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Many important virulence genes of pathogenic bacteria are preferentially expressed in vivo. We used the
recently developed in vivo-induced antigen technology (IVIAT) to identify Vibrio vulnificus genes induced in
vivo. An expression library of V. vulnificus was screened by colony blot analysis by using pooled convalescent-
phase serum that had been thoroughly adsorbed with in vitro-expressed V. vulnificus whole cells and lysates.
Twelve clones were selected, and the sequences of the insert DNAs were analyzed. The DNA sequences showed
homologies with genes encoding proteins of diverse functions: these functions included chemotaxis (a methyl-
accepting chemotaxis protein), signaling (a GGDEF-containing protein and a putative serine/threonine Kki-
nase), biosynthesis and metabolism (PyrH, PurH, and IIvC), secretion (TatB and plasmid Achromobacter
secretion [PAS] factor), transcriptional activation (IlvY and HlyU), and the activity of a putative lipoprotein
(YaeC). In addition, one identified open reading frame encoded a hypothetical protein. Isogenic mutants of the
12 in vivo-expressed (ive) genes were constructed and tested for cytotoxicity. Cytotoxic activity of the mutant
strains, as measured by lactate dehydrogenase release from HeLa cells, was nearly abolished in pyrH, purH,
and klyU mutants. The intraperitoneal 50% lethal dose in mice increased by ca. 10- to 50-fold in these three
mutants. PyrH and PurH seem to be essential for in vivo growth. HlyU appears to be one of the master
regulators of in vivo virulence expression. The successful identification of ive genes responsible for the in vivo
bacterial virulence, as done in the present study, demonstrates the usefulness of IVIAT for the detection of new

virulence genes.

The expression of virulence determinants in bacteria is
known to be regulated by various environmental and host
factors (38). During host-parasite interactions, many novel
genes that not expressed during in vitro growth have been
demonstrated to be coordinately regulated or stimulated by
host factors encountered in vivo (20). The usefulness of the
information concerning virulence expression gained from in
vitro studies is therefore incomplete in relation to in vivo
bacterial pathogenesis.

Vibrio vulnificus, an opportunistic pathogen, experiences a
dramatic environmental change during its infection process. V.
vulnificus is an estuarine bacterium that preferentially affects
individuals who are heavy drinkers of alcohol and patients with
underlying hepatic diseases and other immunocompromised
conditions. The pathogen frequently causes fatal septicemia
with a rapid progress, resulting in a mortality rate of more than
50% within a few days. The putative virulence factors of V.
vulnificus reported so far include a hemolysin (15), a protease
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(29), phospholipase A2 (55), siderophores (53), and capsular
polysaccharides (61a). We reported that the ToxRS system of
V. vulnificus, a transmembrane signal-transducing transcription
activator, regulated the expression of the hemolysin gene vwhA
(32). The ToxRS system was reported to play an important role
in regulating in vivo virulence gene expression during V. chol-
erae infection in a mouse model (33). However, whether the
V. vulnificus ToxRS system plays an important role in regulat-
ing in vivo virulence gene expression during infection needs
further study. V. vulnificus, while infecting the susceptible hosts,
passes through gastric acidity, experiences an abrupt pH in-
crease in the duodenum, receives bile secretion, invades into
intestinal mucosa, and eventually enters the bloodstream where
the pathogen multiplies. During this complicated infection
process, V. vulnificus should be able to sense changes in the
environmental parameters in the host milieu. The changing
signals are likely relayed to specific genes by cognate signal
transduction systems, resulting in the expression of specific
virulence factors (33). Virulence factors required for in vivo
survival and growth of V. vulnificus are expected to be pro-
duced at the right place and time in a tightly regulated fashion,
as reported for other pathogens (21, 33, 37). To date, reports
concerning the in vivo expression of V. vulnificus virulence
factors are very limited. The in vivo-expressed (ive) genes may
serve new targets for antimicrobial therapy or vaccine devel-
opment.
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FIG. 1. IVIAT. Convalescent-phase sera from patients who survived V. vulnificus septicemia were pooled and adsorbed exhaustively with a
virulent clinical isolate (CMCP98K) grown in vitro (step 1). An expression library of V. vulnificus CMCP98K was generated in E. coli BL21(DE3)
(step 2), and the clones were probed with the adsorbed serum (step 3). Reactive clones, which were producing V. vulnificus antigens that are
expressed during septicemic infection but not during in vitro cultivation, were purified, and their cloned DNA was sequenced. In vivo-expressed
(ive) genes were identified in full length in the GenBank bacterial genome database and cloned by PCR (step 4). The pathogenic roles of the ive
gene products were investigated by testing the phenotypes of the null mutants of each gene (step 5).

In the present study, we used in vivo-induced antigen technol-
ogy (IVIAT), a novel method designed to screen microbial genes
expressed specifically during human infections, to identify V.
vulnificus genes expressed preferentially in vivo. IVIAT identifies
genes expressed during an actual human infection rather than in
an animal model (17). We used pooled convalescent-phase hu-
man serum to probe genes specifically expressed in vivo. An
experimental scheme of IVIAT used in the present study is pre-
sented in Fig. 1. This new technology allowed us to identify sev-
eral novel genes that likely play important roles in the survival and
replication of V. vulnificus in humans.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains and plasmids are
listed in Table 1. V. vulnificus CMCP6 and CMCP98K are clinical isolates from

the Chonnam National University Hospital. V. vulnificus MO6-24/O is also a
clinical isolate and was provided by J. Glenn Morris, Jr., of the University of
Maryland. The strains were identified by conventional biochemical tests and
PCR analysis with V. vulnificus-specific primers (31). E. coli strains were grown
in Luria-Bertani (LB) or brain heart infusion (BHI) medium, and V. vulnificus
strains were grown in 2.5% NaCl heart infusion (HI) medium. Antibiotics were
used as follows: ampicillin (AMP) at 100 pg/ml, kanamycin (KAN) at 50 pg/ml,
chloramphenicol (CHL) at 30 wg/ml, and tetracycline (TET) at 12.5 wg/ml for
E. coli and AMP at 20 pg/ml, CHL at 2 pg/ml, and TET at 2 wg/ml for V.
vulnificus.

Construction of an inducible expression genomic DNA library. An expression
library of V. vulnificus CMCP98K was generated as follows. V. vulnificus genomic
DNA was purified by a conventional sodium dodecyl sulfate (SDS)-protease
method described elsewhere (31), partially digested with Sau3Al, and separated
by electrophoresis with a low-melting-point agarose gel (Amersham). DNA frag-
ments of ca. 0.5 to 1.0 kb were cut from the agarose gel and extracted by using
the QTAEX II gel extraction kit (Qiagen) after treatment with B-agarase I (New
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Description® Source or reference
Strains
V. vulnificus
MO6-24/0 Clinical isolate 47
CMCP6 Clinical isolate Chonnam National
University Hospital
CMCPI98K Clinical isolate Chonnam National
University Hospital
CMM1701 CMCP6 with the insertion mutation in Vv-ive-1 gene; Cm* This study
CMM1702 CMCP6 with the insertion mutation in Vv-ive-2 gene; Cm" This study
CMM1703 CMCP6 with the insertion mutation in Vv-ive-3 gene; Cm* This study
CMM1704 MO6-24/0O with the insertion mutation in Vv-ive-4 gene; Cm" This study
CMM1705 CMCP6 with the insertion mutation in Vv-ive-5 gene; Cm* This study
CMM1706 CMCP6 with the insertion mutation in Vv-ive-6 gene; Cm" This study
CMM1707 CMCP6 with the deletion mutation in Vv-ive-7 gene This study
CMM1708 MO6-24/0 with the deletion mutation in Vv-ive-8 gene This study
CMM1709 MO6-24/0 with the insertion mutation in Vv-ive-9 gene; Cm* This study
CMM1710 CMCP6 with the deletion mutation in Vv-ive-10 gene This study
CMM1711 CMCP6 with the insertion mutation in Vv-ive-11 gene; Cm* This study
CMM1712 CMCP6 with the insertion mutation in Vv-ive-12 gene; Cm" This study
CMM1715 CMM1710 containing pCMM1701; Amp" Tc" This study
E. coli
BL21(DE3) F~ ompT hsdSy(rg~ my™) gal dem (DE3) Novagen
DHS5a F~ $80dlacZAM15 A(lacZYA-argF)UI69 deoR recAl endAI hsdR17(ry~ my ") phoA Laboratory collection
supE44 N~ thi-1 gyrA96 relAl
SY327 \pir A(lac pro) argE(Am) rif nalA recA56 N\pir lysogen 39
SM10 N\pir thi thr leu tonA lacY supE recA::RP4-2-Tc"::Mu ApirR6K lysogen; Km" 39
Plasmids
pET30a,b,c Inducible-expression vectors carrying N-terminal His + Tag/thrombin/S - Tag/ Novagen
enterokinase configuration, providing three different reading frames at the
multicloning site; Km"
pDM4 A suicide vector with ori R6K sacB, Cm" 40
pLAFR3 IncP cosmid vector; Tc' 54
pLAFR3II pLAFR3 with bla inserted at the cos site This study
pRK2013 IncP Km" Tra Rk2" repRK2 repEl 9
pCMM1701 pLAFR3I1 with hlyU ORF This study
pUTKml Tn5-based insertion delivery plasmid; Amp” 23

“ Cm", CHL resistance; Tc", TET-resistance; Km', KAN resistance; Amp*, AMP resistance.

England Biolabs). The purified DNA inserts were ligated into the pET30abc
expression vectors (Novagen), which had been cut by BamHI and treated with
shrimp alkaline phosphatase (Roche). The resulting ligation mixture was elec-
troporated into electrocompetent DH5a cells (Gibco-BRL). The transformants
were spread onto LB agar plates containing 50 pg of KAN/ml. After overnight
incubation, colonies on the plates were scraped and frozen at —70°C until use.
An aliquot of the resulting library was grown in LB broth, and plasmids were
isolated. The isolated plasmid library DNA was subsequently electroporated into
the expression host E. coli BL21(DE3) (Novagen).

Elimination of antibodies reacting with in vitro-expressed V. vulnificus anti-
gens from septicemic patients’ sera. Convalescent-phase sera were obtained
from three patients who survived V. vulnificus septicemia. The three patients
were 64- and 48-year-old males and a 54-year-old female. They all had underlying
liver cirrhosis. Sera were taken 24, 29, and 12 days after the onset of symptoms
from the three patients, respectively. All three cases were definitively diagnosed
by isolating V. vulnificus from blood and necrotic tissues. The antibody titer of
each serum was verified by enzyme-linked immunosorbent assay (ELISA), with
V. vulnificus cell lysates as the immobilized antigens. Equal volumes (500 wl) of
the three patients’ sera were pooled and exhaustively absorbed with in vitro-
expressed V. vulnificus antigens. The first adsorption of the pooled serum was
conducted with 10'" CFU of V. vulnificus whole cells grown in 2.5% NaCl HI
broth at 25°C. The serum was further adsorbed by V. vulnificus cell lysate
immobilized onto a nitrocellulose membrane. A final adsorption step was carried
out with heat-denatured V. vulnificus cell lysate immobilized on a nitrocellulose
membrane. To make the bacterial lysate, 10'" CFU of V. vulnificus cells were
sonicated on ice until complete disruption. For every adsorption step, the serum
was incubated overnight at 4°C with gentle agitation on a rocking platform. The
efficiency of each adsorption was monitored by ELISA. As the negative control,
we used the serum from a 13-year-old girl who had never eaten raw shellfish

because she does not like them. The serum was also thoroughly adsorbed with in
vitro-expressed V. vulnificus whole cells, and the bacterial lysate by the same
method used for the adsorption of the pooled convalescent-phase serum.

Library screening for V. vulnificus ive genes by using the colony immunoblot
analysis. The genomic expression library was plated onto BHI agar plates con-
taining 50 pg of KAN/ml at the density of ca. 1,000 colonies per plate. The
colonies were then replica plated onto BHI agar plates containing 50 pg of
KAN/ml and 1 mM IPTG (isopropyl-B-p-thiogalactopyranoside), followed by
incubation for 5 h at 37°C to induce the expression of insert DNA fragments. The
colonies were exposed to chloroform vapors to partially lyse the bacteria and the
exposed proteins were adsorbed onto overlaid HyBond nitrocellulose mem-
branes (Amersham). The membranes were carefully removed and saturated with
a 5% skim milk solution in phosphate-buffered saline (PBS) containing 0.5%
Tween 20. Colony Western blot analysis was performed with the adsorbed
pooled serum as the primary antibody and peroxidase-conjugated rabbit anti-
human immunoglobulin G (IgG) and IgM (Dako) as the secondary antibody.
The positive signals were detected by using an enhanced chemiluminescence
(ECL) kit and Hyperfilm ECL (Amersham). Reactive clones were collected and
retested for reactivity by another round of colony immunoblot analysis. Each
colony of the resulting reactive clones was grown overnight in 96-well culture
plates and then replica plated onto BHI agar plates containing 50 g of KAN/ml
with or without IPTG. Colony immunoblot analysis was done as the first-round
screening.

DNA sequencing. DNA sequencing was done by the double-strand dideoxy-
chain termination method by using an ABI Prism 377 automatic DNA sequencer
(Perkin-Elmer Applied Biosystems) at the Korea Basic Science Institute in
Kwangju, Korea. Sequence homologies to genes in the GenBank database were
determined by using the BLAST algorithm of the National Center for Biotech-
nology Information at the National Library of Medicine.
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TABLE 2. Primers used for the mutant construction

Primer and primer sequence used for mutation

Mutant strain

Amplified or deleted (A)

region/total ORF (bp)

Name Sequence (restriction enzyme)*

CMM1701 Pive-1-1 GGCTCCCTATTTTTATTTCTCAGC
Pive-1-2 AAGCTTCACCATATCTTGATAGATCGC (HindIII) A481-1860/2,004
Pive-1-3 AAGCTTAACGTCAGCGAAAGTGTCACC (HindIII)
Pive-1-4 CGAAATCGTGGTAGCTGTTGACG

CMM1702 Pive-2-1 GAAGATCTCGATGGCCTAGGTGTGTTGGG (Bgl/II) 12-631/900
Pive-2-2 GCTCTAGACGCCATTGCCACCAACACAGC (Xbal)

CMM1703 Pive-3-1 GAAGATCTTCTAGTGATTGTGAATACCAGC (Bgl/lI) 456-993/1,161
Pive-3-2 GCTCTAGAAACAACTAAGTAGTTATTCACC (Xbal)

CMM1704 Pive-4-1 TGGCTCAGGAAGTAAAAG 120-618/726
Pive-4-2 GCTCTAGATGTAAATGCTGCCAAATC (Xbal)

CMM1705 Pive-5-1 CGACATCGGTGGCCCAACCATG 378-1,170/1,593
Pive-5-2 GAAGATCTTTGAACCAGTAGGCCGCCG (BamHI)

CMM1706 Pive-6-1 GCTCTAGACCAGCACGAACCATTGCAAC (Xbal) 382-1,205/1,485
Pive-6-2 GAAGATCTCGCTGATCCCTCAAGCTGATC (Bg/II)

CMM1707 Pive-7-1 GGCTTCATTTCATGAAGCCGC
Pive-7-2 AAGCTTTCCGAATAGTCTCACATAGGG (HindIII) A34-384/393
Pive-7-3 AAGCTTCAATACCAGTTCCCAAAAACC (HindIII)
Pive-7-4 TGGATGATGAATCAAGTTGGTCC

CMM1708 Pive-8-1 ATGCAATCGTAAACTCACAGC
Pive-8-2 AAGCTTGGCTTTCATGTAATG (HindIII) A10-165/231
Pive-8-3 AAGCTTTTAGAAATTCCTGAACAC (HINDIII)
Pive-8-4 GCTCAGGGCTTACACTTTCTG

CMM1709 Pive-9-1 GCTCTAGAACTAGCCAGCAACTCTTCAC (Xbal) 126-685/891
Pive-9-2 GAAGATCTACAATCGCTTCATGACCTGA (Bg/II)

CMM1710 Pive-10-1 CGGGATCCTCGATATCGTCAACTATAG (BamHI)
Pive-10-2 CGGGATCCTTTTAAGTTCATGTGTTGG (BamHI) A13-291/297
Pive-10-3 CGGGATCCGAATAATGCTTTTGCGTG (BamHI)
Pive-10-4 TACGTCGGCACTGGCACCTG

CMM1711 Pive-11-1 GAAGATCTGTAAAAGTTGGCGTTATGGCG (BglII) 97-710/810
Pive-11-2 GAAGATCTTGAACGTTGTCTTGGCGAGC (Bg/II)

CMM1712 Pive-12-1 GAAGATCTCAAGAAAACAACCACTCTC (BglI) 106-1,197/1,410
Pive-12-2 GAAGATCTATCTAGGTTCTCTTTGGC (Bg/II)

“ The restriction enzyme site is underlined.

Construction of V. vulnificus ive gene mutants by h gous rec ination
V. vulnificus ive isogenic mutant strains of the highly virulent V. vulnificus stain
MO6-24/0 or CMCP6 were constructed either by insertional inactivation
method with a suicide vector or in-frame deletion by using allelic exchange
method (39). For the insertional inactivation of Vv-ive-2, -3, -4, -5, -6, -9, -11, and
-12 putative genes, truncated ive gene fragments were amplified by PCR and
ligated into the suicide vector pDM4 (40). The primer sets used for the ampli-
fication of DNA fragments lacking 5" and 3’ ends of each gene are listed in Table
2. Most of the PCR primers had overhangs recognized by Xbal, Bg/Il, or BamHI
to make the cloning into pDM4 easier. When the amplicon had a sequence
recognized by a restriction enzyme near the end, the overhangs were not added
to the primers. The ligated DNA was transformed into E. coli SY327 Npir.
Plasmids amplified in E. coli SY327 Apir were isolated and transformed into E.
coli SM10 Apir (39) and subsequently transferred to V. vulnificus MO6-24/O or
CMCP6 by conjugation. CHL-resistant transconjugants that had the mobilized
plasmid integrated into their chromosome by homologous recombination were
selected on thiosulfate-citrate-bile-sucrose (TCBS) agar plates containing 2 pg of
CHL/ml as described previously (40).

Mutants of Vv-ive-1, -7, -8, and -10 genes were constructed by in-frame dele-
tion. We designed two sets of primers amplifying the DNA fragments encom-
passing upstream or downstream of each gene (Table 2). One or both of each
primer set had appropriate restriction overhang for cloning. Each amplicon was

first cloned into TOPO PCR cloning vector (Invitrogen) and ligated each other.
The DNA insert having in-frame deletion of each gene was recloned to pDM4 by
using appropriate restriction enzymes, and the resulting plasmid was trans-
formed into E. coli SM10 Apir. The plasmid in E. coli SM10 \pir was transferred
to V. vulnificus MOG6-24/O by conjugation, and the transconjugants were selected
on TCBS agar plate containing CHL. The transconjugants were plated onto a
2.5% NaCl HI agar plate containing 10% sucrose to select clones that experi-
enced the second homologous recombination events, forcing excision of the
vector sequence and leaving only a mutated or wild-type (WT) allele of the
genes. Each insertional or in-frame deletion mutation was confirmed by PCR of
the chromosomal DNA from the respective mutant. The resulting mutant strains
of the 12 putative ive genes are listed in the Table 1.

To complement the Vv-ive-10 (hlyU) mutant strain (CMM1710) with the WT
allele in trans, we amplified a DNA fragment containing ilyU gene by PCR with
a primer set (PhlyU-1, CGGGATCCTCGATATCGTCAACTATAG; PhlyU-4,
TACGTCGGCACTGGCACCTG). The amplified DNA fragment was cloned
into pLAFR3II plasmid, constructed by subcloning the bla gene from pUTKm1
(23) into Bg/II at the cos site of pLAFR3 (Table 1). The resulting plasmid
(pCMM1701) was transferred into the AlyU mutant strain by the triparental
mating with a conjugative helper plasmid, pRK2013 (9). The transconjugants
were plated on TCBS agar containing AMP and TET, confirmed by PCR, and
designated CMM1715.
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FIG. 2. An example of the screening process for the confirmation that candidate gene products react specifically with the pooled convalescent-
phase serum. Reactive clones on the primary screening plate (A) were picked up, transferred to a 96-well culture plate, and replica plated onto
a IPTG-KAN-BHI agar plate for the secondary screening (B). Serum from a 13-year-old girl who had never eaten raw shellfish was adsorbed with
in vitro-expressed antigens of V. vulnificus and used as a negative control. (C) Each clone was tested in duplicate or triplicate. NEG and CON,
negative and pooled convalescent-phase sera, respectively. Arrows indicate positive clones.

Cytotoxicity assay of ive mutant strains. Cytotoxic activity of bacteria was
measured by lactate dehydrogenase (LDH) release from HeLa cell lines by using
the CytoTox96 Non-Radioactive Cytotoxic Assay kit (Promega). One hundred
thousand HeLa cells were plated into each well of 24-well cell culture plates and
then incubated overnight. The next day, ive gene mutant strains suspended in
fresh Dulbecco modified Eagle medium (DMEM) without fetal bovine serum
were added to each well at a multiplicity of infection (MOI) of 100 and incubated
for 90 min at 37°C in a 5% CO, incubator. Released LDH in the supernatant was
measured in accordance with the manufacturer’s protocol.

LDs, determination. V. vulnificus strains were cultured in 2.5% NaCl HI broth
overnight at 37°C with agitation at 200 rpm. Subsequently, 1 ml of the overnight
culture was inoculated into 100 ml of fresh 2.5% NaCl HI broth. The cultures
were grown at 37°C and 200 rpm for 4.5 h, after which the cells were harvested
by centrifugation and washed three times with PBS (pH 7.2). The cell pellet was
resuspended and 10-fold serially diluted with PBS. Randomly bred specific-
pathogen-free 8-week-old CD-1 mice were administrated with various doses of
bacteria intraperitoneally. Five mice were used for each dose, and infected mice
were observed for 48 h. The 50% lethal dose (LDs,) of each mutant strain was
calculated by the method of Reed and Muench (48).

Growth of the ive gene mutants in HeLa cell lysates. HeLa cells were cultured
as described above. Before tests, the culture was changed with fresh DMEM
without fetal bovine serum and incubated for 90 min at 37°C in a 5% CO,
incubator. Then cells were scraped and sonicated to total lysis. Bacterial cells
were inoculated into the cell lysate to the concentration of ca. 107 CFU/ml and
incubated for 3 h. Viable cells were counted on 2.5% NaCl HI agar plates.

Nucleotide sequence accession number. DNA sequences of the open reading
frames (ORFs) identified in the present study have been deposited in the Gen-
Bank database as parts of a V. vulnificus whole genome sequence reported by our
group under accession numbers AE016795 and AE016796.

RESULTS

Screening for ive genes of V. vulnificus by using IVIAT. The
convalescent-phase pooled serum was exhaustively adsorbed to
remove antibodies reacting with in vitro-expressed proteins of
V. vulnificus CMCP98K. The serum adsorption was conducted
with in vitro-cultured V. vulnificus CMCP98K whole cells, lysed
cell extracts, and heat-denatured cell extracts. Through the
adsorption procedure, we intended to remove antibodies re-
acting with in vitro-expressed extracellular (or cell surface),
cytoplasmic, and denatured fragment antigens. After the three
rounds of adsorption, the adsorbed pooled convalescent-phase
serum showed no significant reaction with in vitro-expressed V.
vulnificus antigens by ELISA (data not shown). The resulting
adsorbed convalescent-phase pooled serum was used to screen
the pET30abc expression library. The adsorbed pooled serum

contains antibodies reactive preferentially with in vivo-ex-
pressed antigens.

An expression library of V. vulnificus was generated by using
the vector pET30abc in E. coli BL21(DE3). Clones from the
expression library of V. vulnificus CMCP98K were probed with
the adsorbed pooled serum by colony immunoblot analysis.
Clones showing stronger signals on the IPTG-induced BHI
agar plates than on the BHI agar plates without IPTG were
selected. For the secondary screening, the clones showing pos-
itive signals at the primary screening were grown in 96-well
culture plates and replica plated onto BHI agar plates with or
without IPTG. Only the clones showing strong positivity at the
secondary screening experiment were regarded to contain pu-
tative ive genes. At the tertiary screening step, we used the
negative control serum, which was also thoroughly adsorbed
with in vitro-expressed antigens, and made sure that the can-
didate ive gene products reacted specifically with the convales-
cent-phase serum. Candidate clones were grown in a 96-well
culture plate and replica plated on BHI agar plates containing
KAN and IPTG. Each clone was tested by the colony immu-
noblot analysis in duplicate or triplicate (Fig. 2). Insert DNAs
in the positive clones were sequenced and analyzed by using
the GenBank database for homology.

Of ~60,000 clones, 12 were confirmed to contain putative ive
genes after the primary and secondary screening procedures.
V. vulnificus ive gene candidates identified by the IVIAT are
summarized in the Table 3. The 12 ive genes could be catego-
rized into several classes: chemotaxis (a methyl-accepting che-
motaxis protein [MCP]), signaling (a GGDEF-containing pro-
tein and a putative serine/threonine kinase), biosynthesis and
metabolism (PyrH, PurH, and IlvC), secretion (TatB and plas-
mid Achromobacter secretion (PAS) factor), transcriptional ac-
tivation (IlvY and HlyU), and a putative lipoprotein (YaeC).
One ORF was predicted to encode a hypothetical protein.

Construction of specific mutations in the putative ive genes.
Specific mutation in each of the 12 ive genes was constructed
by insertion of a suicide plasmid in the chromosome or by
in-frame deletion by using the allelic exchange method. Muta-
tions of the ive genes were constructed with representative
virulent strains MO6-24/0 and CMCP6 (Table 1). The result-
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TABLE 3. In vivo-expressed gene candidates discovered
by IVIAT in V. vulnificus

Putative protein
function and
identified clone

Homologous protein in database
(organism [% identity])

Signaling
Vv-Ive-1 .o MCP VC0906 (V. cholerae [30])
VV-IVe-2 . GGDEF-containing protein STM3388 (S.
enterica serovar Typhimurium LT2 [32])
Vv-Ive-3 ..o Putative serine/threonine protein kinase

STM2520 (S. enterica serovar
Typhimurium LT2 [45])

Biosynthesis and

metabolism

Vv-Ive-4 ... Uridylate kinase (UMP kinase) PyrH
VC2258 (V. cholerae [77])

VV-Ive-5 . AICAR transformylase/IMP cyclooxygenase
PurH VC0276 (V. cholerae [92])

VV-IVE-6 . Putative acetohydroxyacid isomeroreductase
IlvC VCO0162 (V. cholerae [80])

Secretion

VV-Ive-T . Sec-independent protein translocase TatB
VC0087 (V. cholerae [76])

Vv-Ive-8...oooiviiiiiins PAS factor, a protein secretion factor

(V. alginolyticus [85])

Transcriptional

activator
Vv-Ive-9 ..o LysR-type transcriptional regulator IlvY
VCO0161 (V. cholerae [43])
Vv-Ive-10 ..o Transcriptional activator HlyU VC0678

(V. cholerae [64])

Known hypothetical

protein
Vv-Ive-11 .o Putative lipoprotein gene YaeC VC0905
(V. cholerae [74])
Vv-Ive-12...ciiiiins Conserved hypothetical protein VC1606

(V. cholerae [56])

ing mutants grew well on LB, HI, and BHI agar plates except
for CMM1704, the putative pyrH mutant. The pyrH mutant
strain showed smaller colonies on agar plates and retarded
growth curve in HI broth (see Fig. 5).

Effect of the ive gene mutation on the cytotoxicity of V.
vulnificus. V. vulnificus cells are highly cytotoxic to cultured cell
lines. The effects of the ive gene mutations on the cytotoxicity
against HeLa cells were tested by using log-phase cultures.
Mutants showing decreased LDH release when cultured with
HeLa cells at an MOI of 100 for 90 min were screened. Among
the mutants of the 12 ive genes, only the mutants of pyrH
(CMM1704), purH (CMM1705), and hlyU (CMM1710) homo-
logues showed significant decreases in cytotoxicity to HeLa
cells (Fig. 3).

The CMM1710 strain, an hlyU in-frame deletion mutant,
was not cytotoxic at all to HeLa cells even after 3 h of incu-
bation, whereas the V. vulnificus WT strain killed almost 80%
of the HeLa cells in 90 min. The cytotoxicity defect of CMM1710
could be complemented by a WT allele, along with its own
promoter carried by the IncP plasmid pCMM1701 (Fig. 4).

Effect of the ive gene mutation on the lethality of V. vulnificus
in mice. To test the pathogenic significance of the three ive
genes, mouse-killing activities of the three ive gene mutants
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FIG. 3. Effect of the ive gene mutation on the cytotoxicity of V.
vulnificus. Bacterial cells were incubated with HeLa cells at an MOI of
100 for 90 min. The bars represent the mean percent release of LDH
from four wells. WT stands for V. vulnificus WT MO6-24/O and
CMCP6. The strains from CMM1701 to CMM1712 represent mutants
of each ive genes identified in the present study (see Tables 1 and 3).
Only the of pyrH, purH, and hlyU mutants showed a statistically sig-
nificant decrease in cytotoxicity. An asterisk indicates statistical signif-
icance (P < 0.001) as determined by using the Student ¢ test.

showing significantly decreased cytotoxicity were compared to
that of the isogenic WT strain. Intraperitoneal LDy,s of the
three mutants to specific-pathogen-free randomly bred CD-1
mice were significantly lower than that of the WT strain (Ta-
ble 4). The LDs, to mice increased 53-, 14-, and 22-fold in
CMM1710 (hlyU deletion mutant), CMM1704 (pyrH insertion
mutant), and CMM1705 (purH insertion mutant), respectively.
These data suggest that at least three of the ive genes identified
in the present study are directly involved in the in vivo viru-
lence of V. vulnificus.

Growth of the ive gene mutants showing decreased virulence
in HeLa cell lysates. The CMM1704 and CMM1705 strains,

100
~ 801 J
= -
2 60
L
x
S 40
0
e
S
O 2
*
0
MO6-24/0 CMM1710 CMM1715

FIG. 4. Effect of the hlyU mutation on the cytotoxicity to HeLa
cells. Log-phase bacterial cells were incubated with HeLa cells at an
MOI 100 for 90 min. The bars represent the mean percent release of
LDH from four wells. The cytotoxicity defect in the hlyU mutant
(CMM1710) was almost completely complemented in the comple-
mented strain (CMM1715). The asterisk indicates statistical signifi-
cance (P < 0.001) as determined by using the Student ¢ test.
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TABLE 4. Effect of the in vivo-expressed gene mutation on the LDy, of V. vulnificus

Strain Genotype LDs, (CFU/mouse) Fold increase in LDs,
MO6-24/0 V. vulnificus WT, a clinical isolate 4.0 X 10°
CMCP6 V. vulnificus WT, a clinical isolate 3.6 X 10°
CMM1704 MO6-24/0O with the mutation in pyrH homolog (Vv-Ive-4) 5.5 x 107 14
CMM1710 MO6-24/0O with the mutation in hlyU homolog (Vv-Ive-10) 2.1 %108 53
CMM1705 CMCP6 with the mutation in purH homolog (Vv-Ive-5) 8.0 X 10° 22
under microscope, appeared not to grow well when incubated DISCUSSION

with HeLa cells in DMEM in comparison with the WT and
CMM1710 strains (data not shown). We speculated that the
pyrH and purH mutants should have defects in utilizing host-
derived factors for their growth. Growth of the mutants in
HeLa cell lysates was compared to that of their isogenic WT
strains. The WT strain did grow in DMEM, although their
multiplication rate was much slower than in HI broth. HeLa
cell lysates significantly stimulated their growth, suggesting
that the strains could utilize factors in the lysate for growth. In
HI broth, only the growth of CMM1704 was impeded (Fig.
5A), whereas no growth of CMM1704 and CMM1705 was
observed in DMEM (Fig. 5B). Cell lysates could not stim-
ulate the growth of the pyrH and purH mutants (Fig. 5C). On
the other hand, CMM1710, the hlyU mutant, showed no
growth difference from its isogenic mutant strain under any
culture condition tested (Fig. 5). These results suggest that
decreased virulence of the pyrH and purH mutants likely
resulted from their in vivo growth defect. A functional de-
fect in the in vivo virulence expression may be responsible
for the decreased cytotoxicity and increased LDy, of the
hlyU mutant.

Suitability of IVIAT in identifying ive genes of V. vulnificus.
There are currently several technologies designed to identify
genes specifically expressed during infection. These include in
vivo expression technology (IVET), recombinase-based in vivo
expression technology (RIVET), signature-tagged mutagenesis
(STM), differential fluorescence induction (DFI), and IVIAT
(7,8, 16, 17, 18, 20, 35, 59, 60). For the identification of V. vul-
nificus ive genes, technologies such as IVET, RIVET, and STM
are not suitable since the harvesting efficiency of the pathogen
from infected animals is very low. In infected animals, V. vulni-
ficus disseminates systemically with no predilection for specific
organs or tissues where V. vulnificus preferentially colonizes
and multiplies. A sufficient number of V. vulnificus that are re-
quired for extensive screening of ive genes could not be re-
trieved from livers, spleens, hearts, or kidneys of infected mice
(data not shown). Homogenization of whole body of infected
mouse might be required to get sufficient number of in vivo-
grown V. vulnificus. Moreover, the mouse model does not fully
reproduce the human infection process, although mouse infec-
tion is the most widely used model for V. vulnificus virulence

(A) HI broth (B) DMEM (C) HeLa cell lysate
—&— MO06-24/0
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FIG. 5. Growth of the ive gene mutants showing decreased virulence in HeLa cell lysates. The mutant strains of pyrH, hiyU, and purH
homologues were inoculated into 2.5% NaCl HI (A), DMEM (B), and HeLa cell lysate (C) and then cultured for 3 h at 37°C in a 5% CO,
incubator. Viable cells were counted every 1 h on 2.5% NaCl HI agar plates. Growth of the mutants in HI broth, DMEM, and HeLa lysates was
compared to that of appropriate isogenic WT strains MO6-24/O (pyrH and hlyU) or CMCP6 (purH). The error bar indicates the standard error

of the mean from triplicate experiments.
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studies. For example, mice infected with the organism do not
manifest skin and soft tissue necrosis, a hallmark of human
infection. DFT also could not be used since encapsulated vir-
ulent V. vulnificus is resistant to phagocytosis (30).

In contrast, IVIAT avoids the use of animal or cell culture
infection models by using serum from patients. The ive viru-
lence factors identified by other technologies utilizing animal
or cell culture models must be validated in the context of the
actual human infection process. The pooled serum from con-
valescent-phase septicemic patients allows a direct identifica-
tion of the widest array of antigens produced in the patients
during different stages of infection (17). Since the major clin-
ical manifestation of V. vulnificus is septicemia, convalescent-
phase serum should contain high titers of antibodies against a
wide range of ive antigens. We used a pooled convalescent-
phase serum from three patients at different time points after
the onset of symptoms to increase chances of identifying the
broadest array of ive genes, including transiently expressed
genes. In instances in which the main thrust of the work is
directed toward obtaining the broadest possible understanding
of the pathogenic mechanisms used by the microorganism, as
was the case in the present study, it is more relevant to use a
pool of sera rather than individual infected subject’s serum.
This is particularly important to represent antigens potentially
produced at different stages of infection. If the goal was to find
a candidate strategy for a diagnostic application, for instance,
or a host immune response-independent diagnostic strategy,
then it would be more relevant to use ive proteins that are
produced throughout the infectious cycle, which would allow
the use of serum from a single well-characterized patient.

In vivo-expressed genes associated with signaling. Among
the putative V. vulnificus ive genes identified, three were pre-
dicted to be associated with signal perception and transduction
(Table 3). Living organisms monitor their environment and
adjust their behavior, metabolism, and development in re-
sponse to changes in physicochemical parameters. There are
three known major classes of receptor proteins in prokaryotes,
including (i) sensor histidine kinases of two-component signal
transduction systems, (ii) chemotaxis transducers or MCPs,
and (iii) diguanylate cyclases (42). Interestingly, one gene for
each of these networks was identified in the present study.

The first clone, Vv-Ive-1 has a low level (~30% at amino
acid level) homology to a putative MCP gene of V. cholerae
(19). Although Vv-Ive-1 showed low homology overall with
known MCPs in GenBank, it had a characteristic MA (methyl-
accepting chemotaxis-like) domain and a HAMP (histidine
kinase, adenylyl cyclases, methyl-binding proteins, phospha-
tases) domain (data not shown), which are hallmarks of MCPs
(13). Camilli and Mekalanos (7) reported that an MCP gene
was induced during a V. cholerae infection in mice. When
occupied by cognate chemoeffectors, MCP transduces signals
to the flagellar motor to drive bacterial cells toward or away
from the chemoeffectors (5). In Vibrio anguillarum, chemotac-
tic motility is required for the invasion of fish, its natural host
(46). The ive MCP of V. vulnificus identified in the present
study might also play important roles in the invasion and pro-
gression of infection. Although the ive MCP mutant did not
show any significant change in cytotoxicity and intraperitoneal
LDy, intragastric LDy, of the mutant was eightfold higher
than that of the isogenic WT strain (data not shown). The
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MCP might play an important role, whereas V. vulnificus in-
vade humans through the oral route.

A putative diguanylate cyclase/phosphodiesterase gene was
also identified. It showed homology to the GGDEF domain
proteins (~45% at amino acid level) that are reported to have
diguanylate cyclase activity (2). According to the Pfam data-
base, the GGDEF domain is present in more than 80 different
proteins, most of which also contain signaling or two-compo-
nent regulatory domains (3). GGDEEF proteins of Acetobacter
xylinum and Caulobacter crescentus were reported to play im-
portant roles in regulating important physiological functions of
the organisms (1, 50). It is thus reasonable to suggest that the
protein Vv-Ive-2 produced by the putative diguanylate/phos-
phodiesterase gene might play some role in the signaling path-
way of V. vulnificus during the in vivo infection.

A putative serine/threonine kinase gene (Vv-ive-3) was also
identified. This protein has 45% identity with a serine/threo-
nine protein kinase of Salmonella enterica serovar Typhimu-
rium LT2, the function of which is not yet identified. Bacterial
two-component signal transduction systems are typically com-
posed of a sensor protein kinase and a response regulator. A
signal is sensed by the sensor kinase and relayed to the re-
sponse regulator by a phosphotransfer mechanism. Since the
1970s, it has been widely accepted that histidine kinase is the
only phosphorylating enzyme involved in signal transduction in
prokaryotes. However, more recently, there have been spo-
radic reports on the presence of eukaryotic type serine/threo-
nine or tyrosine kinases in bacteria (36, 41, 43, 58, 62). Addi-
tional studies of the pathophysiological functions of these
putative bacterial serine/threonine protein kinases are needed.
Such studies have been done in several similar kinases. For
example, Streptomyces AfsK phosphorylates the global regula-
tor AfsR, which controls the production of certain antibiotics
(36). Several distinct serine/threonine protein kinases de-
scribed in Myxococcus xanthus are involved in fruiting body
formation and spore production (43, 62). It is likely that these
serine/protein kinases play important roles in signal transduc-
tion and adaptive regulation of cellular functions. RsbT and
RsbW, a pair of serine/threonine protein kinases, are involved
in the transduction of environmental stress signals to the tran-
scription factor oB of Bacillus subtilis (25). IVET analysis of
Pseudomonas aeruginosa genes induced during infection iden-
tified a novel serine/threonine protein kinase homologous to
Pknl of M. xanthus (60).

In vivo-expressed genes involved in biosynthesis and metab-
olism. Growth in vivo is essential for bacterial pathogenicity.
Of numerous genes expressed in vivo by serovar Typhimurium
and detected by IVET, the most dominant ones are associated
with metabolic functions such as metal acquisition, synthesis of
nucleotides and cofactors, membrane modification, and pro-
tein targeting (20, 21). Four of twelve genes detected by IVET
in an infant mouse model were found to be involved in me-
tabolism and biosynthesis (7). In one STM study of staphylo-
coccal bacteremia of mice, 9 of 24 ive genes were related to
biosynthesis and metabolism (37). In the present study, we
identified three ive gene candidates assumed to be involved in
biosynthesis and metabolism (Table 3).

Among the ive genes identified in the present study is a gene
showing ca. 80% identity with the V. cholerae UMP kinase pyrH
gene. UMP kinase is an important enzyme for the de novo
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synthesis of pyrimidine nucleotides. UMP is the precursor for
the synthesis of all pyrimidine nucleotides, and UMP kinase
(PyrH) catalyzes phosphorylation of UMP to UDP (45). The
pyrH has also been demonstrated to be involved in chromo-
somal partitioning during cell division (63). In addition to its
catalytic function in de novo pyrimidine biosynthesis, UMP
kinase serves as the sensor of the internal pyrimidine nucleo-
tide pool and regulates the synthase operon carAB of car-
bamoylphosphate that is required for biosynthesis of arginine
and pyrimidines (26).

It is interesting that pyrH is preferentially expressed during
the in vivo infection process. In serovar Typhimurium, two
subunit car4B genes of carbamoylphosphate synthase, the en-
zyme catalyzing on earlier step of pyrimidine de novo biosyn-
thesis, were identified by IVET. In Listeria monocytogenes,
another de novo pyrimidine biosynthetic gene, pyrE, was ex-
pressed preferentially in infected mammalian cells (27). Lim-
ited availability of pyrimidines and purines in animal tissues is
proposed to be responsible for the in vivo induction of the
enzymes required for de novo biosynthesis of them (10, 35).
These results suggest that PyrH might serve an attractive new
target for antibacterial drugs, since it has no counterpart in
eukarya and is essential for in vivo cell growth and division (6).

Surprisingly, the mutation of pyrH, which was identified as
an ive gene, resulted in a significant impairment for the growth
in HI broth. Previous studies clearly showed that pyrimidine de
novo biosynthesis genes are required for in vivo growth of
other pathogenic bacteria. In that sense, our experimental re-
sult that pyrH was screened as one of the ive genes by IVIAT
makes sense. Theoretically, all of the antibodies against in vitro
expressed antigens should have been removed by the thorough
adsorption procedure. The cells used for the adsorption exper-
iment were cultured at 25°C. It is probable that the pyrH had
been expressed at relatively lower level in 2.5% NaCl HI broth
at 25°C in comparison with that in the human body milieu.
Adsorption with the in vitro-cultured cells and lysates would
have left antibodies reactive with PyrH. Another possibility is
that the insertional inactivation of chromosomal pyrH might
affected the expression of downstream genes by polar effects.
The V. vulnificus genome sequence (wWww.ncbi.nlm.nih.gov
/PMGifs/Genomes/micr.html) showed ribosomal recycling fac-
tor, undecaprenyl diphosphate synthase, and CDP-diglyceride
synthase genes downstream of pyrH, with the same transcrip-
tional direction. Whether the downstream genes were affected
by the insertion of the suicide plasmid and whether the polar
effect caused in vitro growth defect require further study.

A putative AICAR transformylase/IMP cyclohydrolase gene
(purH) showing ca. 90% identity with that of V. cholerae at the
amino acid level was also identified in the present study. PurH
is involved in purine nucleotide biosynthesis and catalyzes the
final two steps of de novo IMP biosynthesis (64). IMP is the
first nucleotide in the de novo purine biosynthetic pathway.
STM experiments identified two genes (purD and purL) of
serovar Typhimurium (22) and one gene (purL) of S. aureus
(37) in the purine de novo biosynthetic pathway to be ex-
pressed in vivo. In L. monocytogenes, the expression of purH
and purD was increased as much as 100-fold inside mammalian
cells compared to in vitro-grown cultures (27). In this regard,
de novo purine synthesis in vivo seems to play an important
role in the survival and virulence expression of pathogenic
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bacteria. Salmonella purine auxotrophs showing attenuated in
vivo virulence have been used as oral live-vaccine strains (34).

A putative acetohydroxyacid isomeroreductase gene (ilvC)
showing ca. 50% identity with a V. cholerae homologue at
amino acid level was also identified. IlvC catalyzes the conver-
sion of acetolactate and acetohydroxybutyrate to the dihydroxy
acids that are subsequently used for the synthesis of the
branched-chain amino acids such as leucine, valine, and iso-
leucine (57). The same enzyme also catalyzes the reduction of
a-ketopantoate to pantoate, an intermediate in the biosynthe-
sis of coenzyme A that serves as the predominant acyl group
carrier in cells (24). Branched-chain amino acids account for
20% of the total amino acids in Escherichia coli (44). The
biosynthetic pathway leading to the branched-chain amino ac-
ids is of interest for the development of novel antimicrobial
agents. Inhibition of the IIvC resulted in some antimicrobial
effects against Mycobacterium tuberculosis (14). Identification
of IlvC as an ive antigen raises the probability of the branched-
chain amino acid biosynthetic pathway as a new therapeutic
target for bacterial infections. Of note was that transcriptional
activator of ilvC was also identified as an ive gene in the present
study.

In vivo-induced genes involved in secretion. Nearly all bac-
terial virulence factors are located on the bacterial surface or
are secreted (11). To this end, bacteria have evolved a wide
spectrum of mechanisms for the secretion of virulence factors.
The present study identified two novel ive genes that are pre-
dicted to be involved in the secretion mechanisms (Table 3).

The first is a putative Sec-independent protein translocase
gene (tatB), which has 75% identity with a V. cholerae homo-
logue at the amino acid level. The Tat (twin-arginine translo-
cation) system is a bacterial protein export pathway with the
remarkable ability to transport prefolded proteins across the
cytoplasmic membrane (51). TatB is a cytoplasmic membrane-
embedded protein that interacts with TatA and forms a large
membrane-bound complex, together with TatC (52). Proteins
exported by the Tat apparatus function predominantly in re-
spiratory and photosynthetic electron transport chains and are
vital for many types of bacterial energy metabolism (4). The V.
vulnificus metabolic requirements in vivo are likely significantly
different from the requirements for in vitro culture. Thus, the
Tat system might play an important role in translocating novel
enzymes required for energy metabolism when the organism is
replicating in human hosts.

Another novel putative protein secretion factor, PAS, was
also identified. The PAS factor was originally identified in
Vibrio alginolyticus and potentiates the secretion of periplasmic
B-lactamase and alkaline phosphatase into media when ex-
pressed in E. coli (56). PAS factor is a small protein of 76
amino acids that facilitates the excretion of periplasmic pro-
teins. The mechanism of how the PAS factor induces excretion
of periplasmic proteins is poorly studied to date. The PAS
factor might play significant roles in facilitating excretion of
unidentified factors required for in vivo survival and pathogen-
esis of V. vulnificus.

In vivo-expressed transcriptional regulator genes. IVIAT
identified two putative transcriptional regulator genes, the ilvY
and hlyU homologues, of V. vulnificus (Table 3). IIVY is a
LysR-type transcriptional regulator. The ilvY gene forms an
operon with its regulatory target gene ilvC. IlvY positively
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regulates ilvC transcription in an inducer-dependent manner
while it negatively regulates its own transcription, irrespective
of inducers. Substrates of IlvC, a-acetolactate, and a-acetohy-
droxybutyrate serve as inducers of the ilvYC operon (49). It is
interesting that both genes of the ilvYC operon were identified
by IVIAT through the present study. V. vulnificus should ex-
perience a strong induction condition for the operon while
infecting humans.

HIyU upregulates expression of the hemolysin, HIyA, in V.
cholerae. The transcriptional activator HlyU belongs to a small
regulatory protein family, including NolR of Rhizobium meli-
loti, SmtB of Synechococcus sp. strain PCC 7942, and ArsR of
Staphylococcus aureus, that contain a helix-turn-helix motif (61).
V. vulnificus produces a potent hemolysin/cytolysin (VvhA)
sharing a homologous domain with HlyA of V. cholerae (63).
VvhA shows strong cytotoxicity and induces guanylate cyclase
to cause vasodilation through a novel mechanism (15, 28).
VvhA was not produced in the AlyU mutant CMM1710. Using
a chromosomal vwhA::lacZ reporter, we could not detect any
transcriptional activity of vwh4 in CMM1710 (data not shown).
Interestingly, the production of the elastolytic protease, an-
other exotoxin produced by V. vulnificus, was also significantly
decreased in the mutant (29). HlyU thus appears to be one of
the master regulators of in vivo virulence expression in V. vul-
nificus. The HlyU protein itself and the genes under its control
would serve as important targets in developing a new-paradigm
therapy against V. vulnificus.

Other in vivo-expressed genes with no known function. Of
the ive genes identified by IVIAT, two matched hypothetical
ORFs of V. cholerae. One showed 74% identity with the V.
cholerae putative lipoprotein gene, yaeC, whose function has
yet not been determined (Table 3). The other hypothetical
ORF showed 56% identity with the VC1606 hypothetical pro-
tein of V. cholerae. Depending on the methods used, 25 to 50%
of the screened ive genes showed no match to any previously
characterized genes in GenBank (20, 22, 37).

In conclusion, we identified 12 ive genes by using IVIAT.
Among them, mutants of pyrH, purH, and hlyU homologues
showed significantly decreased virulence in an animal model.
These ive genes have not yet been implicated in the virulence
of V. vulnificus. Such a finding would provide a more holistic
understanding of the pathogenesis of V. vulnificus infection.
These results also clearly demonstrate the suitability of IVIAT
for identifying genes associated with V. vulnificus virulence in
vivo. The products of the three ive genes might serve new as
specific targets for antimicrobial therapy and vaccine develop-
ment for V. vulnificus infections.

Of note was that 11 ive genes identified in the present study
were supposed to encode intracellular proteins. Only the Vv-
ive-11 gene was predicted to encode a putative lipoprotein
(Table 3). Except for hlyU (Vv-ive-10), the other 10 ive genes
did not appear to encode authentic virulence factors. Bacterial
virulence factors are generally secreted or exposed on surface
and hence are more easily recognized by the immune system
(11, 12). In this regard, we expected IVIAT would identify
those authentic virulence factors preferentially in vivo. Against
our expectation, most of the ive antigens seemed to be associ-
ated with survival and growth in vivo: i.e., chemotaxis and
signaling (MCP, GGDEF protein, and serine/threonine pro-
tease), biosynthesis and metabolism of nucleic acids and amino
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acids (PyrH, PurH, IIvC, and IlvY), and secretion of proteins
(TatB and PAS factor). These antigens should have been ex-
posed to the immune system after the lysis of V. vulnificus cells
during infection.

The estimated genome size of V. vulnificus is ca. 5.1 Mb. For
the present study, we screened only ~60,000 clones or ca. 45%
of a pET30abc expression library at a 99% confidence level,
with a 1-kb mean insert size, three reading frames, and two
directions for every expressed protein. More extensive IVIAT
screening with bigger expression libraries would guarantee the
discovery of many more ive genes involved in in vivo virulence
expression. Our success with V. vulnificus encourages us to
investigate the application of IVIAT to other septicemia-caus-
ing pathogens for screening critical in vivo-expressed virulence
genes. The in vivo roles of other ive genes identified in the
present study should be analyzed by measuring their expres-
sion levels in appropriate experimental models that reproduce
the conditions of actual human infection.
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