec-
tively, with genes tdhl to tdhS. Therefore, these genes were
included in the tdh gene family and were named NAG-tdh,
Vm-tdh, and Vh-tdh, respectively (1, 39, 43).

While the majority of clinical strains of V. parahaemolyti-
cus and V. hollisae possessed the tdh gene (28), only some
clinical strains of non-O1 V. cholerae and V. mimicus had
the tdh gene (16, 31). Evidence to support the hypothesis of
plasmid-mediated transfer of the tdh gene between Vibrio
species was obtained by comparative analysis of two plas-
mid-borne tdh genes (tdh4 and NAG-tdh) (1), and it could
explain the distribution of the tdh gene in many Vibrio
species. However, the tdh gene is usually present in the
chromosome (30). In addition, we found that the tdh genes of
V. parahaemolyticus were flanked by nucleotide sequences
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similar or identical to the terminal inverted repeat sequences
of IS102 (2, 27). Therefore, we put forward the hypothesis
that the tdh gene may be associated with an insertion
sequence (IS), possibly present on a transposon, and was
transferred between chromosomes and plasmids through an
IS-mediated mechanism. This hypothesis could also explain
other observations, e.g., how the tdh gene was duplicated in
Kanagawa phenomenon-positive (beta-hemolytic on Wagat-
suma agar medium) strains of V. parahaemolyticus (30) and
why some strains of V. parahaemolyticus spontaneously lost
the tdh gene (29, 38).

In this article, we present evidence at a nucleotide se-
quence level to support the idea that IS-mediated transfer of
the tdh genes and subsequent rearrangement of the ISs
occurred during the evolution of the rdh genes. We first
found that the Vm-tdh gene was flanked by IS-like sequences
(collectively named ISVs) similar to IS903, which is related
to 1S102. We were then able to identify similar ISVs or
related sequences in the regions flanking other tdh genes. We
also found that a family of nucleotide sequences, which are
similar to these ISVs but are not always associated with the
tdh genes, are widely distributed in various Vibrio species.
Transposition activity of the ISVs was not demonstrated,
but, on the basis of nucleotide sequence analysis, we discuss
a possible mode of IS-mediated tdh gene transfer from an
evolutionary standpoint.

MATERIALS AND METHODS

Bacterial strains and plasmids. Wild-type Vibrio strains
which were tested with three or four DNA probes by the
DNA colony hybridization method (described below) were
of clinical or environmental origin and were stock cultures in
our laboratory. Of these strains, the following eight were
used for the Southern hybridization and/or cloning experi-
ments: V. parahaemolyticus WP1 and AQ3776 (30), V.
parahaemolyticus AQ3860 (2), non-O1 V. cholerae 91 (16),
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TABLE 1. Plasmids used in this study
Plasmid Description ?:f‘:_‘; co er

pUC9 41

pUC118/pUC119 42

pACYC184 8

pCVDS534 12.6-kb Pst] fragment containing the tdh gene copy of V. parahaemolyticus WP1 (Vp-tdhl) 28
cloned into pBR322

pCVDS538 8.1-kb Sall fragment containing the tdh gene copy of V. parahaemolyticus WP1 (Vp-tdh2) 31
cloned into pBR322

pKTN420 5.0-kb Sacl fragment containing the tdh gene copy of V. parahaemolyticus AQ3776 This study
(Vp-tdh3) cloned into pUC118

pCVD532 5.0-kb Hindlll fragment containing the tdh gene copy of V. parahaemolyticus AQ3776 28
(Vp-tdh4) cloned into pBR322

pKTN201 6.4-kb Sacl fragment containing the tdh gene copy of V. parahaemolyticus AQ3860 2
(Vp-tdhS) cloned into pUC118

pCVDS541 9-kb Hindlll fragment containing the tdh gene copy of non-O1 V. cholerae 91 (NAG-tdh) 16
cloned into pBR322

pCVD546 3.2-kb Pst1 fragment containing the tdh gene copy of V. mimicus 6 (Vm-tdh) cloned into pBR322 31

pKTN419 9.8-kb Aval fragment (blunt ended) containing the tdh gene copy of V. mimicus 6 (Vm-tdh) This study
cloned into the Smal site of pUC118

pKTN412 0.67-kb BamHI-Hindlll fragment internal to ISV-ML cloned into the BamHI-Hindlll sites of This study
pUC118

pKTN403 0.4-kb Alul-Haelll fragment internal to ORF1 cloned into the Smal site of pUC9 This study

pKTN409 1.05-kb Sacl-Haelll fragment internal to ORF2 cloned into the Sacl-Hincll sites of pUC118 This study

pKTN421 7.2-kb EcoRlI fragment of V. mimicus 6 containing the sequence homologous to ISV-ML This study
(ISV-M7.2) cloned into pUC118

pKTN422 5.2-kb EcoRI fragment of V. mimicus 6 containing the sequence homologous to ISV-ML This study
(ISV-M5.2) cloned into pUC118

pKTN423 2.4-kb EcoRI fragment of V. mimicus 6 containing the sequence homologous to ISV-ML This study
(ISV-M2.4) cloned into pUC118

pGP704 Derivative of suicide vector pJM703.1 J. J. Mekalanos

pKTN430 1.5-kb Haell fragment of pACYC184 carrying the chloramphenicol resistance gene (blunt This study
ended) cloned into EcoRlI site (blunt ended) of pGP704

pKTN431 1.7-kb Sphl-Xbal fragment containing ISV-MS5.2 cloned into the Sphl-Xbal sites of pK TN430 This study

pCHR71 Thermosensitive replication mutant of R388 33

pAT153 Nonmobilizable derivative of pBR322 lacking the transfer origin for conjugal transfer 40

pKTN435 1.7-kb Sphl-Xbal fragment containing ISV-MS5.2 cloned into the Sphl-Nhel sites of pAT153 This study

and V. mimicus 6 (31), all of which were isolated from
clinical sources and possessed the tdh genes; non-O1 V.
cholerae NRT-NAGT71, a clinical strain lacking the tdh gene;
O1 V. cholerae AQ1002, a clinical eltor strain possessing the
cholera toxin (ctx) gene; and V. parahaemolyticus BG53, an
environmental strain deficient in the tdh gene and which was
used in the replicon fusion experiments. Escherichia coli
HB101 (6), IM103 (23), and MC1061 (7) were used as hosts
for construction and propagation of plasmids. E. coli
MV1184 (42) was used as a host for preparation of single-
stranded DNA. Other E. coli strains were used in the
replicon fusion experiments: SY327 \ pir and SM10 X pir (24)
in the experiment with a suicide vector and DH1 (13) and
C2110 polA Nal" (34) in the experiment using a R388 deriv-
ative. The plasmids employed or constructed in this study
are described in Table 1.

Reagents. Restriction enzymes and modification enzymes
were purchased from Takara Shuzo Co. (Kyoto, Japan),
Toyobo Co. (Osaka, Japan), and Boehringer Mannheim
(Penzberg, Germany). Radioactive compounds used for nu-
cleotide sequence determination and DNA probe labeling
were obtained from Amersham Corp. (Buckinghamshire,
England).

General genetic techniques and nucleotide sequence deter-
mination. Standard methods (21) and/or their modifications,
described previously (29), were employed for DNA manip-
ulations. For determining the nucleotide sequences of DNA

fragments, the DNA fragments were cloned into pUC118/
pUC119. Single-stranded DNA to be used for sequencing
was then prepared by the method of Vieira and Messing (42),
and the nucleotide sequence was determined by dideoxy
chain-termination method as described by Mizusawa et al.
(25).

DNA probes and hybridizations. Three DNA probes were
constructed in this study. The probe specific to ISV-ML
(described below) was constructed by cloning a 0.67-kb
BamHI-HindIll fragment internal to ISV-ML (Fig. 1) into
pUC118, resulting in a recombinant plasmid, pKTN412. The
probe DNA (BamHI-HindIll fragment) was prepared from
pKTN412. The probe specific to open reading frame 1
(ORF1) (Fig. 1) was constructed by cloning a 0.4-kb Alul-
Haelll fragment internal to ORF1 (Fig. 1) into the Smal site
of pUCY, resulting in a recombinant plasmid, pKTN403. In
the tdh genes other than the Vm-tdh gene, the sequences
homologous to ORF1 were interrupted by the terminal
inverted repeats of ISVs or ISV-9TS at the site immediately
upstream of the Alul site (see Fig. 3). Therefore, the Alul-
Haelll fragment was considered specific to ORFI1.
pKTN403 was digested with BamHI and EcoRI, which were
immediately adjacent to the Smal site in pUC9, and the
0.4-kb BamHI-EcoRI fragment was isolated and used as the
probe DNA specific to ORF1. The probe specific to ORF2
(Fig. 1) was constructed by cloning a 1.05-kb Sacl-Haelll
fragment internal to ORF2 (Haelll site is located 0.28 kb
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FIG. 1. Restriction map of the 9.8-kb Aval fragment bearing the Vm-tdh gene and schematic representation of the genetic structures
contained in the 6.8-kb Sacl-Aval subfragment. The size (in base pairs) of each genetic structure is indicated at the bottom. The transcriptional
directions of the tdh gene and two ORFs (ORF1 and ORF2) are from left to right. The orientations of two ISVs (ISV-ML and ISV-MR) are
determined by homology with IS903 (see text and Fig. 2 and S). The approximate positions of three DNA probes constructed in this study
(the probes specific to ISV-ML, ORF1, and ORF2) are indicated by solid bars under the respective genetic structures.

downstream of the EcoRlI site shown in Fig. 1) into the Sacl-
and Hincll-cleaved pUC118, resulting in a recombinant
plasmid, pKTN409. pKTN409 was digested with Sacl and
Pstl (immediately flanking the Hincll site), and the 1.05-kb
Sacl-Pstl fragment obtained was used as the DNA probe
specific to ORF2. The tdh gene probe, which was derived
from a 406-bp fragment internal to the tdh gene (71% of the
coding sequence), was described previously (28). The probe
fragments were labeled with 3?P by the random priming
method (9) and used for hybridization. The DNA colony
hybridization test (28) and the Southern blot hybridization
(30) were performed as described previously.

Replicon fusion experiments. Transposition activity of
ISV-MS.2 (described below) was examined in two replicon
fusion experiments. In the first experiment, a suicide vector
system described by Miller and Mekalanos (24) was em-
ployed because we had already used this system successfully
for constructing insertion mutations in V. parahaemolyticus
(26). pGP704, a derivative of the suicide vector pJM703.1
(24) into which a polylinker was inserted, was constructed in
J. J. Mekalanos’ laboratory and obtained through J. B.
Kaper. pGP704 was digested with EcoRI, blunt ended with a
Klenow enzyme, and ligated with a blunt-ended 1.5-kb
Haell fragment of pACYC184 (8) carrying the chloramphen-
icol resistance gene. The resultant plasmid, pK TN430, was a
suicide vector with two antibiotic markers (Ap" Cm"). The
1.7-kb Sphl-Xbal fragment bearing ISV-MS5.2 was cloned
into the Sphl- and Xbal-cleaved pKTN430 and transformed
into E. coli SY327 X pir, resulting in a recombinant plasmid,
pKTN431 (Ap" Cm"). pKTN431 was purified and then trans-
formed into E. coli SM10 \ pir, which can mobilize pGP704
derivatives. SM10 X\ pir(pKTN431) was incubated with a
recipient on a membrane filter (0.4-pm pore size; Nuclepore
Corp.) for mating at 37°C for 12 h and then spread onto
TCBS agar (Difco) containing chloramphenicol (20 pg/ml).
The recipient strain used was V. parahaemolyticus BG53,
which did not possess the sequences homologous to ISV-
MS5.2. Since pKTN431 cannot replicate without the function
provided in trans by the pir gene, it is possible to detect a
clone in which the whole plasmid pKTN431 was integrated

into the host chromosome either by the transposition activity
of ISV-MS5.2 or by homologous recombination. Such a clone
should grow on TCBS agar supplemented with chloramphen-
icol. The frequency of integration by homologous recombi-
nation is expected to be minimal in recipient strain BGS53.

In the second experiment, we looked for the fusion of two
plasmids mediated by ISV-M5.2. A 1.7-kb Sphl-Xbal frag-
ment carrying ISV-MS5.2 was cloned into the Sphl- and
Nhel-cleaved pAT153 (Ap"), a nonmobilizable derivative of
pBR322 in which the transfer origin for conjugal transfer was
deleted (40). The resulting plasmid, pKTN435, was trans-
formed into E. coli DH1 (recA). DH1(pKTN435) was then
transformed with pCHR71, a thermosensitive replication
mutant of R388 (Tp") compatible with ColE1 derivatives (33).
The resultant donor strain, DH1(pKTN435, pCHR71), was
mated with recipient strain C2110 polA Nal® on the mem-
brane filter at 30°C for 3 h and then spread onto Mueller-
Hinton agar (Difco) containing trimethoprim, ampicillin, and
nalidixic acid. Because pKTN435, if mobilized at all, cannot
replicate in a polA host, there is a chance to detect a
transconjugant which possesses the pKTN435-pCHR71 co-
integrate.

Nucleotide sequence accession numbers. The nucleotide
sequences reported in this article have been assigned Gen-
Bank accession numbers as follows: M64120 for the 6,816-bp
sequence containing Vm-tdh gene (Fig. 1); M64121 for ISV-
3L (Fig. 2); M64122 for ISV-SL (Fig. 2); M64123 for ISV-5R
(Fig. 2); M64124 for ISV-4R (Fig. 2); M64125 for ISV-NR
(Fig. 2); M64126 for ISV-1L (Fig. 2); M64127 for ISV-ML
(Fig. 2); M64128 for ISV-MR (Fig. 2); M64129 for ISV-M5.2
(Fig. 2); M64130 for ISV-M7.2 (Fig. 2); and M64131 for ISV-
M2.4 (Fig. 2).

RESULTS

ISVs flanking the Vm-tdh gene. The nucleotide sequence of
the coding region of the Vm-tdh gene cloned from V.
mimicus 6 was determined previously (39). The complete
nucleotide sequence of the 3.2-kb PstI fragment of pCVDS546
containing this Vm-zdh gene was determined in this study. A
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«nw__” GGCTTTGTTG CGTAATTCGA GGGAACTAAA TCAGAAGCTT ACGATCTGAT CGGTTAAGTA AGTTAATTCC CCTAGTCTCA
V-5R ---C
V-4R -T---A T C-- --- AT -tk kikkkkk——— —— AC--CACC CA----- CT- -G---C-GA-
V-NR =T---A T C-- -=— AG-¥kkk Kkkkkkk-———- - -AC-~CACC CA----- CT- -G---G-GA-
V=1L  ——-—— C-A A-—--A---- T-A -TCA. ---C ---C--C--T CA--C-ACT- TG--------
VML A T -TCA---~--- ------C--- ---C--C--T CA--C-ACT- TG--------
V-MR --GT-A T ~-TCA: -===-T---- ---C--C--T CA--C-ACT- TGC-------
V-MS, 2 A T -TCA-----= —————- C-~-- —-—- CC-C--T CA--C-ACT- TG--------
V-MT. 2 A T G---A- ---C-—-C--T CA--C-ACT- TG--------
V-M2. 4 A T C--- ---C--C--T CA--C-ACT- TGC-------
100 s 150
«qu TGCCGAAACC TCGCTACAAA ACAACGAACT GGAAACAGTA CAACAAAGCC TTAATCAACC GTGGTTCACT CACTTTCTGG
V-5R A
L T == ~C---- ——==- TT-—~ -== TC--=== ———=— A-=-T- -=-—=-= T-- G--C--T---
V-NR ---T ' ¢ ‘ + ’
V-1L ——=T-——-- A-TT---=-= == AC--T- ----G--A-- ---TC-C--T C-C------- -C--C--T-- T---
V-ML =T A--T--—=== === AC---- ----G--A-- ---TC----T CCC------- -C--C--TA- T---
V-MR —===T--——- A--T---=-m ———- #C-~~- -~--G--A-- ---TC----T C-C------- -C--C--TG- T---
VM5, 2 -~--T----- A--T---oee == AC—--- ——— -G--A-- ---TC----T --C------- -C--C--TG- T---
V-M7.2 ----T--——m A--T----—= -=—-, AC---- --- -G--A-- ---TC---~T C-C------- -C--C--T-- T-=-
V-M2.4 ----T--—--- A-=T-mmmmm o AC--=-= ==—=G-~A-~ ===TC----T C-C---kikk skiikkkkik kktikikiik
200
«nw__” ATTGATGAAG AAGCCATTCG CCAGTGGAAG CAGAGTAAAC AAGATAAACK #kkkkdskGT GGTAGACCTC GTCAGTTCAG
V-5R * c A
«lnu |||||||| GC ----G--AGC -G-------- -- AGCA---G ===C-=--G-% ¥hkkkhhk—— —————————— - C-GA-----
V-1l —ommmmmmm oo G--A%k TT G ---GC--G~% #okkakhhk—C —-G-A-A--- ~-ATT-----
. G--Ax% A G--T ---GC--GGA AAACAAGC-C --G-A----- --ATT-----
V-MR  —---mmmmee e G- ~A%% A G--T ~--GC--G-A AAACAAGC-C --G------- -- ATT-----
VM5, 2 —-----meem e G-—-A¥¥ FEEk¥e%k-GA G--T-G---- ---GC--G-A AAACAAGC-C --G------- -- ATT-----
V-MT. 2 —--mmmmmme - G--A%% Hkkkkkk-GA G--T-G-—- *
V-M2. 4 *XARAAGC-C --G------- —- ATT-—---
250 300

«-M__“ CGACTTAGCC ATTACCACTG CGCTTATGGT GAAACGAGTT TTCTCAATGC CGTTGAGAGC ATTGCAAGGG TTTATCGATT
V-5R
V-4R T T ——=-- T--C- -A--G---A- A----- CA-- —-~=- T---- - > ||||||||| C-—m=—-- T ---C-AA-C-
V-NR . *%-——-CA-~ ———-- T-=== -A--==—-—— - C------= T ---C-AA-C-
V-1L T--T--G--- --C--A--C- -TT-G---C- A--G--CA-- --T------- |>o TCA-CG T-C------- ----- G----
V-ML T--T--G--- --C--A--C- -TT-G--T-- A--G--CA-- --T-=-=--~-- -AC-TC-C-- T-C-===-—- ---—- G---C
V-MR 1--T--G--- --C--A--C- -TT-G~~--- A--G--CA-- --T------- -AC-TC-CCG T-C------- —-==~~f G~--C
«”nww T--G--G--- --C--A--C- -TT-G----- A--G--CA-- --T----~-=~ -AC-TC-CCG T-C----=== ==~ G---C
V-M2. 4 T--T--GA-- --C--A--C- -TT-G----- A--G--CA-- --T------- -AC-TC-C-- T-C-----~- -=-= --G---C

350 400
«-w__” CTGTTTTTTC ATTGGCT#AA CGTCCHCTAT AGT#CTGTCC CCA%##4%%T TACAGCTGTA ._.A>u>o._,oo>>o AGCTAAGCAA
V-5R * * * A -C
V-4R -A--A---AA GC-----%-- -A---%-GC- T--#%GA---- G--%kbkkk- ----CT--C- ----C--TC- --=-=--- A--
V-NR ~A--A---AA GC-----%-- -A---%-GC- T--#GA---- G--%kk¥kk- --~--CT--C- ----C--TC- 5-----~ A--
V=1L -C-AG-C-CG -C-T---C-- -T---A--GC GC#A-CCA-A -T-CAGTTG- AT---T---- -C-----T-- ---C--A--C
V-ML -C--G---CG -C-T---C-- -T---A--GC GC-G-CCA-A -T-CAGTTG- AT---T-—#& *dkkhkkTC- -——-—— AG-C
V-MR -C--G---CG -C-T---C-- -T---A--GC GC-A-CCA-A -T-CAGTTG- AT---TC-#% #&#dsk%TC- ---C--AG-C
«gw -C--G---CG -C-T---C-- -T---A--GC GC-G-CCA-A -T-CAGTTG- AT---TC-#% #4%k#k%4TC- ---C--AG-C
V-M2. 4 -C--G---CG -C-T---C-- -T---A--GC GC-G-CCA-A -T-CAGTTG- AT---T--#% sokkkks*TC- ---C--AG-C

450
«'mw GTCGAGGTTT CATTTAAACC mgg._.»b) 8HQO>>._.>0 AGCATCTAGC M»,_.,._.g.—.ono ACGGGTCTCA AGGTTTATGG
V-5R - ~ ¢
V-4R ==TTT---== ==cmme=cfA- ==cA-—C--= —=C-~—==== —=e=- T-G-- C C G
V-NR ==TTT===== —=—=--—-A- —==A--C--= -==C-==-==n —=o-- T-G-- C G
V-1L --T--TC-GC GT----G-A- G--A--C-A- T-AC-G--T- ------GT-- --- C-—--- T —-A-===-mm ————-mme A-
V-ML --T--T--AA GT------ AA G--A--C-A- --AC-G--T- -#----=T-- -=-C A
V-MR --T--T--AA GT-----~- A- G--A--C-A- --AC-G--T- -%---=-T-- ---C G-A
«ﬁw -=T--T--AA GT------ A- G--A--C-A- --AC-G--T- T-- - C: A
V-M2. 4 —-T--T--AA GT--—--- AA G--A--C-A- --AC-G--T- T-- ---C A
500 550

«nmw CTAAGGTGAA TGGAAGGTCA AGAAGCATGG TACTGACGGG AAGCGTAGGG TCTGGAGAAA ATTGCATTTA GCGGTAGACA
V-5R A
V-4R A A --A--C--A- -----C-T-- -C-----A-T --T-----T-
V-NR A A --A--C--A- -----C-T-- -C---—-A-T --T-----T-
V-1L G A ~A--A----- C--G--T--T --A--C--A- -G---T-G-- ---A---C-C --A-----T-
V-ML C--G A ~A--A----- C--G--T--T --A--C--A- -G---C-G-- ---A---C-C -TA----- T-
V-MR GGG--C--G ~---~-A---- -A--A----- C--G--T--T --A--C--A- -G---C-G-- ---A---C-C --A-----T-
V-M5.2 TG CA-G A -A--A----- C--G--T--T --A-TC--A- -G---C-G-- ---A---C-C --A-----T-
V-M7. 2  dokkerktss shobkkk-—-- -A--A----- CC-G--T--T --A-TC--A- -G---C-G-- ---A---C-C -TA----- T-
V-M2. 4 TG-G--CA-G -----A---- -A--A----- C--G--T--A --A--C--A- -G-~-C-G-- ---A---C-C -TA----- T-

600
V-3L CCAGCACTCA TGAAA®TCGT CGCGGCAGAA CTGAGTTTAT o,;)qo._.;o CGATGCAGAA GTCCTTCCTA >o._4mao._.o>
V-5L * *
V-5R *: -=T *
V-4R -A--T--C-- C----#-A-- -—=A-----G ------=--= ———- n||o |||||||| T--- --G-- C---G ----%#A--T-
V-NR -A--T--C-- C----%-A-- -—-A--=--G ---—--==== —=——C—- G-- --———- T--- == --C---G ----%A--T-
V-1L -G--T--G-- C----A-TA- T--C----- G T |>|n T -T--T---T-
VML -G--T--G-- C--—-%-TA- T--C----- G T ~A-C! T -T--%---T-
V-MR -G--T--G-- C----%-TA- T--C----- G T ~A-Cf T -T--%---T-
V-M5.2 -G--T--G-- C----%-TA- T--C-----G T -A-C T ~T--%---T-
V-M7.2 ~G--T--G-- C----%-TA- T--C: G T -A- T G “T--%---T-
V-M2. 4 -G--T--G-- C----%-TA- |||o>|||;o T ~A- T G ~T--%---T-
650 700
V-3L AGCAAACAC* ##x##GCCGA AGAATTATCG AGATATCTGG TGATGGCGCT TATGACACAA GGGATTGCCA CGATGCCATA
V-5l  ——oooom- A AACAA-AA-- ---- AG--A- ---G-GA--- C----A--AC A-AA---A-- -CC-CGA--- -A-AC-=---
V-5R  -------—- » L i --C A- T----- T---
V-4R  —-------- * saaxe-T--- -AG--C--TT A A -ACG T----- T---
V-NR ~ ———-—-=-- * dpkx-T--- -AG--C--T- -T A A -ACG ) T---
V-1L  —skkkksnk sobkk-T--— -A---CC-T- A-- C T- A--- -ACA--A--C
V-ML —mem oo * *kbkk-T-—~ -A---CT-T- A-- C --CA--A--C
SV-MR ~ ——--—-—- * kkkk-T--- -A---CC-T- A-- C --CA--A--C
V-M5. 2 —--—--o- * *kkkk-T--G -A---CC-T- A-- C --CA--A--C
V-MT. 2 -—-------- * *kkkk-T--- -A---CC-T- A-- C --CA--A--C
V-M2. 4 —-------- * dkkkk-T--- -A---CC-T- A-- C --CA--A--C
750 800
V-3L CGGTTCAAGC GAGCTGCTCC ACTCATCCCT CCAAGAGAAG GGGCAGCCTT oqamo)m;._. GGTCACCCTA GGAATTTAAC
V-5L  AA-CGA---- --C-ACT-A- --CT-CAA-A -A-------- CC--C---GA -AA-----~ C CC------mm —====—~ G-
V-5R  ——-A-A---- G-T--- G--T
V-4R  --AG------ ATT-GAT--- G----- T--G ==-C-----= =-T-T--T-- -=-----C-A --A------ c -q------a-
V-NR  --AG--—---- ATT-GAT--- G--=-- T--G ---C----=- ==T-T--T-- C-A --A -T
VL -TA-T-GA- ~sA-C-TGG- T--To=on —-omo---G- ~A--TT-A-- --—----A-GA —----T--G- -A------G-
V-ML  --TA-T-GA- --A-C-TGG- T--T------ ----——- -G~ -A--G--A-- -=------GA ----- T-TG- -A---skiokk
SV-MR ~ —-TA-T-GA- --A-C-TGG- T--J--==== ----==--G- -A--G--A-- —---=-A-GA -----T--G- -A--—kkikk
V-M5.2 --TA-T-GA- --A-C-TGG- T--T-=-=-= --=--==-G- -A--G--A-- ------A-GA -----T--G- -A---skikk
V-M7.2 --TA-T-GA- --A-C-TGG- T--T------ --------G- -C--G--A-- ------A-GA -----T--G- -A------G-
V-M2. 4 --TA-T-GA- --A-C-TGG- T--T--==-= -==-====G- -A-=G--A-= ------A-GA -----T--G- -A---#kkik
850
<|m_. GGTAGGTTGC CAGAAGCTCT AC¥GGCTCCA ACAATAAGTG GAAAAAGCGG TACGGCTATC >4>>>ma>wo>wo >n.;.qo>m>o
V-5L Mmmmmme mm—momm—= mmmmmmmm—e mmmmm—e——= oo - —-A-----—-
V-5R  —---- - T- --% G
V-4R  A-------- T * T- -=-=C--=-T --T----- C- ---- G----- G---------
V-NR  A------—- T T- —===C-==-T ==T---m- C- ---- G----- G-mommmoee
V-1l A--T-----= - A---GA- -TT--T--G- -A--GC-A-T
VML #kkk—————= —-A-----A- -T#--T--G- ----GC-T-- --=----- AC --T-----C- -C--G----- G----- T--A
V-MR  dkkk—————— ~-A-——--A- -T#--T--G- ----GC-T-- --------- ¢ --T-----C- -C--G----- G-----==- A
V-M5. 2 d#kk—————- --A-----A- -T#--T--G- --=-GT-T-- -------- ~C ==T-----C- -C--G---=- G---=- T--A
V-M7.2 C--T--C--- --A-----A- -T#--T--G- -=--GT-T-- --------~ C —-T-----C- -C--kikkkkk kkkkkikiik
V-M2. 4 *dk——-——- --A---—-A- -T#--T--G- -T--GC-T-- -------- AC --T-----C- -C--G----- G----- T--A
900 950
SV-3L ACAGCAATGT TTCGAGTGAA GCAGTTGTTA GGTGGGCGAT TAAGTCTGAG AAACTACAAT GCTCAGGTTG 0M9>>>o._:_.>
V-5L A -
V-5R A
S
V=11 A A --=-TTA---
V-ML  --G--G---- A----- -C-- A---—- -C-T —---- A--GC ~--=--- A== == q ..... o —-A--A-=-= mmmmmomo-
V-MR  --G--G---- A------ C-- A------ C-T --—-- A--GC ------- A-- -=-T-----C -- A--A--== ——-mmoooo-
V-M5.2  --G--G---- A------ C-- A----—— C-T --——- A--GC -------A-- ---q----.o —-A--A---- ——-mmmmm--
V-M7.2 #-G--G---- A------ C-- A----== C-T -==-= A--GC -------, A-- ===T-mmmmm - A-~A-m== —mmmmmm c-
V-M2. 4 --G--G---- A---~-- C-- A------ C-T --A--A--GC ------- A-- - 4 ..... C --A--A---- - A-mmmmmm
1000
V-3L CGCCATGATT AAAGCGCTGA ACAAACTTAC >oa>,348._. ATGCCTGAAA CTCAGTGTAT TGTATAAGAA TTGCTCAATT
V-5L
V-5R A
V-4R G
V-NR G
V-1L -===—-A--- --TGTC---- -~ GC-G-C-- --AA--T-AA
V-ML. ~ ---G-----C --———-T--- -——-G-—--- ———#0-———- —--—- Ahkkk kkkkkkk--- --GT-G-C—- --AA--T-AA
V-MR #C—---= ——--— A-—- - TGIC---~ --GC-G-C-- ——khtk
V-MS. 2 C T--- —-#C-mmon ~ommem A-—- - TGIC---- --GC-G-C-- --AA--T-AA
V-MT. 2 C T--- -4 ————o- A--- -~ TGIC---- - GC-G-C-- --AA--T-AA
V-M2. 4 C T--- . A--- -= TGTC-~--~ - GC-G-C-- ——#iokikk
1050 t——————
V-3L GCAGGCAGTT TGGTTTTCTG ACCGAATTAC GCAACAAAGC C 1,054 bp
V-5L C--- - 1,058 bp
1 R —— L - 1,053 bp
V-4R - 1,043 bp
V-NR - 881 bp
V-1L TAG---T--- C--C--CGAA -AT--T---- -———-————c - 1,046 bp
V-ML TAG---T--- C--C--CGAA -AT--C---- -=====-=—- - 1,031 bp
V-MR  ##%---T--- C--C--CGAA -AT--T---- —-==--=C-- - 1,031 bp
V-M5. 2 TAG---T--- C--C--CGAA -AT--C---- -—-----——- - 1,044 bp
V-MT.2 TAG---T--- C--C--CGAA -AT--T---- —====--=-c - 748 bp
V-M2. 4 #4k---T--- C--C--CGAA -AT--T---= ——-cmoeee - 964 bp

FIG. 2. Comparison of the nucleotide sequences of 11 ISVs aligned for maximum homology. Symbols used are the same as in Fig. 3. Since missing bases are included for alignment,
the numbers do not necessarily indicate the actual base numbers of each ISV (indicated in parentheses at the end of the sequence). The long arrows show the 18-bp terminal inverted
repeats of the ISVs. Nucleotides 121 to 130 in ISV-3L, ISV-5L, and ISV-5R (indicated by the short arrow) are identical to nucleotides 1,073 to 1,081 of these three ISVs, which are
9-bp terminal sequences of the terminal inverted repeats.
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- '1?0 -1 -1?0 'i” -35
Vm-tdh GACTTACGCAACAAAGCCATTCAGGCATTACGGTTACTTATAGAGTTGTAAGCACTATCAAAGATTTGGGAG*GTGTTTTTTT* *CATGATTATTCAGTTIGCTTTTTGG
Vp-tdhi GATTTACGCAACAAAGCC----G--=-~==== L T T T e C----- T--C-C--~-~ G----A--AA-CA----- HRAK_ _CAemmmmmmmmmmmmm e C--T-
Vp-kdh2 AACA/
Vp-tdh3 GAATTACGCAACA!
Vp-tdh4 AACAJ
Vp-tdh5 GAATTACGCAACA!
NAG-tdh ACA
. -60 -10, -40 ( h
Vm-tdh mmmmcm@ccrcmcmmmcmcrmwnmummmm* ATG TAA| AA*** %% **GTAA
Vp-tdhl  G*-------- L mpmp—— A--A==C-Tem=mmmmemmmmmmmmmmmemm e L pn -— B R il S
Vp-tdh2 GG------ G-C-=mmmmmm AAC- = mmmmem e mm e L SO - S 1- -— B ) T
Vp-tdh3 GG-------- Commmmmm y R ettt TeeeGommmm e mm *|---| (tdh coding region) ---| --GTAAAAA----
Vp-tdhd GG-------- Commmmmmm AAC-==mcmmmmmmmmmmmmmemmmmmmmae TeeeGuommmmmmm x| B R L L L T,
Vp-tdh5  GG-------- Commmmmmmm ACmm mmmm e mmmmmmmmmmmm e e Gommmmmm e | ___ P R S .2, RO
NAG-tdh GA------ G-T-------- AAC- === =m=memmmmmmmmmemmmmm o PeocGummmmmmmm *l o B R i T
+20 040 oelo oao +1 +120
Vm-tdh MGCCACAGMTATTCTGTGGCMGAAMTMTI‘AATAATMTTT*TCTGATT‘I‘ATGCATGTCMTGCMAGCTAGGTTGAGCACATGTCATGTTTTTTATTATAGCC
Vp-tdh!  —cccceccccccccccm e e N e e e A----GGCTTTGT
Vp-tdh2 ------eccemceecem e Gemmmmmmmm e m o T C-mmmmmm == A----A----- T--G------ G----- L AT-
Vp-tdh3  -----em e L e e TP A---A--ceemenae Ceemommmmm A----A-~--- T--G-~~~~-~ A-emme L el A--
Vp-tdh4 -----------eemmmmmmeee e A----- Gummmmmm e AA---A-----mmmm o Commmmme e A----A---~- T--G-----~ A-w--- L A--
Vp-tdhS -----cmememme e L ettt A---A--omemm o Cemmemm e A--~--A--~-- T--G-=mn== A--eem Heeeoem A--
NAG-tdh  —-----mmmmm e S T AA---A-—--m-mmm e Commmeme == A----A----- T--G------ A----- o A--
+ +160 +1 +200 ORF1 +220
Vm-tdh AACAACCAAAGTCTCGCTTGTTGATAAATATCAGACAAAAGAGAATGATTATTAATAATGTTTT*AGCTTATGG TTTAAAGTGAAT* k¥ *dkkkkkkhk
Vp-tdhi
Vg-t;dhz -------- C-=--CAA------=-cccmceee A-cmemmmm e Commmmmmm e e e Y e L LT L A~-~- e kdekdkdkdkdkdokkd
Vp-tdh3  -------- C---~CA-T-====== Co-mmmmmm A---ommmmm e L L L L L L L e T A------ A--~-== T-A---TAAATTAAATTA
Vp-tdh4  -------- Ce==-CA-m===mmmmmmmmmemm g O e e C----- Avmmmmm e mmem N e LT L A-eee Y *hkkkkdkhikkk
Vp-tdh5  -------- C---=CA-T----cccccccceenm A--emmmmm e L e DL L Y e L E LR L LT A----- T-A---kkkkkkkhhtik
NAG-tdh -------- C-=-PTCA--~-~~cmmmmmmmmm= A-cmmmecme e Cem==- A-mmmm e e Poemmmmm e m e L A----- S *hkkkkkhkkkki
+2, 02?0 +2 - 03?0 tul 0310

Vm-tdh  ***GTTTTTGCAATTGTGCTATGTTTGTTTTCACGCTATTTATTCGCTTCCGATGGTTACACTTTAGATTCAAAAGTATCCTCCG TACTATTAAAAGTCA
Vp-tdh‘l
vp-tdh2
Vp-tdh3
Vp-tdh4 GG
Vp-tdh5 ;GCTTTGTTGCGTAATTC
NAG-tdh CTTTGTTGCGTAATTC

FIG. 3. Comparison of the nucleotide sequences immediately flanking the seven tdh coding sequences. The nucleotide sequences of these
tdh coding sequences were reported previously (1, 2, 29, 30, 39). In this figure, the nucleotide sequences are aligned for maximum homology.
Symbols: -, identical base to that of the Vm-zdh-bearing sequence; *, missing base. In the upstream regions, sequences showing homology
with consensus sequences of E. coli, such as the Shine-Dalgarno sequences (SD) and —10 and —35 regions (—10 and —35) of the promoter,
are indicated by dots above the underlined sequences. In the downstream regions, an inverted repeat sequence, a possible transcription
terminator, is indicated («<>). The initiation codon of ORF1 downstream of the Vm-tdh gene (see Fig. 1) is also indicated (box). The underlined
sequences at both upstream and downstream ends of the sequences were homologous to the terminal inverted repeat sequences of IS102 and
1S903 and correspond to the terminal inverted repeats of the ISVs or related sequences (see Fig. 4).

1,031-bp ISV related to IS903 (ca. 50% homology, shown
below) was identified 153 bp upstream of the Vm-zdh coding
region (ISV-ML in Fig. 1). Anticipating that there might be
another ISV in the downstream region of the Vm-tdh coding
region (thereby comprising a composite transposonlike
structure), we cloned a larger 9.8-kb Aval fragment contain-
ing the Vm-tdh gene from the chromosome of V. mimicus 6
into pUC118 (pKTN419) and determined the nucleotide
sequence of the internal 6.8-kb Sacl-Aval fragment (Fig. 1).
An ISV was detected 3,594 bp downstream of the Vm-tdh
coding region (ISV-MR in Fig. 1). Like ISV-ML, ISV-MR
consisted of 1,031 bp and had 95.2% homology with ISV-
ML, and these two ISVs were flanking the Vm-tdh gene in
direct orientation. ISV-ML and ISV-MR possessed the
terminal inverted repeats of 18 bp which were highly homol-
ogous but not identical to those of IS903 (shown below). The
G+C content of the 4,314-bp sequence existing between
ISV-ML and ISV-MR was 32.6%, and it was in contrast to
the G+C contents of ISV-ML (45.4%) and ISV-MR (46.6%).
In addition to the Vm-tdh gene, there were two ORFs of 570
and 1,449 bp (ORF1 and ORF2, respectively, in Fig. 1) in the
4,314-bp region.

ISVs or related sequences flanking the other #dh genes. The
findings mentioned above raised the possibility that the tdh
gene might exist on a transposonlike element. We therefore

analyzed the nucleotide sequences flanking the other tdh
coding sequences which included five tdh genes of V.
parahaemolyticus (previously named tdhl to tdh5 and des-
ignated Vp-tdhl to Vp-tdhS in this study) and the NAG-tdh
gene of non-O1 V. cholerae. These tdh coding sequences had
high (96.7% or more) homologies with the Vm-tdh coding
sequences and possessed sequences similar to the terminal
inverted repeat sequences of IS/02 and IS903 in the up-
stream and downstream regions (Fig. 3).

Various DNA fragments carrying the Vp-tdhl, -tdh2,
-tdh3, -tdh4, and -tdhS and NAG-tdh genes were subcloned
from pCVD534, pCVD538, pKTN420, pCVDS32, pKTN201,
and pCVD541, respectively. The nucleotide sequences of
the upstream and downstream regions of the six tdh genes
were then determined. An ISV homologous to ISV-ML or
ISV-MR or a related sequence was identified both upstream
and downstream of all the six tdh coding sequences (sche-
matically shown in Fig. 4). There existed ISVs similar to
ISV-ML or ISV-MR upstream of the Vp-tdhl, Vp-tdh3, and
Vp-tdh5 coding sequences and downstream of the Vp-tdh4,
Vp-tdhS, and NAG-tdh coding sequences (designated ISV-
1L, ISV-3L, ISV-5L, ISV-4R, ISV-5R, and ISV-NR, respec-
tively; indicated in Fig. 4). The nucleotide sequences of
these eight ISVs of vibrios, including ISV-ML and ISV-MR,
were aligned for maximum homology and are presented in
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ISV-ML tdh gene ORF1 ORF2 1SV-MR
Vm-tdh 153 197 —— 1 ==
ISV-1L
Vp-tdh1 151 78
Vp~-tdh2 L AN\ grrrey
1sV-3L
Vp-tdh3 134 303
1SV-4R
Vp-tdh4 134 268
1SV-5L 1SV-5R
Vp-tdhS 134 2170 20
1SV-NR
NAG-tdh 137 268

FIG. 4. Location of the ISVs and related sequences flanking seven tdh genes. =< , ISV. The arrow denotes the orientation of the ISV

determined from homology with IS903 (see Fig. 2 and 5).p___ 4

, truncated form of ISV-3L. The consensus sequences for the 18-bp terminal

inverted repeats of the ISVs (», GGCTTTGTTGCGTAAATC; 4, GATTTACGCAACAAAGCC) are included in the symbols for the ISVs.
The 9-bp sequences, shorter versions of the 18-bp terminal inverted repeats of the ISVs, are indicated by » (GGCTTTGTT) and <
(AACAAAGCC). Physical distances between the rdh coding sequences and ISVs or related sequences are indicated (in base pairs), except
that the distance indicated downstream of the Vm-tdh gene is equal to that between the Vm-tdh coding sequence and ORF1. The nucleotide
sequence downstream of ISV-5R (not shown in Fig. 3) was TCTGATGGTTACACTTTAGAGGCTTTGTTGGCTTTGTT.

Fig. 2. The length of the ISVs varied between 1,031 and
1,058 bp, with the exception of ISV-NR. ISV-NR suffered a
162-bp internal deletion, but the remaining nucleotide se-
quence was 99.3% homologous to that of ISV-4R.

A truncated form of ISV-3L (indicated in Fig. 4), a 130-bp
sequence identical to bases 1 to 130 of ISV-3L, was present
upstream of the Vp-tdh4 and NAG-tdh coding sequences in
an orientation opposite to that of ISV-3L. As indicated in
Fig. 2, the 9-bp terminal sequence of the truncated ISV (a
sequence identical to bases 121 to 130 of ISV-3L) was
identical to the 9-bp terminal sequence of the right terminal
inverted repeat of ISV-3L (bases 1,073 to 1,081 in Fig. 2).

An ISV or an ISV truncate was absent, but the 9-bp
sequence identical or homologous to the terminal inverted
repeats of the ISVs (GGCTTTGTT or AACAAAGCC), a
shorter version of the 18-bp terminal inverted repeat se-
quences, was present downstream of Vp-tdhl and upstream
of Vp-tdh2 (Fig. 3 and 4). These 9-bp sequences were
collectively named ISV-9TS. ISV-9TS was tandemly re-
peated twice downstream of Vp-tdh2 and tandemly repeated
four times downstream of Vp-tdh3 (Fig. 3 and 4). ISV-9TS
tandemly repeated twice was also found 20 bp downstream
of ISV-5R (Fig. 4).

To examine the presence or absence of ORF1 and ORF2 in
vibrios, 368 strains of Vibrio species were tested under
high-stringency conditions by DNA colony hybridization
with DNA probes specific to ORF1, ORF2, and the tdh gene.
The test strains consisted of 273 strains of V. parahaemolyti-
cus (124 strains were tdh gene positive), 82 strains of non-O1
V. cholerae (1 strain was tdh gene positive), and 13 strains of
V. mimicus (5 strains were tdh gene positive). The sequences
homologous to ORF1 and ORF2 were present only in the five
strains of V. mimicus which possessed the tdh gene.

Comparison of nucleotide sequences of ISVs and 1S903. The
nucleotide sequence homologies among the eight ISVs iden-
tified so far (Fig. 4) were calculated from the sequences
shown in Fig. 2. The results indicated that these ISVs could
be clustered into three homology groups. The first group
consisted of ISV-3L, ISV-5L, and ISV-5R (92.2% or more

homology), the second group consisted of ISV-4R and
ISV-NR (99.3% homology), and the third group consisted of
ISV-ML, ISV-MR, and ISV-1L (88.4% or more homology).
Members of the first group had homologies of 77.7 to 84.2%
with members of the second group and 66.4 to 72.1% with
members of the third group. Members of the second group
had homologies of 69.3 to 70.1% with members of the third
group.

ISV-5R, ISV-4R, and ISV-ML were then chosen as rep-
resentatives of the three groups, and these ISVs and 1S903
were aligned for maximum homology (Fig. S). It is evident
that they comprise a family of ISs. IS903 contains an ORF
(921 bp) that encodes a transposase composed of 307 amino
acid residues (12). However, the ORFs identified in the ISVs
were considerably shorter: 789 bp in ISV-5R, 564 bp in
ISV-4R, and 453 bp in ISV-ML. The following observations
could, however, be interpreted to mean that base substitu-
tions, deletions, or insertions might have occurred in the
ORFs which had originally encoded transposases. In ISV-
SR, a single base deletion at the 235th codon might have
caused a frameshift mutation. Otherwise, ISV-5R contains
an ORF of 918 bp. Sequence comparison in Fig. 2 suggests
that the missing nucleotide may be G (base 806). In ISV-4R,
a stop codon (TAG) was identified at the 189th codon. Figure
2 suggests that it may be a point mutation from G to T (base
670). Substitution of T with G at this position will restore an
OREF of 918 bp in ISV-4R. In ISV-ML, a single base deletion
at the 116th codon may have resulted in a frameshift muta-
tion. As suggested by Fig. 2, the missing base may be G
(base 442). If the 442nd missing base is filled in with G, an
OREF of 903 bp will be restored in ISV-ML. A 9-bp in-frame
deletion is also seen in ISV-ML (codons 232 to 234).

In order to gain insight into the transposases which might
have been originally encoded by the ISVs, the base deletions
in ISV-5R and ISV-ML and the base substitution in ISV-4R
were restored (as described above) and the amino acid
sequences deduced from the nucleotide sequences were
compared with that of 1S903 (Table 2). Conservation of the
similar amino acid sequences in the putative transposases of
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1
18903 [GGCTTTGTTGAATAAATC|GAACTTTTGCTGAGTTGAAGGATCAGATCACGCATCTTCCCGACAACGCAGACCGTTCC** GTG GCA AAG CAA AAG TTC AAA ATC
ISV-5R |-~====---- CG--~T--| ~~GGGAACTAAATCAGA-GCTTA-GATCTGAT-GG--AAGTA-GTTAATTCC--TAGT-TC A-- C-G =-A -CT CGC -A- --- ~CA
I8V-4R |---==-=-e-CT======] ~~TGGAACT-AATCAAT-**## 444 # 4% ¢GAT-GA~~A~A~CCATTAATCTC-GTAG--GA A-- C-G --A -CT CGT -A- =--- -CA
I8V-ML |-------===CG====--~ ==TGGAACTAAATTCAA-GCTTA-GATC-GAT-GG--A-GTTCATT-AACTCTGTAGT-TC A-- C-T --A -C- CGT -A~ --- -CA
10 20
18903 ACC AAC TGG TCC ACC TAC AAC AAA GCT CTC ATC AAC CGT GGC TCC CTC ACT TTC TGG
I8V=-5R ==A === === AAA CAG === === =cec ==l PTo] === =ce =wee <o <=)] ~c= ccc e ==
ISV-4R -—- —-= --- TTG ==~ ==T C== ==C T=A --A ==T === ==F == ==G ==C =-=T —---
ISV-ML <-A- --- --- AAG CAA --- -= P C~~ G== =C- === === ==C === ==P A-G --G --T ---
40 50
18903 GAG TCA GCA ACA CCT TCT TCA CGA GGC AGA CCT CAG CGC TAT TCT GAC CTT GCC ATC ACG ACT GTG GTC ATT AAA CGC GTA TTC
ISV-SR C-= AGT AA- CA- GA- AAA *## —_C —— ——- -__ =GT -AA -TC AGC --- T-A === ==T ==C -== =C- -=T A-G G-G —--- -- A —-T ——-
ISV-4R C-A G-= AA- GA- G-= AAG *** - —=f -== -== ~GC --A -TC AG- --- T-A --T --T --T --C —CA --- A-G --A --- --- A-T ---
ISV-ML C-A GGC AAG GA- AAC AAG *#* -—C --G =A- --- -GT ATT -TC AG- --T T-G --= === ==A ==C =CT T-- A-T G-A --G --- A-T --T
70 80 90
18903 AGG CTG ACC CGC GCT GCG CAG GGC TTT ATT GAT TCC ATT TTT ACA CTG ATG AAT GTT CCG TTG CGC TGC CCG GAT TAC AGC TGT
I8V-SR TCA A== C=G T-= A=A ==A TT- ==j ==G === == === == Go= === Po= PTewe GCT -=-C =-=C ==T A=A GT- ~=T ==A C-= === =ce —a=
ISV-4R TCT A-- C-A T-- A-A =-A CT- --A =-T =-- C-A A-C =-A G-A --- -AG --- GCT --C A-C --- C-T GTG A-T --- C-- --- -CT --C
ISV-ML TCA A-- C-A --T --—— === T-- ==A ==G === -=G === C== G=G =-- CG- ==T GCT C-A C-- ==A C-= === === ==A C~-C === ==T ---
100 110 120
18903 GTC AGC AGG CGG GCA AAG TCG GTT AAT ATC AGT TTC AAA ACG ACC CGG GGT GAA ATC GCG CAT CTG GTG ATT GAT TCC ACC GGG
ISV-5R A-- -~T C-A A-A --T --- CAA --C G-G G-T TCA --T --- C-C AAG --T A-A --- -C- —--A CA- --- --A -CC --- -—- G-G --G ~--T
ISV-4R A-A --- C-T --A -=T === AAA === TTG G~T TCA -=-T --- ==-C AAA --=- A=A -=C =C- --A CA- --- T-- -CC --- --- G-- --G --T
ISV-ML A-- -=T T-T --A -=T —-A GAC -=- G-- G-A --- —-T --- -A~ AAA --- AAA --A CCG --T CA* --- --T -CT --C --- G-G —--A --T
130 140 150
18903 CTG AAG GTC TTT GGT GAA AAA AAG CAT GGC CAG GAA CGC CGC CGT ATC *** TGG CGT AAG CTG CTC GCC
8V-5R --C --~ —=T =A- =-=C --- -G --- --- -=T ACT --C G-G AAG --- GTC --- A=A =--A T-- --- T-A --G
ISV-4R --C -=~ == G ~A- --C --G -=G === -—-= --A ACT --C G-G AAA --C —GA GTC --- =--- =-A —-=- -——— A-T --T
ISV-ML --C --- =-T =A~ --- -G ——— =A== --- AC- --T G-T AAA --C ~GA GTG --- =~G =-A --A =--=- --= -TA
170 180
18903  GTT GAC AGT AAA ACA CAT GAC CTG TCG CTG AAC AAT GTG ACC TCA GAA GCC TTC CCG GGT CTT ATC CGG
ISV-5R --A === =-CC =-GC =-T ~--- --A --- AGT T-A TCT --- --T --- G-- --- =TT C-T --T AAC T-G C-- AA-
ISV-4R --A --T -CA -GT --C --C ==G === AGT T-A TCT --C --- =--- G-T --- -TG C-- --T -AC T-A C-T AA-
ISV-ML =--A --T -CG ~-GT --G =--C --G T-- AGT T-A TCA -CG --- =-GT G-- --- -TG C-G --T AA- T-G C-T AA-
200 210
18903 CAG ACT CAC AGA AAA ATC GAC GGC GCT TAC GAC ACC CGG TGT CAC GAT GAA CTG CGG CGT AAG AAA ATC
I8V-5R --A --A -G- C-- -G- --T ==P === === ==< === ==X A== AAT --C —-T --= —CT A-A --- ATA --- CG- GCG
ISV-4R --A --A -GT C-- --G —--- == ==A === == === --A A-A —GT --C —--T --- -CT A-A --A --- C-T TCG
ISV-ML --A --A ~GT C-- —--- --- -=P ==G --= -~ T --- =--G A-- GAT --C --- -CA -C- A-C --T AT- -GA CG- -C-
220 230
18903 AGC GCG CTT ATC CCT CCC CGA AAA GGT GCG GGT TAC TGG CCC GGT GAA TAT GCA GAC CGT AAC CGT GCA GTG GCT AAT CAG CGA ATG
I8V-5R GTT C-- —=-- === === =-A A=— G-- --G --A -CC -T- --- GAG AA- -GT C-C C-T *** A-G CGT TTA --G --A -*- TGC --- AAG C-T
ISV-4R -PT C-- --C =-=T -=G =~=A --- G-—- =-G T-T =C- -T- --- GAG CAA -G- C-C C-T #*#% ~—- - T TPA --- -- A -G- TG- --- AAG C-C
ISV-ML GTG --T --- --- —--= --A A-- G-G --A --- =~CA -T- --- GAG A-A -GT C-- e A_) ——T ##4 *aw #2% G- TGC --A AAG C-A
240 250 260
18903 ACC GGG AGT AAT GCG CGG TGG AAA TGG ACA ACA GAT TAC AAC CGT CGC TCG ATA GCG GAA ACG GCG ATG TAC CGG GTA AAA CAG CTG
8V-5R TA- --C TCC -—-C AAT AA- --- --G AA- CGG TAC ~GC ==T C-T AAA -~- ~-= A C-- T-A =-=G =-A =-A -== -=T =-A ==G ==-G --- T--
ISV-4R TA- --C TC- =-C AA- AA~ === === CA- CGT TAT -GC --- C-T AAG -—- --—- C-= T-A ==G -=A --A --= =TT --A --G --G =--- T--
ISV-ML TAT --T TCG --C AA- -AT --- === AA- CAC TAT -GC --- C—= AAG =--- === C== T=T === === === === == ==} ==C === === T--
270 280 290
18903 TTC GGG GGT TCA CTG ACG CTG CGT GAC TAC GAT GGT CAG GTT GCG GAG GCT ATG GCC CTG GTA CGA GCG CTG AAC AAA ATG ACG AAA
ISV-5R --A --T --G CG- T-A -GT --- A=A A-- === A== ~C- === === =GT =-A A== TAC === A== A-T AA- --= === === --= C-T --A GGG
ISV-4R =--A ==T ==G CG- T=A =GT —--- A=A A== === A== =C- === === =GT —-A A-- TAC --- A-- A-T AR~ === === === === C-T --A GGG
ISV-ML C-T --T --A CGG =--A -GT —--A A-A A-T --- A-C -CA --A --- =-GT --A A-- TAC --G A-- A-C AA- -~= T-- === --G C-T --A GG*
300 307
18903 GCA GGT ATG CCT GAA AGC GTG CGT ATT GCC TGA  AAACACAACCCGCTACGGGGGAGACTTACCCGAAATCT |GATTTATTCAACAAAGCC
ISV-5R CTT --- --- === === =CT CA- T-- === =TA =A- "ca-rr--'r-n-m-—c--n-ccu-rcmacc ==A-==CG======m==m
ISV-4R CTT --- === === === =CT CA- T-- G=- =TA -A-  **GA-TTG-T-AA-TGCA-~C--TT-GGTTTTCTGACC |-~A==~CG===~=~==== -
ISV=ML CTT === === —==% #4% #8484 4% 0. o -GT --- *2CA=TT=-AT-TAA-TA-~--CT-TTCGG-TTCG--AA~ | -=C~==CG~======eau

FIG. 5. Comparison of nucleotide sequences of 1S903, ISV-5R, ISV-4R, and ISV-ML. The nucleotide sequences of 1S903 was reported
previously (12). The sequences of ISV-5R, ISV-4R, and ISV-ML are aligned for maximum homology with 1S903. Codons of the transposase
encoded by I1S903 are numbered at the top. Symbols used are the same as in Fig. 3. The boxed sequences are the 18-bp terminal inverted

repeats.

TABLE 2. Comparison of the aligned amino acid sequences of
the putative transposases encoded by 1S903 and ISVs*

Sequence % %

compared Identity Similarity®
1S903 vs ISV-5SR 60 79
1S903 vs ISV-4R 59 78
1S903 vs ISV-ML 54 76
ISV-5R vs ISV-4R 88 96
ISV-5R vs ISV-ML 82 92
ISV-4R vs ISV-ML 79 920

“ The sequences of the putative transposases of ISVs were completed by
the following base changes: insertion of G at base 806 in ISV-5R; substitution
of G with T at base 670 in ISV-4R; insertion of G at base 442 in ISV-ML (see
Fig. 2 and § and text).

% Values obtained when chemically similar amino acid groups are taken into
account.

1S903 and the ISV (76 to 79% similarity) supports the notion
that these proteins have similar functions. The degrees of
identity between the putative transposases (IS903 versus
ISVs, 54 to 60%; between ISVs, 79 to 88%) indicate that
these sequences have diverged from a common ancestral
sequence but were probably modified in their individual
genetic backgrounds.

Distribution of the ISV family in various Vibrio species.
Strains (398) belonging to four Vibrio species were examined
for the presence or absence of the DNA sequence homolo-
gous to ISV-ML and the tdh gene by the DNA colony
hybridization test with specific DNA probes under high
stringency. The results are summarized in Table 3. The tdh
gene was detected in 143 strains belonging to V. parahae-
molyticus, non-O1 V. cholerae, and V. mimicus. Of all the
tdh gene-positive strains, 123 (86.0%) showed positive re-
sults and 14 (9.8%) showed weakly positive results with the
ISV-ML-specific probe. In addition, of the tdh gene-negative
strains belonging to V. parahaemolyticus, non-O1 V. chol-
erae, and O1 V. cholerae, 30.0 to 36.0% strains of each
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TABLE 3. Results of the DNA colony hybridization test with
DNA probes specific to the tdh gene and ISV-ML*

Spocies No. of DNA probe?
strains tdh gene ISV-ML
V. parahaemolyticus 117 + +
14 + +W
6 + -
47 - +
36 - +W
65 - -
V. cholerae (non-01) 1 + +
32 - +
12 - +W
45 - -
V. cholerae (O1) 3 - +
2 - +W
5 - —_
V. mimicus 5 + +
8 - —_

< Hybridization was performed under high stringency.
b +, positive; +W, weakly positive; —, negative.

species gave positive results and 13.5 to 24.3% strains of
each species gave weakly positive results with the ISV-ML-
specific probe. These results suggest that the nucleotide
sequences homologous to ISV-ML are not only associated
with the tdh gene but are also widely distributed among
Vibrio species regardless of possession of the tdh gene.
Five strains representing the ISV-ML probe-positive
strains were analyzed by the Southern blot hybridization
with the ISV-ML-specific probe under high stringency (Fig.

2
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6). The total DNA of V. mimicus 6 containing the Vm-tdh
gene flanked by ISV-ML and ISV-MR appears to have
several ISV-ML-like sequences, including these two ISVs
(Fig. 6, panel 1). The total DNA of V. parahaemolyticus
WP1, which possessed Vp-tdhl, Vp-tdh2, and ISV-1L,
exhibited only one probe-positive band corresponding to
ISV-1L (panel 2). Non-O1 V. cholerae 91 carries the plas-
mid-borne NAG-tdh and ISV-NR. The total DNA of this
strain contained several probe-positive sequences, although
such sequences were not identified in the plasmid DNA
(panel 3). The results indicate that the ISV-ML-like se-
quences are present in the chromosome and that the homol-
ogy of the plasmid-borne ISV-NR (69.3%) was not high
enough to be detected with the ISV-ML probe. Non-O1 V.
cholerae NRT-NAG71 did not carry the tdh gene, but
several probe-positive sequences were detected in the total
DNA extracted from this strain and the hybridization pattern
was similar to that of non-O1 V. cholerae 91 (panel 4). O1 V.
cholerae AQ1002 did not possess the tdh gene but had a
sequence homologous to ISV-ML (panel 5). V. parahae-
molyticus AQ3776, which carries the chromosomal Vp-tdh3
and ISV-3L and the plasmid-borne Vp-tdh4 and ISV-4R, was
also examined. Two weakly positive bands, one in the
chromosome and one on a plasmid, were observed only on
extended autoradiography (data not shown). ISV-3L and
ISV-4R (70.1% and 69.3% homologous to ISV-ML, respec-
tively) were probably responsible for the weakly positive
reactions. These results indicate that a family of ISVs with
considerably diversified nucleotide sequences, thus not de-
tectable by a single DNA probe, are distributed among
various vibrios and that the copy number of the ISVs per
organism may range from one to several.

3 4 5
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FIG. 6. Southern blot hybridization of the DNA isolated from representative strains of Vibrio species with ISV-ML-specific probe. Lanes
are as follows: B, BamHI digest; E, EcoRI digest; H, HindIII digest; P, PstI digest. The DNAs examined are the total DNA of V. mimicus
6 (panel 1), total DNA of V. parahaemolyticus WP1 (panel 2), total DNA (T) and plasmid DNA (P) of non-O1 V. cholerae 91 (panel 3), total
DNA of non-O1 V. cholerae NRT-NAG71 (panel 4), and total DNA of O1 V. cholerae AQ1002 (panel 5). Positions of the molecular mass

markers (in kilobases) are indicated on the left.
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Comparative analysis of five DNA sequences of V. mimicus
homologous to ISV-ML. Of the ISV-ML-like sequences de-
tected in the V. mimicus 6 chromosome, three sequences
other than ISV-ML and ISV-MR (Fig. 6, panel 1) were
cloned, and their sequence divergence was investigated.
Because ISV-ML and ISV-MR did not possess an internal
EcoRlI site (Fig. 1), each probe-positive EcoRI fragment was
expected to contain the complete ISV-ML-like sequence.
Southern blot hybridization analysis with the ORF2-specific
probe revealed that, among the probe-positive EcoRI frag-
ments (11.0, 7.2, 5.2, 2.7, and 2.4 kb), the 11.0- and 2.7-kb
fragments contained ISV-ML and ISV-MR, respectively
(data not shown). The remaining EcoRI fragments (7.2, 5.2,
and 2.4 kb) were cloned (resulting in pKTN421, pKTN422,
and pKTN423, respectively). ISV-ML-like sequences were
identified by subcloning and nucleotide sequence determina-
tion, and they were designated ISV-M7.2, ISV-MS.2, and
ISV-M2.4, respectively. The nucleotide sequences of the
three ISVs thus identified are aligned for maximum homol-
ogy in Fig. 2, along with the other ISVs. Of the five ISVs of
V. mimicus, only ISV-MS.2 contained a large ORF (915 bp,
bases 80 to 1,003 in Fig. 2), which might encode a functional
transposase.

In two experiments (see Materials and Methods for de-
tails), we examined whether the putative transposase of
ISV-MS.2 is functional. In one experiment, we cloned ISV-
MS5.2 into a suicide vector which, although mobilizable by
conjugation, cannot replicate in a recipient lacking the pir
gene. Then, we sought a clone in which ISV-mediated
integration of the whole suicide vector into the chromosome
of the pir gene-deficient host occurred. This attempt was
unsuccessful. Although this strategy may allow the putative
transposase gene to be expressed in Vibrio species, the
frequency of conjugative transfer from E. coli to Vibrio
species and hence the limitation of the experiment cannot be
determined.

In the other experiment, two compatible plasmids, a
conjugative R388 derivative (pCHR71) and a nonmobilizable
pBR322 derivative into which ISV-M5.2 was cloned
(pPKTN435), were introduced into host strain DH1 and
conjugative transfer to a recipient strain of pKTN435 fused
to pCHR71 was sought. However, we could not detect such
a clone. Nalidixic acid-resistant mutants of donor strain
DH1(pCHR71, pKTN435) spontaneously occurred at a fre-
quency of 107% to 10~°. The frequency of conjugative
transfer of pCHR71 was reported to be 102 per donor cell
(33). Therefore, this strategy may detect transposition which
occurs at a frequency of 10”7 or more. However, a possible
drawback of this experiment is detection of the transposition
of an ISV in E. coli.

DISCUSSION

Genes encoding bacterial virulence factors can be flanked
by ISs or related sequences. The gene encoding E. coli
heat-stable enterotoxin (STIa) is part of Tnl68/, which is
flanked by inverted repeats of IS/ (35, 36), and the gene
specifying E. coli STII is carried by a functional transposon,
Tn4521, flanked by incomplete sequences of IS2 (17). In
alpha-hemolysin plasmids of E. coli, the hly genetic deter-
minant is flanked by IS9/-like sequences which may be
implicated in the spread of the hly genes (47). In Vibrio
species, a 2.7-kb repeated sequence (RS1) of V. cholerae
flanking the cholera toxin (ctx) gene (22) is the only IS-like
sequence known so far. RS1 can itself transpose (4) and is
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involved in recA-dependent amplification of the ctx gene
11).

All the tdh genes examined in this study were shown to be
flanked by the ISVs and/or related sequences. Association of
the tdh genes with ISs was previously suggested by inverted
repeat sequences flanking the tdh genes (2, 27). This study
revealed that these inverted repeat sequences are actually
the terminal inverted repeats of ISVs flanking the tdh genes.
Although not all the tdh genes were flanked by complete
ISVs, an ISV-related sequence (ISV truncate or ISV-9TS)
was found in the region where a complete ISV was not
detected.

One to several copies of ISVs or homologous sequences
were widely distributed among various Vibrio species, but
the sequences of the ISV family were appreciably diverse
(33.6% maximum divergence among the sequenced ISVs).
While the G+C contents of the ISVs (43.7 to 46.6%) are
close to the average G+C contents of the vibrios (46 to 49%)
(3), the figures are much higher than those for the G+C
contents of the rdh genes and the intervening sequences
existing between the ISVs or related sequences (31.5 to
33.7%). This finding suggests that the origin of the zdh gene
is in some organism other than vibrios and raises the
question of the mode of ISV-mediated acquisition of the tdh
gene by these vibrios. Assuming that the ISVs were orig-
inally active as bacterial ISs (10), our hypothetical explana-
tion is as follows. The insertion of the ISV in the region near
the tdh gene followed by a second, nearby ISV insertion
formed a tdh gene-bearing composite transposon. The tdh
gene was transferred between different replicons by trans-
position, and plasmids could have been the vehicles for the
tdh gene transfer between different organisms. The tdh gene
was transferred first from the tdh-bearing nonvibrio organ-
ism to a Vibrio species and then among Vibrio species by this
mechanism. Probably, ISV-mediated transfer of the tdh gene
occurred long ago and enough time had elapsed to allow
considerable sequence variation of the ISVs and genetic
rearrangement in the flanking regions of the tdh genes to
occur. As shown in Fig. 3 and 4, insertion of the ISVs into
the region near the tdh gene could have been diverse with
respect to the direction and point of insertion. Furthermore,
independent transfer of the Vp-tdhl and Vp-tdh2 genes by
transposition can explain the observation that the two genes
coexist in the same organism (30) but are not located in close
proximity within the chromosome (26). This contrasts with
the mechanism (unequal crossover event) proposed for the
RS1-mediated duplication of the cholera toxin (ctx) gene in
V. cholerae (11).

Nucleotide sequence homologies between IS903 and ISVs
(Fig. 5) suggest that they probably have diverged from a
common ancestor. But considerable differences in the de-
duced amino acid sequences (Table 2) and the G+C contents
(IS903, 52.6%; the ISVs, 43.7 to 46.6%) indicate that these
ISs have adapted in each genetic background. The se-
quences specifying the putative transposases of ISVs were
deduced from the analogy with the transposase gene se-
quence of IS903. Most ISV transposase gene sequences,
however, seemed to have been altered because of base
changes and deletions. One of the five ISVs found in V.
mimicus (ISV-MS.2) contained an ORF which may encode
an active transposase. But the activity of this presumed
transposase was not demonstrated either because ISV-MS.2
did not have an active transposase or because the transpo-
sition was too infrequent to be detected by the systems we
employed. These results suggest that the tdh genes intro-
duced into vibrios had been fixed in their chromosomes and
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that an absence of a selective pressure on active ISVs
flanking the tdh genes allowed diversification and deletion of
these ISVs, while the tdh coding sequences have been well
conserved. Investigations on the expression of the four
representative tdh genes (tdhl to tdhd4) of V. parahaemolyti-
cus revealed that only the tdh2 gene was sufficiently ex-
pressed and was contributing to extracellular TDH produc-
tion (30). However, the sequences immediately upstream of
the initiation codon are highly homologous in the Vp-tdh2,
-tdh3, and -tdh4 genes (Fig. 3) and thus could not explain the
high-level expression of the Vp-tdh2 gene. One speculation
is that as a result of genetic rearrangement involving the
ISVs, the Vp-tdh2 gene became driven by a powerful pro-
moter or an unknown activation system located upstream of
ISV-9TS. Future studies analyzing the nucleotide sequences
flanking variants of the tdh genes, e.g., the tdh gene of V.
hollisae (43) and the trh gene of V. parahaemolyticus (32),
which have less homology than that shared by the tdh genes
examined in this study, may provide useful information on
the evolution of the tdh gene and flanking ISVs.

An IS-mediated evolutionary process similar to our hy-
pothesis has been proposed for the alpha-hemolysin deter-
minant (hly) of E. coli. The hly determinant was considered
to have originated from an organism other than E. coli
because of low (40%) G+C content (19). In fact, similar
hemolysin determinants were found in other organisms,
including Proteus vulgaris, with 39% G+C content (20). The
hly determinant is present on plasmids as well as in the
chromosome in E. coli (14). Although systematic nucleotide
sequence data are not available, the IS9/-like elements
flanking the Aly determinant are considered to have played a
role in spreading the hly determinant in an ancient time but
have suffered considerable sequence changes during evolu-
tion (47). This type of gene transfer mechanism may be
universally applied to explain the presence of a family of
related bacterial virulence factors in various bacterial spe-
cies.
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