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Signature-tagged mutagenesis of Vibrio vulnificus

Mai YAMAMOTOV, Takashige KASHIMOTO?), Ping TONGY, Jianbo XIAOD**, Michiko SUGIYAMAD,
Miyuki INOUED, Rie MATSUNAGAD, Kohei HOSOHARAD, Kazue NAKATAD, Kenji YOKOTA?,
Keiji OGUMA® and Koichiro YAMAMOTOD*

DDepartment of Nutritional Science, Okayama Prefectural University, Soja, Okayama 719-1197, Japan

2School of Veterinary Medicine, Kitasato University, Towada, Aomori 034-8628, Japan

3 Graduate School of Health Sciences, Okayama University, Okayama 700-8558, Japan

Y Graduate School of Medicine, Dentistry, and Pharmaceutical Sciences, Okayama University, Okayama 700-8558, Japan

(Received 10 December 2014/Accepted 26 February 2015/Published online in J-STAGE 9 March 2015)

ABSTRACT. Vibrio vulnificus is the causative agent of primary septicemia, wound infection and gastroenteritis in immunocompromised
people. In this study, signature-tagged mutagenesis (STM) was applied to identify the virulence genes of V. vulnificus. Using STM, 6,480
mutants in total were constructed and divided into 81 sets (INPUT pools); each mutant in a set was assigned a different tag. Each INPUT
pool was intraperitoneally injected into iron-overloaded mice, and in vivo surviving mutants were collected from blood samples from the
heart (OUTPUT pools). From the genomic DNA of mixed INPUT or OUTPUT pools, digoxigenin-labeled DNA probes against the tagged
region were prepared and used for dot hybridization. Thirty tentatively attenuated mutants, which were hybridized clearly with INPUT
probes but barely with OUTPUT probes, were negatively selected. Lethal doses of 11 of the 30 mutants were reduced to more than 1/100;
of these, the lethal doses of 2 were reduced to as low as 1/100,000. Transposon-inserted genes in the 11 attenuated mutants were those for
IMP dehydrogenase, UDP-N-acetylglucosamine-2-epimerase, aspartokinase, phosphoribosylformylglycinamidine cyclo-ligase, malate Na
(+) symporter and hypothetical protein. When mice were immunized with an attenuated mutant strain into which IMP dehydrogenase had
been inserted with a transposon, they were protected against V. vulnificus infection. In this study, we demonstrated that the STM method can

be used to search for the virulence genes of V. vulnificus.
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Vibrio vulnificus is a gram-negative bacterium that lives
in sea and brackish water regions. This bacterium enters
the human body by ingestion of raw seafood or through
the contact of injured skin with sea water [8, 29]. When V.
vulnificus invades the human body, it may cause severe, life-
threatening septicemia. The mortality rates of V. vulnificus
infection along with primary septicemia have been reported
to be higher than 50% [3, 29]. In Japan, the annual number
of V. vulnificus septicemia cases has been estimated at more
than 200 [19, 22]. In the U.S., between 1988 and 2006, the
Center for Disease Control and Prevention received reports
of more than 900 cases of V. vulnificus infection from the
Gulf Coast state [4]. V. vulnificus infection cases have also
frequently been reported every year in other areas, such as
Korea or Taiwan [10, 11]. Healthy people are usually not
susceptible to V. vulnificus infection, except through food-
borne gastroenteritis. Individuals with underlying illnesses,
such as chronic hepatitis, cirrhosis diabetes or immunodefi-
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ciency, are more susceptible to this infection.

Several possible virulence factors have been reported for
V. vulnificus infection. Cytolytic hemolysin (VvhA) [15],
which resembles V. cholerae El Tor hemolysin [33], RTX
toxin [16] and proteolytic elastases, such as VvpE [20],
have been suggested to play a role in the destruction of the
host tissue. A polysaccharide capsule is assumed to prevent
phagocytosis [25]. In addition, V. vulnificus induces apopto-
sis in macrophages [13]. Although many virulence factors
have been found in this organism, the pathogenic mecha-
nisms of V. vulnificus infection remain unknown.

Because in vitro conditions may not always reflect the
complicated in vivo host environments, pathogenic genes
expressed only in the infection process could be overlooked.
Recently, several screening methods for bacterial virulence
genes that are active in vivo have been developed. In this
study, we attempted to apply signature-tagged mutagenesis
(STM) [9] to investigate V. vulnificus virulence genes that
are active in vivo. Using STM, we identified several possible
virulence genes of V. vulnificus.

MATERIALS AND METHODS

Bacterial strains, plasmids and growth conditions: V. vul-
nificus used in this study originated from a clinical isolate,
OPUI and its rifampicin (Rf)-resistant variant, V. vulnificus
OPUI1-Rf. Escherichia coli BW19795 was provided by Dr.
Barry L. Wanner [18]. E. coli DH10B™ competent cells were
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purchased from Life Technologies (Carlsbad, CA, U.S.A.).
A signature-tagged mini-TnSKm2 transposon in pUT de-
livery suicide plasmid pool was provided by Dr. David W.
Holden [9]. Bacterial strains were grown in a Luria-Bertani
(LB) medium [10 g tryptone (Japan BD, Tokyo, Japan), 5 g
yeast extract (Japan BD) and 10 g NaCl//] [27] and incubated
at 37°C unless otherwise stated. Antibiotics were added to
the medium at the rate of 100 ug/m!/ for Rf, 50 ug/ml for
kanamycin (Km) and/or 100 xg/m! for ampicillin (Am).

Animal experiments: Five-week-old female ICR mice
(SPF/VAF, Crlj;CD1, Charles River Laboratories Japan,
Yokohama, Japan) were used for animal experiments. Mice
were subcutaneously injected in the back with 250 ug/g
body weight of iron dextran 4 hr prior to inoculation to en-
hance their susceptibility to V. vulnificus. All animals used
in the present study were cared for in accordance with the
guidelines for animal treatment of Kitasato and Okayama
Universities, both of which conform to the standard prin-
ciples of laboratory animal care.

Preparation of digoxigenin (Dig)-labeled DNA probes:
Multiplied signature-tagged portions were prepared using
PCR. Templates for PCR were heat-denatured extracted
DNA from mutant pools. The Dig-labeled oligonucleotides
P214 (5'-Dig-TACCTACAACCTCAAGCT-3") and P295
(5'-Dig-CATGGTACCCATTCTAAC-3'), which recognize
common arms adjacent to the 40-bp signature-tagged ran-
dom sequence regions, were used as PCR primers (Fig. 1).
PCR was conducted at 95°C for 5 min, followed by 25 cycles
at 95°C for 30 sec, 55°C for 45 sec and 72°C for 10 sec, and
maintained at 4°C.

Dot hybridization: Target DNA for dot hybridization
was prepared by PCR using pUT plasmids harboring sig-
nature-tagged mini-TnSKm?2 as templates and primers P279
(5'-CTAGGTACCTACAACCTC-3") and P272 (5'-CATG-
GTACCCATTCTAAC-3') (Fig. 1). The DNA samples were
diluted to 50 ng/ul with 100 ng/ul of sheared salmon sperm
DNA (sssDNA), denatured at 95°C for 5 min and chilled
on ice. A 1-u/ aliquot of the denatured target DNA was
blotted onto the identical position of each of the 81 sheets
of Hybond-N" membrane (10 cm x 10 cm, GE Healthcare
Japan, Tokyo, Japan), dried and fixed under UV light. The
sheets were maintained at 4°C until used.

The hybridization processes were performed in a plastic
bag using a Dig-labeled hybridization kit (Roche Diagnos-
tics, Mannheim, Germany). The membrane was incubated
with prehybridization solution (5x SSPE [27], 3% Denhardt’s
solution, 1% SDS and 0.1 mg/m/ denatured sssDNA) with-
out formamide (0.2 m//cm? hybridization membrane) for 1
hr at 45°C. The membrane was transferred into hybridization
solution [prehybridization solution containing 50% (v/v)
formamide] (0.1 m//cm? hybridization membrane). Thereaf-
ter, a heat-denatured Dig-labeled DNA probe was added to
the hybridization solution at a concentration of 300 ng/m/,
mixed and incubated for 2 hr at 45°C in a water bath. The
membrane was added to washing solution [2x SSPE, 0.3 M
NaCl, 20 mM sodium dihydrogen phosphate, 20 mM EDTA
(pH 7.4) and 1% SDS] and shaken to remove nonspecific
probe for 5 min (this was discarded). The washing process
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Fig. 1. Signature-tagged mini-TnSKm2. The transposon mini-
Tn5Km2 was incorporated into the V. vulnificus genome DNA
when pUT mini-TnSKm2 was transferred to V. vulnificus by
conjugation. Signature tags comprised unique sequences of a
40-bp variable region flanked by invariable arms on either side
of the variable region. The mutants with different signature tags
were distinguished by hybridization. Invariable arms allowed for
amplification of the signature tag by PCR. Primers P272 and P279
were used to prepare unlabeled target DNA on hybridization mem-
branes. DIG-labeled primers P214 and P295 were used to prepare
DNA probes labeled at the 5'-end nucleotide.

was repeated twice. The membrane was transferred to pre-
heated washing solution and incubated for 1 hr at 70°C,
followed by incubation in 2% SSPE for 5 min.

The hybridized Dig-labeled probes were detected ac-
cording to the instruction manual using a Dig detection kit
(Roche Diagnostics). The membrane was exposed overnight
to a sheet of X-ray film (Bio Max, Kodak Japan, Tokyo,
Japan) and developed.

The intensities of 80 hybridization signals in a sheet of
hybridization membrane were scored by the naked eye from
0 to 5 in every film to minimize experimental variations.
Hybridization signals with the strongest intensity in the film
were given a score of 5, and hybridization signals with no
intensity were given a score of 0. The intensities of hybrid-
ization signals with INPUT and with OUTPUT probes were
compared.

DNA analysis: DNA sequencing was performed with an
Applied Biosystems DNA sequencing system (Applied Bio-
systems, Waltham, MA, U.S.A.) and a BigDye terminator
cycle sequencing kit (Applied Biosystems). Sequence ho-
mologies were searched with the BLAST search algorithm
of the National Center for Biotechnology Information. All
recombinant DNA experiments in the present study were
performed in accordance with the guidelines for recombi-
nant DNA experiments of Okayama Prefectural University,
Okayama University and Kitasato University.

RESULTS

Construction of transposon insertion mutant library: To
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Identification of tentative attenuated mutants in vivo by hybridization. Lost

mutants of V. vulnificus during infection were identified by DNA-DNA hybridiza-
tion tests. Two identical membranes dotted with the individually amplified DNA tags
(from A1 to H10) were hybridized to the DIG-labeled (A) INPUT and (B) OUTPUT
probes. The tags that hybridized to the INPUT probe but not to the OUTPUT probe
(such as D10, H4 and H7) were expected to have been lost during infection in the
mouse. Therefore, mutants with the tag at D10, H4 and H7 were selected as tentative

attenuated mutants.

identify the pathogenic genes of V. vulnificus, we constructed
a transposon insertion mutant library. V. vulnificus OPUI-
Rf was mated with E. coli BW19795 harboring pUT mini-
Tn5Km?2 labeled with one of the 80 unique signature tags
(TO1-T80). This suicide conjugative vector plasmid, pUT,
can multiply only in bacteria (such as E. coli BW19795)
harboring the pir gene. When pUT was introduced in V.
vulnificus by conjugation, the transposon mini-TnSKm?2 was
transferred from pUT into V. vulnificus replicons, allowing
V. vulnificus to grow on Km-containing agar medium. Con-
jugation was performed 80 times with each of the respective
signature tags (T01-T80). Eighty-one V. vulnificus colonies
resistant to both Km and Rf were isolated as transposon in-
sertion exconjugants from each conjugation. In total, 6,480
transposon-inserted V. vulnificus mutants were isolated
(81 exconjugants x 80 signature tags). The 6,480 insertion
mutants were divided into 81 set groups (S01-S81) as each
set group contained 80 transposon insertion mutants, each
having a unique signature-tagged transposon of between TO1
and T80. Each set group was used for as a pooled INPUT
culture for mouse injection and for template DNA to prepare
an INPUT probe.

In vivo passage of INPUT pools: To screen in vivo attenu-
ated mutants, the mutants were inoculated into mice by each
set group. Eighty mutants in a set group were separately
cultured in 96-well flat-bottomed microculture plates con-
taining LB medium for 6 hr at 30°C. Thereafter, 100-x/ ali-
quots of each culture were pooled (S01-S81 INPUT pools).
Each INPUT pool containing approximately 3.0 + 0.8 x 103
cfu mutants in phosphate-buffered saline containing 0.01%
gelatin (PBSG) was injected into an iron-overloaded mouse
intraperitoneally. This inoculum size of V. vulnificus OPU1-
Rf allows iron-overloaded mice to survive for at least 7 hr
after injection, but would kill all mice within 36 hr (data not
shown). Mutants that survived and propagated in the mouse
were recovered from blood samples obtained by heart punc-
ture 5 hr after the injection of the INPUT pools. Heart blood
was inoculated onto LB agar plates containing Km and Rf.

Approximately 2-20 x 103 colonies resistant to both Km and
Rf had grown after overnight culture at 37°C. All colonies
were scraped up and frozen to be stocked as an OUTPUT
pool to prepare OUTPUT probes.

Screening of tentative attenuated mutants by hybridiza-
tion: To estimate attenuated mutants, DNA-DNA hybridiza-
tion tests were performed, and the intensity of hybridization
signals with INPUT and OUTPUT probes was compared.
If tags were detected with INPUT probes but not with the
corresponding OUTPUT probes, those mutants with the tag
were expected to lose their ability to survive and multiply
in the mouse (Fig. 2). We selected 360 candidate mutants
whose hybridization intensities were decreased by more
than 2 points as temporarily-attenuated mutants (primary
screening). The candidates were subjected to in vivo passage
and hybridization tests again, as performed in the primary
screenings. Thirty mutants whose hybridization intensities
differed by more than 3 points were selected as tentative at-
tenuated mutants (secondary screening).

Virulence of tentative attenuated mutants: To confirm the
attenuation of the 30 tentative attenuated mutants, lethal dos-
es of the mutants were examined using iron-overloaded mice.
Transposon-inserted mutants were cultivated stationarily at
37°C in 3 m/ LB broth for 6 hr. A 0.5-m/ aliquot of 10-fold
serially-diluted cultures was inoculated into iron-overloaded
mice intraperitoneally, and the status (dead or alive) of the
mice was checked after 36 hr. The lethal dose of the par-
ent strain, OPU1-Rf, was approximately 10-10% cfu/mouse.
Unexpectedly, the lethal doses of 19 out of 30 mutants were
as low as that of OPU1-Rf. However, the lethal doses of the
other 11 mutants were more than 103 cfu/mouse (Table 1).
Particularly, the lethal doses of S10T79 and S46T31 were
as high as 10° cfu/mouse, indicating that the virulence of
the mutants appeared to have decreased to approximately
1/100,000 compared with the parent strain OPU1-Rf.

Insertion sites of mini-Tn5SKm2 transposon: To clone
transposon insertion sites of attenuated mutants, whole DNA
was digested by Sall such that it left intact the I-end of the
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Table 1. Characterization of V. vulnificus genes identified by STM
Mutant Putative product of transposon disrupted gene® Protein ID¥ Putative function ~ Lethal dose (cfu)®)
S10T79  IMP dehydrogenase AAO008942.2  Purines metabolism 1067
S65T36 Phosphoribosylformylglycinamidine cyclo-ligase AAO010300.1  Purines metabolism 10%-¢
S46T31 UDP-N-acetylglucosamine-2-epimerase AAO09311.1  Sialic acid synthesis 1067
S48T58 UDP-N-acetylglucosamine-2-epimerase AAO009311.1  Sialic acid synthesis 1056
S76T76 UDP-N-acetylglucosamine-2-epimerase AAO09311.1  Sialic acid synthesis 10%°¢
S38T76  Aspartokinase AAOQ10017.2  Cell wall biosynthesis 1043
S34T71  Malate Na (+) symporter AAO11254 Membrane transporter 1034
S20T62  Hypothetical protein AAQ10404.1  Unknown 105
S37T71 Hypothetical protein AAO10118.1  Unknown 1034
S43T04  Unknown Unknown 1056
S68T70  Unknown Unknown 10+

a) Gene and protein IDs are from V. vulnificus CMCP6 (GenBank accession numbers: AE016795 and AE016796) b) Lethal dose
was determined by injection of serially diluted mutant cultures into iron-overloaded mice.

Table 2. The effects of vaccination on prevention
against V. vulnificus infection in mice

Dead /Challenged
(Numbers of mice)

Immunized dose
with (cfu/mouse)

Mock (PBSG bufter) 5/5
2.5%103 1/5
2.5 x 10* 0/5
2.5 % 10° 0/5

A signature-tagged mini-Tn5Km2-inserted mutant V. vul-
nificus, S10T79, was intraperitoneally injected into mice
as a vaccine. Vaccinations were given twice with a two-
week interval. A week after the secondary vaccination, the
mice were challenged with the original strain, V. vulnificus
OPUL. The status (dead or alive) of mice was judged after
36 hr post the challenge injection.

transposon, the signature tag and the Km resistance gene of
mini-Tn5Km2. The digested DNA fragments were cloned
into pUC18, followed by transformation into E. coli DH10B.
Plasmid DNA was extracted from colonies resistant to both
Km and Am, in which the transposon insertion sites of ge-
nomic DNA were expected to be cloned. DNA sequences
adjacent to the transposon were amplified by PCR with the
primers P272 or P279, which were annealed to the tag of
mini-TnSKm?2 (Fig. 1).

The DNA sequences obtained were searched for sequence
homologies with V. vulnificus genome sequences using the
BLAST search algorithm of the National Center for Biotech-
nology Information. The genes with the highest identification
with the database were predicted as transposon-disrupted
genes of the attenuated mutants. The putative disrupted
genes of V. vulnificus identified by STM are summarized in
Table 1. The genes obtained in this study may be related to
purine metabolism (S10T79 and S65T36), sialic acid syn-
thesis (S46T31, S48T58 and S76T76), cell wall biosynthesis
(S38T76), membrane transporter (S34T71) and unknown
function (S20T62 and S37T71). In two mutants (S43T04 and
S68T70), transposon-inserted regions showed no homology
to any sequence in the GenBank database.

Vaccination with the mutant S10T79 against V. vulnificus

infection: To examine whether or not the attenuated mutants
had immunogenicity against V. vulnificus infection, the vac-
cination of mice was attempted using one of the most attenu-
ated mutants, S10T79. Using 5 iron-overloaded mice in a
group, the S10T79 mutant was intraperitoneally injected at
a dose of 2.5 x 103, 2.5 x 104, 2.5 x 10° cfu or mocks, twice
with a 2-week interval. One week after the second injection,
the mice were challenged by intraperitoneal injection with
virulent V. vulnificus OPU1, which has a lethality of approxi-
mately 10 cfu (data not shown), at a dose of 2.5 x 10° cfu.
As shown in Table 2, of the mice injected with PBSG as
mocks, all 5 died within 36 hr. On the contrary, all but one
of the immunized mice survived more than 36 hr with no
symptoms. This result indicates that the mutant S10T79 was
effective in preventing V. vulnificus infection in experimental
vaccination.

DISCUSSION

STM is a negative selection method used to screen
transposon insertion mutants that have lost their ability to
survive and grow in the host. This method has been applied
to screen the virulence factors of many bacterial pathogens
[5, 6,9, 17, 26]. The purpose of this study was to confirm
whether STM can be used to identify the virulence genes
of V. vulnificus. We obtained 11 attenuated mutants whose
disrupted genes were suggested to be involved in in vivo
growth during infection (Table 1).

In 2 of the mutants, the transposon-inserted genes
encoded enzymes involved in purine metabolism, IMP
dehydrogenase (guaB; S10T79) and phosphoribosylformyl-
glycinamidine cyclo-ligase (purM ; S65T36). Many studies
have shown that purine nucleotides are required for bacterial
growth and purine metabolism plays an important role in
bacterial virulence [24, 34, 35]. Kim et al. [14] reported that
in the disruption of V. vulnificus nucleotide synthesis genes,
AICAR transformylase/IMP cyclohydrolase (purH) and
UMP kinase (pyrH) decreased in virulence. In S10T79 and
S65T36, purine nucleotide synthesis in vivo may have been
reduced, which may have led to the attenuation.

In 3 of the attenuated mutants (S46T31, S48T58 and
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S76T76), transposons were inserted into the gene for UDP-
N-acetylglucosamine-2-epimerase (neuC), which is involved
in N-acetylneuraminic acid (NeuSAc) biosynthesis. NeuSAc
is used for the sialylation of LPS and for capsule formation,
which is a significant factor for V. vulnificus virulence [32].
In E. coli, neuC mutants express an acapsular phenotype [1],
and NeuC is an essential enzyme in the biosynthesis of the
capsule in E. coli. However, all 3 neuC mutants of V. vulni-
ficus represented opaque colonies, indicating capsule forma-
tion. Further studies are required to examine the contribution
of neuC to virulence, particularly to capsule formation.

In the mutant S38T76, the aspartokinase gene
(AAO10017.2) was disrupted. In V. vulnificus, little attention
has been paid toward aspartokinase as a virulence factor,
although in other pathogens, the gene has been suggested to
be a virulence factor [2, 23]. The aspartokinase gene (ask) of
mycobacteria is involved in the synthesis of peptidoglycan,
the main function of which is to protect cells against osmotic
pressure.

In S34T71, the gene for the malate Na (+) symporter was
found at the transposon insertion site. Several transporters
are known to play a key role in the homeostasis of intracel-
lular pH, cellular Na* content and cell volumes in bacteria
[12].

For the development of the disease, V. vulnificus has to
multiply in the human body; therefore, its ability to survive
in the host (to acquire and metabolize nutrients and to escape
from immune systems) could be authentic virulence factors
in V. vulnificus. Using STM, we obtained 11 attenuated mu-
tants whose disrupted genes were suggested to be involved
in in vivo growth during infection. Thus, the present study
demonstrates the applicability of STM to the search for the
virulence factors of V. vulnificus. To confirm the attenuation
of the tentative mutants, each candidate was solely inocu-
lated into mice. Unexpectedly, 19 of the 30 mutants revealed
lethality comparable to that of the parental strain. However,
a similar phenomenon has been found in another STM study
in Yersinia pestis [7]. Because the mutants were mixed
and inoculated into mice simultaneously during STM, the
mutants that succumbed to growth competition would have
been chosen as the attenuation candidates. Thus, 19 mutants
may have been defeated by competition in multiplying when
inoculated into mice simultaneously with others. We may
also have to recognize the possibility that some of the mu-
tants may have reduced growth ability under high free-iron
conditions in in vivo environments in iron-overloaded mice.
Another possibility is that in some mutants, attenuation may
have arisen on account of the polar effects of transposon
insertion. To negate these possibilities, complete removal of
the genes from the genome and lethality tests are required,
together with demonstration of the recovery of virulence by
trans complementation tests of the genes.

V. vulnificus infection has gained attention in recent years
as an ocean-related disease including both foodborne septi-
cemia and gastroenteritis. At the same time, viral hepatitis
(such as hepatitis B and C) kills nearly 1.2 million people
annually worldwide [30, 31]. Such patients have to be wary
of ingesting undercooked seafood, because patients with

severe hepatic disorders may acquire V. vulnificus infection.
Therefore, to prevent V. vulnificus infection, immuniza-
tion with the vaccine must be beneficial for these high-risk
patients who choose to eat uncooked fresh seafood. In the
study of other pathogens, the mutants of the genes for purine
nucleotide synthesis had a protective effect as vaccines in
animal models [21, 28]. We have demonstrated that even in
V. vulnificus, a mutant defective in purine nucleotide syn-
thesis (S10T79) was an effective vaccine, which may be on
account of elicited protective antibodies against the patho-
gen. Because the transposon may drop out from the mutant
and virulence may thereby be recovered, complete deletion
of the relevant genes must be required. Although we need
further studies, STM in V. vulnificus promises to contribute
to the analysis of pathogenesis and to the development of
safe and effective vaccines.

ACKNOWLEDGMENTS. We thank Dr. D. W. Holden who
supplied us the signature-tagged pUT mini-Tn5Km2 plasmid
mixture. We also thank Dr. B. L. Wanner who supplied us E.
coli BW19795. We are grateful to the students working in our
laboratory for their assistance in the laboratory work. This
work was supported by the Japanese Ministry of Education,
Culture, Sports, Science and Technology, Grand-in-Aid for
Scientific Research (C) (No. 22590400), April 2010—March
2013.

REFERENCES

1. Andreishcheva, E. N. and Vann, W. F. 2006. Gene products
required for de novo synthesis of polysialic acid in Escherichia
coli K1. J. Bacteriol. 188: 1786—1797. [Medline] [CrossRef]

2. Benton, B. M., Zhang, J., Bond, S., Pope, C., Christian, T., Lee,
L., Winterberg, K. M., Schmid, M. B. and Buysse, J. M. 2004.
Large-scale identification of genes required for full virulence of
Staphylococcus aureus. J. Bacteriol. 186: 8478-8489. [Medline]
[CrossRef]

3. Bross, M. H., Soch, K., Morales, R. and Mitchell, R. B. 2007.
Vibrio vulnificus infection: diagnosis and treatment. Am. Fam.
Physician 76: 539-544. [Medline]

4. Centers for Disease Control and Prevention (CDC). 2013. Vibrio
vulnificus Vibrio Illness (Vibriosis). http://www.cdc.gov/vibrio/
vibriov.html (cited 2014 November 18).

5. Chiang, S. L. and Mekalanos, J. 1998. Use of signature tagged
transposon mutagenesis to identify Vibrio cholerae genes criti-
cal for colonization. Mol. Microbiol. 27: 797-805. [Medline]
[CrossRef]

6. Darwin, A. J. and Miller, V. L. 1999. Identification of Yersinia
enterocolitica genes affecting survival in an animal host using
signature-tagged transposon mutagenesis. Mol. Microbiol. 32:
51-62. [Medline] [CrossRef]

7. Flashner, Y., Mamroud, E., Tidhar, A., Ber, R., Aftalion, M., Gur,
D., Lazar, S., Zvi, A., Bino, T., Ariel, N., Velan, B., Shafferman,
A. and Cohen, S. 2004. Generation of Yersinia pestis attenuated
strains by signature-tagged mutagenesis in search of novel vac-
cine candidates. Infect. Immun. 72: 908-915. [Medline] [Cross-
Ref]

8. Gulig, P. A., Bourdage, K. L. and Starks, A. M. 2005. Molecular
pathogenesis of Vibrio vulnificus. J. Microbiol. 43: 118-131.
[Medline]

9. Hensel, M., Shea, J. E., Gleeson, C., Jones, M. D., Dalton, E.


http://www.ncbi.nlm.nih.gov/pubmed/16484189?dopt=Abstract
http://dx.doi.org/10.1128/JB.188.5.1786-1797.2006
http://www.ncbi.nlm.nih.gov/pubmed/15576798?dopt=Abstract
http://dx.doi.org/10.1128/JB.186.24.8478-8489.2004
http://www.ncbi.nlm.nih.gov/pubmed/17853628?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9515705?dopt=Abstract
http://dx.doi.org/10.1046/j.1365-2958.1998.00726.x
http://www.ncbi.nlm.nih.gov/pubmed/10216859?dopt=Abstract
http://dx.doi.org/10.1046/j.1365-2958.1999.01324.x
http://www.ncbi.nlm.nih.gov/pubmed/14742535?dopt=Abstract
http://dx.doi.org/10.1128/IAI.72.2.908-915.2004
http://dx.doi.org/10.1128/IAI.72.2.908-915.2004
http://www.ncbi.nlm.nih.gov/pubmed/15765065?dopt=Abstract

828

10.

11.

12.

13.

14.

17.

18.

20.

21.

22.

M. YAMAMOTO ET AL.

and Holden, D. W. 1995. Simultaneous identification of bacterial
virulence genes by negative selection. Science 269: 400—403.
[Medline] [CrossRef]

Hong, S. H., Jeong, K., Park, M. J., Lee, Y. S., Nu, T. M. D.,
Kim, S. Y., Rhee, J. H. and Lee, S. E. 2013. Destructive intesti-
nal translocation of Vibrio vulnificus determines successful oral
infection. J. Bacteriol. Virol. 43: 262-269. [CrossRef]

Hsueh, P.R., Lin, C. Y., Tang, H. J., Lee, H. C., Liu, J. W,, Liu, Y.
C. and Chuang, Y. C. 2004. Vibrio vulnificus in Taiwan. Emerg.
Infect. Dis. 10: 1363—1368. [Medline] [CrossRef]

Ito, M., Guffanti, A. A., Zemsky, J., Ivey, D. M. and Krulwich,
T. A. 1997. Role of the nhaC-encoded Na*/H" antiporter of
alkaliphilic Bacillus firmus OF4. J. Bacteriol. 179: 3851-3857.
[Medline]

Kashimoto, T., Ueno, S., Hanajima, M., Akeda, Y., Miyoshi, S.,
Hongo, T., Honda, T. and Susa, N. 2003. Vibrio vulnificus in-
duces macrophage apoptosis in vitro and in vivo. Infect. Immun.
71: 533-535. [Medline] [CrossRef]

Kim, Y. R., Lee, S. E., Kim, C. M., Kim, S. Y., Shin, E. K.,
Shin, D. H., Chung, S. S., Choy, H. E., Progulske-Fox, A., Hill-
man, J. D., Handfield, M. and Rhee, J. H. 2003. Characterization
and pathogenic significance of Vibrio vulnificus antigens pref-
erentially expressed in septicemic patients. Infect. Immun. 71:
5461-5471. [Medline] [CrossRef]

Kreger, A. and Lockwood, D. 1981. Detection of extracellular
toxin(s) produced by Vibrio vulnificus. Infect. Immun. 33:
583-590. [Medline]

Lo, H. R., Lin, J. H., Chen, Y. H., Chen, C. L., Shao, C. P., Lai,
Y. C. and Hor, L. 1. 2011. RTX toxin enhances the survival of
Vibrio vulnificus during infection by protecting the organism
from phagocytosis. J. Infect. Dis. 203: 1866—1874. [Medline]
[CrossRef]

Mei, J. M., Nourbakhsh, F., Ford, C. W. and Holden, D. W. 1997.
Identification of Staphylococcus aureus virulence genes in a mu-
rine model of bacteraemia using signature-tagged mutagenesis.
Mol. Microbiol. 26: 399—407. [Medline] [CrossRef]

Metcalf, W. W., Jiang, W. and Wanner, B. L. 1994. Use of the rep
technique for allele replacement to construct new Escherichia
coli hosts for maintenance of R6K gamma origin plasmids at
different copy numbers. Gene 138: 1-7. [Medline] [CrossRef]
Miyasaka, J., Yahiro, S., Arahira, Y., Tokunaga, H., Katsuki, K.
and Hara-Kudo, Y. 2006. Isolation of Vibrio parahaemolyticus
and Vibrio vulnificus from wild aquatic birds in Japan. Epide-
miol. Infect. 134: 780-785. [Medline] [CrossRef]

Miyoshi, S., Oh, E. G., Hirata, K. and Shinoda, S. 1993. Exocel-
lular toxic factors produced by Vibrio vulnificus. J. Toxicol. Rev.
12:253-288.

Noriega, F. R., Losonsky, G., Lauderbaugh, C., Liao, F. M.,
Wang, J. Y. and Levine, M. M. 1996. Engineered deltaguaB-A4
deltavirG Shigella flexneri 2a strain CVD 1205: construction,
safety, immunogenicity, and potential efficacy as a mucosal vac-
cine. Infect. Immun. 64: 3055-3061. [Medline]

Osaka, K., Komatsuzaki, M., Takahashi, H., Sakano, S. and
Okabe, N. 2004. Vibrio vulnificus septicaemia in Japan: an es-
timated number of infections and physicians’ knowledge of the

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

syndrome. Epidemiol. Infect. 132: 993-996. [Medline] [Cross-
Ref]

Pavelka, M. S. Jr. and Jacobs, W. R. Jr. 1996. Biosynthesis of
diaminopimelate, the precursor of lysine and a component of
peptidoglycan, is an essential function of Mycobacterium smeg-
matis. J. Bacteriol. 178: 6496—-6507. [Medline]

Pilatz, S., Breitbach, K., Hein, N., Fehlhaber, B., Schulze, J.,
Brennekek, B., Eberl, L. and Steinmetz, I. 2006. Identification of
Burkholderia pseudomallei genes required for the intracellular
life cycle and in vivo virulence. Infect. Immun. 74: 3576-3586.
[Medline] [CrossRef]

Powell, J. L., Wright, A. C., Wasserman, S. S., Hone, D. M. and
Morris, J. G. Jr. 1997. Release of tumor necrosis factor alpha in
response to Vibrio vulnificus capsular polysaccharide in vivo and
in vitro models. Infect. Immun. 65: 3713-3718. [Medline]
Saenz, H. L. and Dehio, C. 2005. Signature-tagged mutagenesis:
technical advances in a negative selection method for virulence
gene identification. Curr: Opin. Microbiol. 8: 612-619. [Med-
line] [CrossRef]

Sambrook, J. and Russell, D. W. 2001. Molecular Cloning: a
Laboratory Manual, 3rd ed., Cold Spring Harbor Laboratory
Press, Cold Spring Harbor.

Santiago, A. E., Cole, L. E., Franco, A., Vogel, S. N., Levine, M.
M. and Barry, E. M. 2009. Characterization of rationally attenu-
ated Francisella tularensis vaccine strains that harbor deletions
in the guaA and guaB genes. Vaccine 27: 2426-2436. [Medline]
[CrossRef]

Shapiro, R. L., Altekruse, S., Hutwagner, L., Bishop, R., Ham-
mond, R., Wilson, S., Ray, B., Thompson, S., Tauxe, R. V. and
Griffin, P. M. 1998. The role of gulf coast oysters harvested
in warmer months in Vibrio vulnificus infections in the United
States, 1988-1996. J. Infect. Dis. 178: 752-759. [Medline]
[CrossRef]

World health organization (WHO). 2014. Hepatitis B. http://
www.who.int/mediacentre/factsheets/fs204/en (cited 2014 De-
cember 2).

World health organization (WHO). 2014. Hepatitis C. http://
www.who.int/mediacentre/factsheets/fs164/en (cited 2014 De-
cember 2).

Wright, A. C., Simpson, L. M., Oliver, J. D. and Morris, J. G. Jr.
1990. Phenotypic evaluation of acapsular transposon mutants of
Vibrio vulnificus. Infect. Immun. 58: 1769-1773. [Medline]
Yamamoto, K., Wright, A. C., Kaper, J. B. and Morris, J. G.
Jr. 1990. The cytolysin gene of Vibrio vulnificus: sequence and
relationship to the Vibrio cholerae El Tor hemolysin gene. Infect.
Immun. 58: 2706-2709. [Medline]

Zhang, X. H., He, K., Duan, Z., Zhou, J. M., Yu, Z. Y., Ni, Y. X.
and Lu, C. P. 2009. Identification and characterization of inosine
S-monophosphate dehydrogenase in Streptococcus suis type 2.
Microb. Pathog. 47: 267-273. [Medline] [CrossRef]

Zhou, X., Cahoon, M., Rosa, P. and Hedstrom, L. 1997. Expres-
sion, purification, and characterization of inosine 5’-monophos-
phate dehydrogenase from Borrelia burgdorferi. J. Biol. Chem.
272:21977-21981. [Medline] [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/7618105?dopt=Abstract
http://dx.doi.org/10.1126/science.7618105
http://dx.doi.org/10.4167/jbv.2013.43.4.262
http://www.ncbi.nlm.nih.gov/pubmed/15496235?dopt=Abstract
http://dx.doi.org/10.3201/eid1008.040047
http://www.ncbi.nlm.nih.gov/pubmed/9190799?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12496206?dopt=Abstract
http://dx.doi.org/10.1128/IAI.71.1.533-535.2003
http://www.ncbi.nlm.nih.gov/pubmed/14500463?dopt=Abstract
http://dx.doi.org/10.1128/IAI.71.10.5461-5471.2003
http://www.ncbi.nlm.nih.gov/pubmed/7024134?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21422475?dopt=Abstract
http://dx.doi.org/10.1093/infdis/jir070
http://www.ncbi.nlm.nih.gov/pubmed/9383163?dopt=Abstract
http://dx.doi.org/10.1046/j.1365-2958.1997.5911966.x
http://www.ncbi.nlm.nih.gov/pubmed/8125283?dopt=Abstract
http://dx.doi.org/10.1016/0378-1119(94)90776-5
http://www.ncbi.nlm.nih.gov/pubmed/16371182?dopt=Abstract
http://dx.doi.org/10.1017/S0950268805005674
http://www.ncbi.nlm.nih.gov/pubmed/8757833?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15473164?dopt=Abstract
http://dx.doi.org/10.1017/S0950268804002407
http://dx.doi.org/10.1017/S0950268804002407
http://www.ncbi.nlm.nih.gov/pubmed/8932306?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16714590?dopt=Abstract
http://dx.doi.org/10.1128/IAI.01262-05
http://www.ncbi.nlm.nih.gov/pubmed/9284142?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16126452?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16126452?dopt=Abstract
http://dx.doi.org/10.1016/j.mib.2005.08.013
http://www.ncbi.nlm.nih.gov/pubmed/19368784?dopt=Abstract
http://dx.doi.org/10.1016/j.vaccine.2009.02.073
http://www.ncbi.nlm.nih.gov/pubmed/9728544?dopt=Abstract
http://dx.doi.org/10.1086/515367
http://www.ncbi.nlm.nih.gov/pubmed/2160432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2370116?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19744553?dopt=Abstract
http://dx.doi.org/10.1016/j.micpath.2009.09.001
http://www.ncbi.nlm.nih.gov/pubmed/9268334?dopt=Abstract
http://dx.doi.org/10.1074/jbc.272.35.21977

