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Numerous secreted virulence factors have been proposed to account for the fulminating and destructive
nature of Vibrio vulnificus infections. A mutant of V. vulnificus that exhibited less cytotoxicity to INT-407 human
intestinal epithelial cells was screened from a library of mutants constructed by random transposon mutagen-
esis. A transposon-tagging method was used to identify and clone an open reading frame encoding an RTX
toxin secretion ATP binding protein, RtxE, from V. vulnificus. The deduced amino acid sequence of RtxE from V.
vulnificus was 91% identical to that reported from Vibrio cholerae. Functions of the rtxE gene in virulence were
assessed by constructing an isogenic mutant whose rtxE gene was inactivated by allelic exchanges and by evaluating
the differences between its virulence phenotype and that of the wild type in vitro and in mice. The disruption of rtxE
blocked secretion of RtxA to the cell exterior and resulted in a significant reduction in cytotoxic activity against
epithelial cells in vitro. Also, the intraperitoneal 50% lethal dose of the rtxE mutant was 104 to 105 times higher than
that of the parental wild type, indicating that RtxE is essential for the virulence of V. vulnificus. Furthermore, the
present study demonstrated that the rtxBDE genes are transcribed as one transcriptional unit under the control of
a single promoter, PrtxBDE. The activity of V. vulnificus PrtxBDE is induced by exposure to INT-407 cells, and the
induction requires direct contact of the bacteria with the host cells.

The pathogenic marine bacterium Vibrio vulnificus is a caus-
ative agent of food-borne diseases such as life-threatening sep-
ticemia and possibly gastroenteritis in individuals with under-
lying predisposed conditions (for recent reviews, see references
18, 27, and 40). Disease caused by infection with V. vulnificus
is remarkable for the invasive nature of the infection, the
severity of the tissue damage that ensues, and its rapidly ful-
minating course, indicating that the pathogenicity of the bac-
teria is a multifactorial and complex phenomenon that involves
the products of many genes. The characterization of somatic as
well as secreted products of V. vulnificus has yielded a large list
of putative virulence factors, including a carbohydrate capsule,
a lipopolysaccharide, a cytolysin/hemolysin, an elastolytic me-
talloprotease, iron-sequestering systems, a lipase, and pili (18,
27, 41). Of these putative virulence factors, however, only a
few, such as the capsule, iron acquisition systems, and type IV
pilin have been confirmed to be essential for virulence by the
use of molecular Koch’s postulates (12, 28, 35, 45). Therefore,
extensive screening and characterization of more virulence fac-
tors are still required for development of improved treatment

and prevention as well as for understanding the molecular
pathogenesis of the multifaceted host-pathogen interaction of
V. vulnificus.

Bacterial infection is primarily a consequence of contribu-
tions of many virulence factors, which are often displayed on
the bacterial cell surface, secreted into the extracellular envi-
ronment, or directly injected into the cytosol of a host cell (11).
This indicates that bacterial pathogenicity depends greatly on
the secretion systems by which bacteria transport virulence
factors to the cell exterior (13). Gram-negative bacteria con-
tain several different types of secretion systems to export vir-
ulence factors across the outer membranes (42). Among the
secretion systems, the type I secretion system (TISS) is com-
posed of three membrane components that span the cell en-
velop; one is a specific outer membrane protein (OMP), and
the other two, an ATP-binding cassette (ABC) and the mem-
brane fusion (adaptor) protein (MFP), are cytoplasmic mem-
brane proteins (8, 9). This widespread TISS mediates sec gene-
independent transport of diversely sized proteins lacking
N-terminal signal sequences across cytoplasmic and outer cell
membranes. The transport is driven by ATP hydrolysis and,
therefore, is also designated ABC transport. There is increas-
ing evidence that the TISSs play direct and/or indirect roles,
such as the export of exotoxins, in bacterial virulence (9, 16).

The Escherichia coli Hly transporter is a model for the TISS;
it is composed of HlyB (ABC), HlyD (MFP), and TolC (OMP)
and exports HlyA, a pore-forming cytotoxin belonging to the
RTX (repeats in toxin) protein family (9). Recently, it has been
reported that the V. cholerae RtxA toxin, which is a key viru-
lence factor, is secreted by a TISS composed of RtxB (ABC),
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RtxD (MFP), RtxE (ABC), and TolC (OMP). In contrast to
the E. coli Hly exporter, the V. cholerae Rtx exporter atypically
carries two ABCs that may function as a heterodimer (1). In an
effort to screen virulence factors of V. vulnificus, an open
reading frame (ORF) encoding a V. cholerae RtxE homologue
was identified by a transposon-tagging method. A V. vulnificus
null mutant, in which the rtxE gene was inactivated, was con-
structed by allelic exchanges, and the possible roles of the RtxE
protein in the virulence of V. vulnificus were explored. As a
result, it was found that V. vulnificus RtxE is essential for
virulence in vitro and in mice. Moreover, here we extended our
understanding of the regulatory mechanisms of rtxE expression
at a molecular level by demonstrating that the rtxBDE genes
are organized as a single transcriptional unit and transcribed
from a single promoter, PrtxBDE, and that the activity of PrtxBDE

is dependent on exposure to host cells.

MATERIALS AND METHODS

Strains, plasmids, culture media, and general genetic methods. The strains
and plasmids used in this study are listed in Table 1. Unless noted otherwise, the
V. vulnificus strains were grown in Luria-Bertani media supplemented with 2.0%
(wt/vol) NaCl (LBS). All the components of the media were purchased from
Difco (Detroit, MI), and the chemicals were purchased from Sigma (St. Louis,
MO). The procedures for the isolation of plasmid DNA and genomic DNA and
transformation were carried out as described by Sambrook and Russell (39).

Identification of the V. vulnificus rtxE. A mutant exhibiting decreased cytotoxic
activity against INT-407 intestinal epithelial cells was screened from a library of
V. vulnificus mutants generated by random transposon mutagenesis using a
mini-Tn5 lacZ1 (10, 20). A DNA segment flanking the transposon insertion was
amplified by PCR as previously described (20). Since a database search for
homology to the amino acid sequence deduced from the resulting PCR product
singled out the product of Vibrio cholerae rtxE (Fig. 1A), a part of the rtxE ORF
was amplified from the genomic DNA of V. vulnificus by PCR using primers
RTXE0501 and RTXE0502 (Table 2). The primers were designed using the
genomic sequence of V. vulnificus YJ016 (GenBank accession numbers BA
000037 and BA 000038; www.ncbi.nlm.nih.gov). The amplified 1.2-kb rtxE was
ligated into pGEM-T Easy (Promega, Madison, WI), resulting in pMW0502
(Table 1).

Generation of rtxE::nptI mutant. To inactivate rtxE in vitro, 1.2 kb of nptI DNA
conferring resistance to kanamycin (33) was inserted into a unique SalI site
present within the rtxE ORF. The 2.4-kb rtxE::nptI cartridge was then liberated
from the resulting construct (pMW0503) and ligated with SphI-SpeI-digested
pDM4 (32) to form pMW0611 (Fig. 1B; Table 1). To generate the rtxE::nptI
mutant MW061 by homologous recombination, E. coli SM10�pir tra (containing
pMW0611) (31) was used as a conjugal donor to V. vulnificus M06-24/O. Inac-
tivation of rtxE by replacing wild-type rtxE on the chromosome with the rtxE::nptI
allele was confirmed by PCR using previously described methods (20, 36). The V.
vulnificus rtxE mutant chosen for further analysis was named MW061 (Table 1).
To complement the rtxE mutant, pMW0612 was constructed by subcloning rtxE
amplified by PCR using the primers RTXE0401 and RTXE0402 (Table 2) into
the broad-host-range vector pJH0311 (Table 1) and transferred into M06-24/O
cells by conjugation.

Cytotoxicity assays. Two different assays were performed using INT-407
(ATCC CCL-6) human intestinal epithelial cells. The preparation of the INT-
407 cells and infection with the bacterial cultures were performed in a 96-well
tissue culture plate (Nunc, Roskilde, Denmark) as previously described (36). The
cytotoxicity was then determined by measuring the activity of lactate dehydro-
genase (LDH) in the supernatant using a cytotoxicity detection kit (Roche,
Mannheim, Germany) and expressed using the total LDH activity of the cells
completely lysed by 1% Triton X-100 as 100%. Morphological studies were also
carried out using INT-407 cells which were seeded onto glass coverslips placed at
the bottom of the tissue culture plate and infected with the V. vulnificus strains
as previously described (36).

LD50 determination. The 50% lethal doses (LD50s) of the wild type and the
rtxE mutant were compared using ICR mice (specific pathogen free; Seoul
National University), as described elsewhere (23, 36). The infected mice were
observed for 24 h, and the LD50s were calculated using the method described by
Reed and Muench (38). Mice were injected intraperitoneally with 250 �g of iron
dextran for each gram of body weight immediately before injection with bacterial
cells. All manipulations of mice were approved by the Institute of Laboratory
Animal Resources of the Seoul National University.

Purification of truncated RtxA protein and Western blot analysis of secreted
RtxA. The DNA fragment encoding the C-terminal 640 amino acids of RtxA
(truncated RtxA) was amplified by PCR using the primers RTXA-Ab28aF and
RTXA-Ab28aR (Table 2). The 1.9-kb PCR product was digested with BamHI
and EcoRI and then ligated with six-histidine-tagging expression vector pET28a
(Novagen, Darmstadt, Germany) digested with the same enzymes. The resulting
plasmid, pJH0607, encodes truncated RtxA with a six-His tag at the amino
terminus. His-tagged truncated RtxA protein was expressed in E. coli
BL21(DE3), and the protein was purified by affinity chromatography according

TABLE 1. Plasmids and bacterial strains used in this study

Strain or plasmid Relevant characteristicsa Reference or source

Bacterial strains
V. vulnificus

M06-24/O Clinical isolate; virulent Laboratory collection
MW061 M06-24/O with rtxE::nptI; Kmr This study
MW064 M06-24/O with �rtxA::nptI; Kmr 22

E. coli
BL21(DE3) F� ompT hsdSB(rB

� mB
�) gal (DE3) Laboratory collection

SM10�pir thi thr leu tonA lacY supE recA::RP4–2-Tc::Mu � pir; Kmr; host for �-requiring plasmids;
conjugal donor

31

Plasmids
Mini-Tn5 lacZ1 R6K�ori; suicide vector; oriT of RP4; Apr 10
pCOS5 Cosmid vector; oriT of RK2; Apr Cmr 6
pDM4 Suicide vector; oriR6K; Cmr 32
pET28a Protein expression vector; Kmr Novagen
pGEM-T easy PCR product cloning vector; Apr Promega
pJH0311 0.3-kb NruI fragment containing multicloning site of pUC19 cloned into pCOS5; Apr Cmr This study
pJH0607 pET28a with truncated-rtxA; Kmr This study
pMW0502 pGEM-T Easy with rtxE; Apr This study
pMW0503 pGEM-T Easy with rtxE::nptI; Apr, Kmr This study
pMW0504 pCOS5 with rtxBDE; Apr Cmr This study
pMW0611 pDM4 with rtxE::nptI; Cmr Kmr This study
pMW0612 pJH0311 with rtxE; Apr Cmr This study

a Apr, ampicillin resistant; Kmr, kanamycin resistant; Cmr, chloramphenicol resistant.
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to the manufacturer’s procedure (Qiagen, Valencia, CA). The purified truncated
RtxA was used to raise an anti-RtxA polyclonal antibody, and immunoblotting
was performed according to the procedure previously described by Lee et al.
(22).

For Western blot analyses, proteins of the cell lysates or the concentrated
culture supernatants were resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (21). Secreted proteins in the culture supernatants of V. vulnifi-
cus were precipitated and concentrated with ammonium sulfate using the meth-
ods described by Park et al. (37) with slight modifications (22). The protein
concentrations were determined by the method of Bradford (3), with bovine
serum albumin as the standard.

Cloning of rtxBDE. Analyses of the rtxBDE transcript in total RNA isolated
from the V. vulnificus by either reverse transcription-PCR (RT-PCR) or primer
extension assay were unsuccessful in several attempts. The 5.9-kb DNA fragment
carrying the rtxBDE genes was amplified by PCR using RTXS0401 and
RTXS0402 as a pair of primers (Table 2) and cloned into broad-host-range
vector pCOS5 (6), resulting in pMW0504 (Fig. 1B and Table 1). In order to
increase the cellular level of the rtxBDE transcript, pMW0504 was transferred
into M06-24/O cells by conjugation.

RNA isolation. Total cellular RNA was isolated from M06-24/O(pMW0504)
cells grown to mid-exponential phase with different media, such as LBS, mini-
mum essential medium (MEM; Gibco, Invitrogen), and INT-407-spent MEM
using an RNeasy minikit (Qiagen) (24). The supernatant of the INT-407 cell line
grown as a monolayer in MEM was filtrated with Steritop (Millipore, Billerica,

MA), and the resulting filtrate was used as an INT-407-spent MEM. Also, the
RNA was prepared from M06-24/O(pMW0504) exposed to INT-407 cells. For
this purpose, M06-24/O(pMW0504) was incubated with INT-407 cells at a mul-
tiplicity of infection (MOI) of 10 for 2 h. The mixture of the INT-407 and V.
vulnificus cells was centrifuged at 250 � g for 10 min to precipitate INT-407 cells,
and the bacterial cells were then harvested from the supernatant by centrifuga-
tion at 2,430 � g for 20 min.

Transcript analysis. The prepared RNA was used for RT-PCR, real-time
PCR, and primer extension analyses. For RT-PCR, a series of reactions was
performed with SuperScript first-strand synthesis system for RT-PCR (Invitro-
gen, Carlsbad, CA) according to the manufacturer’s procedures to synthesize
cDNA. PCR amplification of the cDNA was performed using standard protocols
with a pair of primers, RTXBD001 and RTXDE002, which are designed to
hybridize to the 3	 end of rtxB and the 5	 end of rtxE (Table 2; Fig. 1).

Quantitative real-time PCRs were performed in a final volume 20 �l of 2XiQ
Sybr green Supermix (Bio-Rad Laboratories) containing cDNA synthesized as
described above and the specific primer pair. Real-time PCRs were performed in
triplicate using the iCycler iQ real-time detection system (Bio-Rad Laborato-
ries). Relative expression levels of rtxBDE were calculated by using a standard
curve obtained from PCR on serially diluted genomic DNA (as templates), with
the 16S rRNA expression level as the internal reference for normalization, as
described previously (5). Primers RTXB0701F and RTXB0701R for amplifica-
tion of rtxBDE cDNA and RRSH0701F and RRSH0701R for V. vulnificus 16S
rRNA cDNA are listed in Table 2.

FIG. 1. Physical map of the rtx gene cluster on the V. vulnificus chromosome and plasmids used in this study. (A) The open arrows represent
the transcriptional directions and coding regions of the genes. The figure was derived using the nucleotide sequences of the V. vulnificus YJ016
genome in the GenBank databases (NCBI). The gene identifications are shown below each coding region. The size of rtxA is reduced, as indicated
by the dashed lines. The primers RTXBD001 and RTXDE002, used for the RT-PCR analysis, are depicted by solid bars. (B) Regions cloned in
each of the plasmids. Plasmid pMW0611 was used for the construction of the rtxE::nptI mutant, and pMW0504 was used for transcription analysis
of rtxBDE. The insertion position of the nptI cassette is indicated by an open triangle.

TABLE 2. Oligonucleotides used in this study

Oligonucleotide Sequence (5	33	)a Locationb Use

RTXE0501 CTTAAAAGCCAAGTCACCAC rtxE rtxE mutant construction
RTXE0502 CTAAACTCAATGCCACCTTC rtxE rtxE mutant construction
RTXE0401 AAACTGCAGCCAAATGGTTGAGCTGAC Chromosomal DNA Amplification of rtxE
RTXE0402 GGAATTCCAATAAATAGCTCTGGACGATG Chromosomal DNA Amplification of rtxE
RTXA-Ab28aF TAAGAATTCACCAGCAAGCTCAGCCGCGCA rtxA Amplification of rtxA
RTXA-Ab28aR TATCTCGAGTATGAACAACGTCTGCCCACGC rtxA Amplification of rtxA
RTXS0401 CGACCATTATTCACTCAATTCC Chromosomal DNA Amplification of rtxBDE
RTXS0402 GACGATGTCGTTGATAGGCT Chromosomal DNA Amplification of rtxBDE
RTXBD001 CTAGACGATGAATCTCAGGC 3	 end of rtxB RT-PCR
RTXDE002 GAGCTGGACGATTTCTTATG 5	 end of rtxE RT-PCR
RTXB0701F GCTCAACCTGCCAGTAGAACAAC rtxB Real-time PCR
RTXB0701R TCACCCGCTCGTATGTCCAATG rtxB Real-time PCR
RRSH0701F ACGACACCACCTTCCTCACAAC rrsH Real-time PCR
RRSH0701R ACACGGTCCAGACTCCTACGG rrsH Real-time PCR
RTXB-PE001 AATTACTTAGCCGATGTTTATTGCAGCG rtxB Primer extension

a Regions of oligonucleotides not complementary to the corresponding genes are underlined.
b Location to which the nucleotides were hybridized.
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For the primer extension, end-labeled 28-base primer RTXB-PE001, comple-
mentary to the coding region of rtxB, was added to the RNA and then extended
with SuperScript II RNase H reverse transcriptase (Invitrogen) as previously
described (4, 19). The cDNA products were purified and resolved on a sequenc-
ing gel alongside sequencing ladders generated from pMW0504 (Table 1) with
the same primer used for the primer extension. The primer extension products
were visualized and quantified using a phosphorimage analyzer (BAS1500; Fuji
Photo Film Co. Ltd., Tokyo, Japan) and the Image Gauge (version 3.12) pro-
gram.

RESULTS

Identification of rtxE gene of V. vulnificus. The amino acid
sequence deduced from the rtxE nucleotide sequence revealed
a protein, RtxE, composed of 722 amino acids with a theoret-
ical molecular mass of 79,845 Da and a pI of 6.67. The amino
acid sequence of the V. vulnificus RtxE was 91% identical to
that of the RtxE of V. cholerae (data not shown; http://www
.ebi.ac.uk/clustalw). The V. cholerae RtxE has been character-
ized as a transport ATPase, a component of TISS (1). The
predicted profile of the hydrophobicity (http://www.expasy.org)
of the V. vulnificus RtxE was significantly similar to that of the
RtxE of V. cholerae and is consistent with the fact that the

FIG. 2. Effects of mutation in the rtxE gene on the secretion of
RtxA. (A) For each lane, 30 �g of the proteins of concentrated super-
natants from M06-24/O (WT), mutant MW061 (rtxE), or a comple-
mented strain incubated with INT-407 (MOI of 100; 2 h) was loaded.
(B) The bacterial cells were harvested, washed, and broken by sonica-
tion (ultrasonic processor; Sonics & Materials, Inc., CT). After cen-
trifugation, 10 �g of the proteins of the clarified lysates was loaded for
each lane. The proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and RtxA was detected by a West-
ern blot analysis using rabbit anti-V. vulnificus RtxA antibody. The
fragmented RtxA proteins are indicated by arrows.

FIG. 3. Effects of rtxE mutation on the cytotoxicity of V. vulnificus to INT-407 cells. (A) INT-407 cells were infected with the wild type, the rtxE
mutant, or a complemented strain of V. vulnificus at various MOIs for 3 h (left) or at an MOI of 10 for various incubation times (right). The cell
cytotoxicity was determined by an LDH release assay. The data represent the means 
 standard errors of the means from three independent
experiments. *, P � 0.01; **, P � 0.05 (relative to the groups infected with the wild type of V. vulnificus at each MOI or each incubation time).
(B) Microscopic observation of INT-407 cells infected with the V. vulnificus strains at an MOI of 10 for 3 h. Shown, from the left, are uninfected
(control) cells and cells infected with the wild type (WT), MW061 (rtxE), or the complemented strain.
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RtxE protein is a membrane-associated protein (data not
shown).

Effects of mutation in the rtxE gene on the secretion of RtxA.
It has been proposed that RtxA is a key cytotoxic virulence
factor and secreted by the TISS composed of the RtxE ATPase
in V. cholerae (1, 14, 40). In order to determine whether the
TISS with RtxE is required for the secretion of the V. vulnificus
RtxA, supernatant fluids and cell lysates were collected from
cultures of the wild type and MW061 and assayed for the
presence of RtxA. A Western blot analysis revealed that the
RtxA proteins, which are fragmented, were primarily found in
the supernatant of the wild type (Fig. 2A), which was consis-
tent with the prediction that the RtxA protein is a secreted
protein. RtxA toxin breakdown products were not detected in
the supernatant of the rtxE mutant, and the lack of RtxA
secretion in the rtxE mutant was restored by the reintroduction
of pMW0612 (Table 1) carrying a recombinant rtxE. Since
RtxA toxin breakdown products were not detected in the su-
pernatant of the rtxE mutant, it is reasonable to assume that
RtxA of V. vulnificus is also secreted by TISS composed of
RtxE as previously noted for V. cholerae (1). Consistent with
this assumption, more RtxA toxin was detected in cell lysates
of the rtxE mutant than in cell lysates of the wild type (Fig. 2B),
indicating that the rtxE mutation inhibits secretion of RtxA
toxin.

RtxE is required for cytotoxicity to epithelial cells in vitro.
To examine the effects of the rtxE mutation on the ability of V.
vulnificus to damage epithelial cells, the LDH activities from
monolayers of INT-407 cells infected with 20 �l of a suspen-
sion of the wild-type and MW061 strains at different MOIs and
incubated for 3 h were determined (Fig. 3A). The rtxE mutant
MW061 exhibited significantly less cytotoxic activity when the
MOI was up to 100. When the MOI was 10, the level of LDH
activity from the INT-407 cells infected with MW061 was al-
most 10-fold less than that from the cells infected with the wild
type. The INT-407 cells were also infected at an MOI of 10,
and the LDH activities from the cells at different incubation
times were compared (Fig. 3A). The cells infected with
MW061 exhibited lower levels of LDH activity than the cells

infected with the wild type when the cells were incubated with
the bacterial suspension for as long as 4 h.

It was examined whether the reintroduction of pMW0612
(Table 1) carrying a recombinant rtxE could complement the
decrease of cytotoxic activity of MW061 cells. The lower LDH
activities were restored to levels comparable to the levels ob-
tained from the cells infected with the wild type when the cells
were incubated with MW061(pMW0612) (Fig. 3A). Therefore,
the decreased cytotoxic activity of MW061 was confirmed to
result from the inactivation of functional rtxE rather than from
any polar effects on genes downstream of rtxE.

Morphological studies were also carried out using INT-407
cells, which were seeded onto glass coverslips placed at the
bottom of the tissue culture plate and infected with the V.
vulnificus strains at an MOI of 10 for 3 h (Fig. 3B). The stained
cells were assessed for size, regularity of the cell margin, and
the morphological characteristics of the nuclei. As shown in
Fig. 3B, many Giemsa-stained INT-407 cells exhibited marked
cellular damage after infection with the wild type and
MW061(pMW0612). Cytoplasmic loss and nuclear material
condensation, typical phenotypes of cell death, were observed
in the intestinal cells infected with the wild type and
MW061(pMW0612). In contrast, fewer dead cells were ob-
served after incubation with MW061. The cells infected with
MW061 exhibited a less-damaged surface and less cytoplasmic
loss. These results suggest that RtxE plays an important part in
the ability of V. vulnificus to infect and injure host cells.

Comparison of cytotoxicity levels for rtxE and rtxA mutants.
Previously a �rtxA mutant, MW064, in which two-thirds of the
rtxA ORF was deleted, was constructed by replacing rtxA on
the chromosome with �rtxA (22). We examined the rtxE mu-
tant MW061 and rtxA mutant MW064 for different effects on
INT-407 intestinal epithelial cells. LDH activities from INT-
407 cells infected with MW061 and MW064 strains at different
MOIs and incubated for 3 h were determined (Fig. 4A).
MW061 was consistently and significantly less cytotoxic than
MW064 at all MOI points studied (Fig. 4A). Similarly, INT-
407 cells were infected at an MOI of 10, and LDH activities
from the cells at different incubation times were compared

FIG. 4. Cytotoxicities of V. vulnificus rtxE and rtxA mutants to INT-407 cells. INT-407 cells were infected with the rtxE or rtxA mutant of V.
vulnificus at various MOIs for 3 h (A) or at an MOI of 10 for various incubation times (B). The cell cytotoxicities were determined by LDH release
assays and are presented as described in the legend to Fig. 3. WT, wild type.
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(Fig. 4B). The cells infected with MW061 exhibited lower lev-
els of LDH activity than the cells infected with MW064 when
the cells were incubated with the bacterial suspension for not
less than 2 h. These results indicated that the rtxE mutant is
significantly more attenuated in its ability to impair INT-407
cells and suggested that secretions of toxins, in addition to
RtxA, involved in cytotoxic activity are inhibited by mutation
of rtxE.

Virulence in mice is dependent on rtxE. The role of the V.
vulnificus rtxE gene in virulence was further examined using a
mouse model. The LD50s for the iron-overloaded mice after
intraperitoneal infection with MW061 and the wild type were

1.78 � 105 and 4.33 � 100, respectively. Therefore, in the
mouse model of intraperitoneal infection, in which the rtxE
mutant exhibited more than a 4-log increase in the LD50 over
the wild type, the rtxE mutant appeared to be less virulent than
its parental wild type. Taking these results together, it is rea-
sonable to conclude that rtxE is essential for the virulence of V.
vulnificus in mice as well as in tissue cultures. Our recent work
revealed that the rtxA mutant in the mouse model of intraper-
itoneal infection exhibited about a 2-log increase in the LD50

over the wild type (22). This result suggests again that a TISS
composed of the RtxE ATPase is involved in secretion of
multiple virulence factors.

rtxBDE is transcribed as a single operon. To analyze the
expression pattern of the rtxBDE genes at the transcriptional
level, the presence of transcripts of the intergenic regions of
rtxB, rtxD, and rtxE was examined using RT-PCR methods.
When cDNA was synthesized from the RNA of M06-24/
O(pMW0504) cells grown with LBS and PCR amplification
was followed by using the primers RTXBD001 and RTXDE002
(Table 2; Fig. 1), a single, approximately 1.7-kb DNA was
detected (Fig. 5). Based on the DNA sequence of rtxBDE, the
1.7-kb PCR product corresponded to the expected size of the
amplification product between the RTXBD001 and
RTXDE002 primers. This shows that rtxB, rtxD, and rtxE were
transcribed as a single transcriptional unit. A positive control
reaction with V. vulnificus genomic DNA as a template pro-
duced the same-sized 1.7-kb PCR product, and no product was
observed when total RNA was directly used as a PCR template
(a negative control). Therefore, it appeared that the rtxBDE
genes were transcribed as a transcriptional operon rather than
as three independent genes.

In order to map the promoter of the rtxBDE operon, the
transcription start site of rtxBDE was determined by primer
extension analysis. A single reverse transcript was produced
from primer extension of RNA isolated from log phase cul-

FIG. 5. Analysis of the rtxBDE transcript by RT-PCR. Shown is an
RT-PCR analysis of RNA isolated from a mid-exponential-phase cul-
ture of M06-24/O(pMW0504). The RNA was treated with DNase I
(Sigma, St. Louis, MO) and used for the synthesis of cDNA by reverse
transcription (SuperScript first-strand synthesis system for RT-PCR;
Invitrogen, Carlsbad, CA). The cDNA (lane 1), DNase I-treated RNA
(negative control; lane 2), and wild-type genomic DNA (positive con-
trol; lane 3) were used as templates for PCR. Molecular size markers
(1 kb plus ladder; Invitrogen) and a PCR product are indicated.

FIG. 6. Identification of a transcription start site of the rtxBDE operon and sequence analysis of the rtxBDE upstream region. (A) The
transcription start site was determined by primer extension of the RNA derived from M06-24/O(pMW0504) grown to mid-exponential phase in
LBS. Lanes G, A, T, and C represent the nucleotide sequencing ladders of pMW0504. The asterisk indicates the site of transcription start. (B) The
transcription start site is indicated by a bent arrow, and the putative promoter regions (�10 and �35) are underlined. The TTG translation
initiation codon and putative ribosome binding site (GCAA) are in boldface.
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tures (Fig. 6). Using several different sets of primers, we were
unable to identify any other transcription start sites by primer
extension (data not shown). This result was consistent with the
present assumption that rtxBDE is one transcriptional unit.
The 5	 end of the rtxBDE transcript is located 102 bp upstream
of the translational initiation codon of rtxB and was subse-
quently designated �1. The putative promoter upstream of the
transcription start site was named PrtxBDE.

rtxBDE is induced by exposure to host cells. To determine
the effect of host cells on the activity of PrtxBDE, the total
bacterial RNA was isolated from M06-24/O(pMW0504) cul-
tures exposed to intestinal INT-407 cells and used for primer
extension analysis. The primer extension analysis performed
with RNA isolated from M06-24/O(pMW0504) exposed to
INT-407 for 2 h revealed a band of the reverse transcript, and
its intensity was almost twofold greater than that of the reverse
transcript obtained with RNA isolated from M06-24/
O(pMW0504) grown with LBS (Fig. 7A). Based on the inten-
sity of the bands of the reverse transcripts, it was apparent that
the activity of PrtxBDE is induced by exposure of V. vulnificus to
host cells. In order to characterize the effect of host cells on the
expression of rtxBDE in more detail, primer extension analyses
were performed with the RNA isolated from M06-24/
O(pMW0504) cultures grown with different media, such as
MEM and INT-407-spent MEM. Compared to results for the

culture grown with LBS, the intensity of the bands of the
reverse transcript was not significantly affected by exposure
of the bacterial cells to either MEM to INT-407-spent MEM
(Fig. 7A).

The induction of rtxBDE expression on the exposure to INT-
407 cells was reconfirmed using real-time PCR (Fig. 7B). On
exposure to INT-407 cells, the expression level of rtxBDE in-
creased about twofold. However, the expression levels of
rtxBDE in cultures grown with MEM and INT-407-spent MEM
were not changed significantly. These results indicated that
PrtxBDE activity was not induced by any medium components of
MEM or by host cell components that are secreted from INT-
407 and dissolved into MEM. Thus, taken together, these re-
sults make it reasonable to conclude that the activity of V.
vulnificus PrtxBDE is induced by host cells and that the induction
requires direct contact of the bacteria with the host cells.

DISCUSSION

The ability to secrete virulence factors that are involved in
invasion, colonization, and survival within a host to the cell
exterior is important in the pathogenicity of bacteria (11, 13).
In particular, gram-negative pathogenic bacteria use several
different types of secretion systems to export proteins, and five
major pathways (types I, II, III, IV, and V) are known to

FIG. 7. Activities of the PrtxBDE promoter in V. vulnificus cells grown under different conditions. Results for RNA derived from M06-24/
O(pMW0504) exposed to INT-407 cells (cell) or grown with different media such as LBS, MEM, and INT-407-spent MEM (spent) are indicated.
(A) The activities of PrtxBDE were determined separately by primer extension of the RNA. Lanes G, A, T, and C represent the nucleotide
sequencing ladders of pMW0504. The relative levels of the PrtxBDE activity relative to the level of the PrtxBDE activity of V. vulnificus grown with
LBS are presented. (B) For the real-time PCR analysis, the expression level of rtxBDE was normalized to the 16S rRNA expression level. Averages
and standard errors of the means were calculated from at least three independent experiments. Details for preparation of total cellular RNA,
primer extension analyses, and real-time PCR are given in Materials and Methods.
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primarily modulate this protein secretion. Among those, the
type III secretion system (TTSS), one the most extensively
investigated protein export pathways, plays diverse roles in
pathogenesis and has been currently recognized as a major
virulence factor in a wide range of gram-negative pathogenic
bacteria (7, 15, 17, 43). However, a search of the genome
sequences of both V. vulnificus CMCP6 and YJ016 to find
TTSS gene homologues with a substantial level of identity with
TTSS genes from other gram-negative bacteria at either the
nucleotide or amino acid sequence level was not successful
(S. H. Choi, unpublished data). Instead, V. vulnificus has been
shown to possess a type II secretion system, responsible for
extracellular secretion of at least three degradative enzymes
including cytolysin (34). While it is unknown if the collective
absence of proteins secreted by the type II pathway specifically
results in reduced virulence, a mutant unable to express the
type IV prepilin leader peptidase (and defective in both type
IV pilus biogenesis and type II protein secretion) is signifi-
cantly less virulent than a mutant defective in the expression of
just the PilA type IV pilin subunit (34, 35). Recently, there has
been increasing evidence that the widespread TISS is associ-
ated with virulence in many pathogenic bacteria (1, 16).

In the present study, the function of the TISS of V. vulnificus,
presumably consisting of RtxB, RtxD, and RtxE based on
research on V. cholerae (1), was examined by constructing an
isogenic rtxE mutant and evaluating the differences between its
virulence phenotype and that of the wild type. Compared to
the wild type, the rtxE mutant was less toxic to intestinal epi-
thelial cells in vitro and also exhibited significantly diminished
virulence in mice. Apparently, this attenuation in the virulence
of the rtxE mutant is associated with its ability to block V.
vulnificus RtxA (RtxAVv) secretion, and it is reasonable to
conclude that RtxAVv is also an important virulence factor in
the pathogenesis of V. vulnificus. Since the mutation in rtxE
decreased the release of LDH by V. vulnificus (Fig. 3), RtxAVv

appeared to disrupt the membrane, as observed in the many
pore-forming toxins belonging to the RTX protein family.
Consistent with this, it has been demonstrated that the muta-
tions of rtxAVv decreased the cytotoxicity as well as the viru-
lence of V. vulnificus (22, 29). In contrast to RtxAVv, V. chol-
erae RtxA (RtxAVc) does not disrupt membrane integrity and
thus is not likely to be a typical member of pore-forming toxins
(14, 26, 40, 44). This different catalytic activity of the two toxins
could be related to the extensive sequence divergences found
in the two internal regions of RtxA (22, 40). We also hypoth-
esized that this difference may simply account for the observed
difference in pathogenesis between the two pathogens, such
that V. vulnificus is much more destructive and cytolytic than V.
cholerae.

A successful infection of pathogenic bacteria is correlated
with their ability to survive and multiply within the harsh en-
vironments of the host. Therefore, it has been generally ac-
cepted that bacterial genes that are preferentially expressed
within the environment of the host are likely important to
pathogenesis (25). So far, several experimental approaches,
such as in vivo expression technology (30), have been used for
the extensive screening of bacterial genes that are specifically
induced upon exposure to the host. These screens and subse-
quent characterization have allowed identification of many
bacterial genes encoding potential virulence factors (25). How-

ever, until now, there have only been a few studies on the
regulatory characteristics of the genes that are highly expressed
in the host tissue. In the present study, twofold induction of
rtxBDE expression was observed only in V. vulnificus cells ex-
posed to INT-407 cells and not in V. vulnificus cells exposed to
MEM or INT-407-spent MEM. Recently, it has been reported
that expression of rtxBDE of V. cholerae was dependent on
growth phase, decreasing during the stationary phase, and was
regulated at the level of transcription (2). However, the growth
rates of V. vulnificus with MEM, INT-407-spent MEM, and
INT-407 cells were not significantly different (data not shown),
and therefore it is reasonable to assume that the induction of
V. vulnificus rtxBDE by exposure to INT-407 cells is not due to
a different growth phase. In addition, the present study dem-
onstrated that expression of rtxBDE is dependent on promoter
PrtxBDE with the same transcription start site regardless of
exposure of V. vulnificus to host cells (Fig. 6 and 7A).

Potential promoter sequences consisting of �10 and �35
segments separated by 17 nucleotides have been assigned to
PrtxBDE (Fig. 6). The assigned sequences for �35 (TTCACT)
and �10 (AACAAT) scored a 67% identity to the E. coli
consensus sequences for promoters recognized by RNA poly-
merase with RpoD (�70). The similarity of PrtxBDE to the E. coli
consensus sequences suggests that PrtxBDE is most probably
recognized by the V. vulnificus homolog of the �70 RNA poly-
merase holoenzyme. However, it is noteworthy that, even with
this substantial level of similarity to consensus sequences, the
expression level of rtxBDE from PrtxBDE is extremely low and
that detection of the rtxBDE transcript is not possible unless V.
vulnificus carries recombinant rtxBDE (data not shown). Al-
though other explanations are possible, we hypothesize that
the basal level of PrtxBDE activity is very weak and repressed by
a repressor(s), which turns into inactive form in V. vulnificus
upon exposure to the host. However, additional work is needed
to clarify what repressor(s) is really involved in the differential
repression of PrtxBDE and how the signals imposed by the host
are delivered to the repressor to inactivate it.
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