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IscR Is a Global Regulator Essential for Pathogenesis of Vibrio
vulnificus and Induced by Host Cells

Jong Gyu Lim, Sang Ho Choi

National Research Laboratory of Molecular Microbiology and Toxicology, Department of Agricultural Biotechnology, Center for Food Safety and Toxicology, Seoul
National University, Seoul, South Korea

A mutant that exhibited less cytotoxic activity toward INT-407 human intestinal epithelial cells than the wild type was screened
from a random transposon mutant library of Vibrio vulnificus, and an open reading frame encoding an Fe-S cluster regulator,
IscR, was identified using a transposon-tagging method. A mutational analysis demonstrated that IscR contributes to mouse
mortality as well as cytotoxicity toward the INT-407 cells, indicating that IscR is essential for the pathogenesis of V. vulnificus. A
whole-genome microarray analysis revealed that IscR influenced the expression of 67 genes, of which 52 were upregulated and 15
were downregulated. Among these, 12 genes most likely involved in motility and adhesion to host cells, hemolytic activity, and
survival under oxidative stress of the pathogen during infection were selected and experimentally verified to be upregulated by
IscR. Accordingly, the disruption of iscR resulted in a significant reduction in motility and adhesion to INT-407 cells, in hemo-
lytic activity, and in resistance to reactive oxygen species (ROS) such as H2O2 and tert-butyl hydroperoxide (t-BOOH). Further-
more, the present study demonstrated that iscR expression was induced by exposure of V. vulnificus to the INT-407 cells, and the
induction appeared to be mediated by ROS generated by the host cells during infection. Consequently, the combined results in-
dicated that IscR is a global regulator that contributes to the overall success in the pathogenesis of V. vulnificus by regulating the
expression of various virulence and survival genes in addition to Fe-S cluster genes.

Most of virulence factors of pathogenic bacteria act coopera-
tively to obtain maximum effectiveness during pathogenesis

while their expression is coordinately regulated by common
global regulators in response to environmental conditions, and
this coordinated regulation facilitates the cooperation of virulence
factors and is crucial to the overall success of the pathogens during
infection (1, 2). Vibrio vulnificus is an opportunistic Gram-nega-
tive pathogen that frequently contaminates oysters. It has been
proposed that numerous virulence factors account for the fulmi-
nating and destructive nature of V. vulnificus infections and con-
tribute to not only disease development but also the survival and
multiplication on or within the host (for a recent review, see ref-
erence 3). However, studies about global regulators involved in
the regulation of V. vulnificus virulence factors are still very lim-
ited.

Iron-sulfur proteins containing the Fe-S cluster as a cofactor
carry out multiple important cellular processes such as electron
transfer, metabolic reactions, and gene regulation and are widely
distributed (for recent reviews, see references 4 and 5). A highly
conserved isc operon, iscRSUA-hscBA-fdx, was discovered to en-
code all of the proteins required for the biogenesis of the majority,
if not all, of the Fe-S cluster proteins in Escherichia coli (for recent
reviews, see references 5 and 6). Expression of the isc operon is
autoregulated by IscR, a [2Fe-2S] cluster-containing transcription
factor (7). IscR functions as a sensor of the cellular Fe-S cluster
status and homeostatically regulates Fe-S cluster biogenesis (7, 8).
When the cellular Fe-S cluster is sufficient to occupy IscR, the
resulting [2Fe-2S]-IscR represses the isc operon. The repression is
relieved by decreased [2Fe-2S] occupancy of IscR under iron star-
vation or oxidative stress conditions (8–12).

IscR is proposed to be a member of the Rrf2 family of transcrip-
tion factors, consisting of a winged helix-turn-helix (HTH) DNA-
binding domain in the N-terminal region and a motif with three
cysteines and one histidine (CCCH) required for Fe-S cluster li-

gation in the C-terminal region (13, 14). It has been reported that
IscR controls the expression of more than 40 genes, including the
genes encoding additional proteins involved in Fe-S cluster bio-
genesis, such as the suf operon (sufABCDSE), and anaerobic respi-
ratory enzymes containing the Fe-S cluster (15). IscR also regu-
lates genes involved in biofilm formation in response to changes in
cellular Fe-S cluster levels in E. coli (16). These findings suggested
that IscR is a global regulator having broader roles beyond mod-
ulating Fe-S cluster homeostasis in bacteria.

In the present study, an open reading frame (ORF) encoding
an E. coli IscR (EcIscR) homologue was identified in an effort to
screen for V. vulnificus virulence factors by a transposon-tagging
method. A V. vulnificus null mutant, in which the iscR gene was
inactivated, was constructed by allelic exchanges, and the possible
roles of the IscR protein during infection of V. vulnificus were
explored. As a result, it was discovered that IscR is essential for the
virulence of V. vulnificus in mice and in tissue culture. A transcrip-
tome analysis newly identified several genes involved in motility
and adhesion to host cells, hemolytic activity, and survival under
oxidative stress as components of the IscR regulon. Furthermore,
IscR expression was found to be induced by exposure of the patho-
gen to host cells. Therefore, the results indicated that IscR is a
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global regulator and plays an essential role in bacterial pathogen-
esis by being induced during infection.

MATERIALS AND METHODS
Strains, plasmids, and culture conditions. The strains and plasmids used
in this study are listed in Table 1. Unless noted otherwise, the V. vulnificus
strains were grown in LB medium supplemented with 2.0% (wt/vol) NaCl
(LBS) at 30°C.

Identification of V. vulnificus iscR and generation of an iscR mutant.
To generate a random transposon mutant library of V. vulnificus, the E.
coli S17-1 �pir tra strain (17) containing pRL27, a suicide vector carrying
the hypertransposable mini-Tn5 (Kmr) element (18), was used as a con-
jugal donor to V. vulnificus MO6-24/O. Transposon mutants of V. vulni-
ficus grown on the LBS agar containing polymyxin B (100 U/ml; to exclude
E. coli) (19) and kanamycin (100 �g/ml) were selected and grown with 200
�l of LBS medium in 96-well culture dishes (Nunc, Roskilde, Denmark).
From the transposon mutants, a mutant exhibiting decreased cytotoxic
activity against INT-407 (ATCC CCL-6) human intestinal epithelial cells
was screened. A DNA segment flanking the transposon insertion was am-
plified by PCR as previously described (20) and a search of the V. vulnificus
MO6-24/O genome sequence (GenBank accession numbers CP002469
and CP002470 [www.ncbi.nlm.nih.gov]) for homology to the sequence of
the resulting PCR product singled out iscR, which encodes a putative Fe-S
cluster regulator.

The iscR gene was inactivated in vitro by deletion of the iscR ORF (300
bp of 507 bp) using a PCR-mediated linker-scanning mutation method as
described previously (21). The primer pairs ISCR001F and ISCR001R (for
amplification of the 5= amplicon) and ISCR002F and ISCR002R (for am-
plification of the 3= amplicon) were designed (see Table S1 in the supple-
mental material). The iscR gene with the 300-bp deletion was amplified by
PCR using a mixture of both amplicons as the template and ISCR001F and
ISCR002R as primers. The resulting 1,702-bp DNA fragment containing
the deleted iscR was ligated with SpeI-SphI-digested pDM4 (22) to gener-
ate pJK0909 (Table 1). The E. coli S17-1 �pir tra strain (containing
pJK0909) was used as a conjugal donor to V. vulnificus MO6-24/O. The
conjugation and isolation of the transconjugants were conducted as pre-
viously described (21), and the V. vulnificus iscR mutant chosen for fur-
ther analysis was named JK093 (Table 1).

Complementation of the iscR mutant. To complement the iscR mu-
tation, the iscR coding region was amplified from the genomic DNA of V.

vulnificus M06-24/O by PCR with the primer pair ISCR004F and
ISCR004R (Table S1) and then digested with HindIII and XbaI. The am-
plified iscR coding region was subcloned into the broad-host-range vector
pRK415 (23) linearized with the same enzymes (Table 1) to result in
pJK1016. The plasmid pJK1016 was delivered into the iscR mutant JK093
by conjugation as described above.

Cytotoxicity and mouse mortality. Cytotoxicity was evaluated by
measuring cytoplasmic lactate dehydrogenase (LDH) activity that is re-
leased from the INT-407 cells by damage of plasma membranes (24). The
INT-407 cells were grown in minimum essential medium containing 1%
(vol/vol) fetal bovine serum (MEMF) (Gibco-BRL, Gaithersburg, MD) in
96-well culture dishes (Nunc) as described previously (25). Each well with
2 � 104 INT-407 cells was infected with the V. vulnificus strains at a
multiplicity of infection (MOI) of 10 for various incubation times. The
LDH activity released into the supernatant was determined using a cyto-
toxicity detection kit (Roche, Mannheim, Germany).

Mortalities of mice infected with the wild-type and iscR mutant strains
were compared as described elsewhere (26). Groups of (n � 20) 7-week-
old ICR female mice (specific-pathogen-free; Seoul National University)
were starved without food and water for 12 h until infection. Then the
mice, without iron-dextran pretreatment, were intragastrically adminis-
tered with 50 �l of 8.5% (wt/vol) sodium bicarbonate solution, followed
immediately with 50 �l of the inoculum, representing approximately 109

cells of either the wild-type or iscR mutant strain. Mouse mortalities were
recorded for 24 h. All manipulations of mice were approved by the Animal
Care and Use Committee of Seoul National University.

Transcriptome analysis. A transcriptome analysis was performed us-
ing a V. vulnificus Whole-Genome Twin-Chip as described previously
(27). Total RNAs from the V. vulnificus strains grown to an A600 of 0.5
were isolated with an RNeasy Mini Kit (Qiagen, Valencia, CA). Then
aminoallyl-cDNA was synthesized using an Amino Allyl-cDNA Labeling
Kit (Ambion, Austin, TX) according to the manufacturer’s procedures.
The aminoallyl-cDNAs from the iscR mutant and wild-type strains were,
respectively, labeled with Cy5 and Cy3, and equal amounts of the labeled
cDNAs were combined and used to hybridize the microarray slides at
42°C for 16 h. The arrays were washed, dried, scanned, and analyzed by
GenePix Pro, version 3.0, software (Axon Instruments, Union City, CA).
ORF spots that showed a 2-fold or greater difference in expression with a
P value of �0.05 were considered to be regulated by IscR.

TABLE 1 Plasmids and bacterial strains used in this study

Strain or plasmid Relevant characteristic(s)a Reference or source

Bacterial strains
V. vulnificus

M06-24/O Clinical isolate; virulent Laboratory collection
JK093 M06-24/O with �iscR This study

E. coli
DH5� �� 	80dlacZ�M15 �(lacZYA-argF)U169 recA1 endA1 hsdR17(rK

� mK
�) supE44

thi-1 gyrA relA1; plasmid replication
Laboratory collection

S17-�pir �-pir lysogen; thi pro hsdR hsdM
 recA RP4-2 Tc::Mu-Km::Tn7;Tpr Smr; host for
�-requiring plasmids, conjugal donor

17

BL21(DE3) F� ompT hsdSB(rB
� mB

�) gal dcm (DE3) Laboratory collection

Plasmids
pRL27 Tn5-RL27; oriR6K; Kmr 18
pGEM-T Easy PCR product cloning vector; Apr Promega
pDM4 R6K � ori sacB; suicide vector; oriT of RP4; Cmr 22
pJK0909 pDM4 with �iscR; Cmr This study
pRK415 IncP ori; broad-host-range vector, oriT of RP4; Tcr 23
pJK1016 pRK415 with iscR; Tcr This study
pET22b(
) His6 tag fusion expression vector; Apr Novagen
pJK0928 pET22b(
) with iscR; Apr This study

a Tpr, trimethoprim resistant; Smr, streptomycin resistant; Kmr, kanamycin resistant; Apr, ampicillin resistant; Cmr, chloramphenicol resistant; Tcr, tetracycline resistant.
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Quantitative real-time PCR (qRT-PCR). Total RNA from the V. vul-
nificus strains was isolated as described above, and cDNA was synthesized
using an iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA). Real-time
PCR amplification of the cDNA was performed by using a Chromo 4
real-time PCR detection system (Bio-Rad) with a pair of specific primers
(listed in Table S2 in the supplemental material), as described previously
(21). Relative expression levels of the specific transcripts were calculated
by using the 16S rRNA expression level as the internal reference for nor-
malization.

When necessary, the wild-type V. vulnificus grown to A600 0.5 was
exposed to MEMF (control), hydrogen peroxide (H2O2), INT-407 cells,
or INT-407 cells preincubated with 25 mM N-acetyl-L-cysteine (NAC) for
1 h to scavenge reactive oxygen species (ROS) (28). For H2O2 exposure
experiments, V. vulnificus was grown anaerobically as described elsewhere
(29). The mixture of the INT-407 and V. vulnificus cells was centrifuged at
250 � g for 10 min to precipitate INT-407 cells, and then the V. vulnificus
cells were harvested from the supernatant and used to isolate total RNAs
as described previously (20).

Purification of V. vulnificus IscR and electrophoretic mobility shift
assays (EMSAs). The coding region of the iscR gene was amplified by PCR
using V. vulnificus MO6-24/O chromosomal DNA and primers ISCR003F
and ISCR003R (see Table S1 in the supplemental material). The 513-bp
PCR product was subcloned into a His6 tag expression vector, pET22b(
)
(Novagen, Madison, WI), resulting in pJK0928 (Table 1). His-tagged IscR
was then expressed in E. coli BL21(DE3) and purified aerobically by affin-
ity chromatography according to the manufacturer’s procedure (Qiagen).

For EMSAs, four genes were randomly chosen from the pool of the 12
predicted IscR-regulated genes. The putative regulatory regions (about
300 bp) of the genes were amplified and radioactively labeled by PCR
using the primer pairs FLGE01F and FLGE01R for flgE, GBPA01F and
GBPA01R for gbpA, VVHBA01F and VVHBA01R for vvhB, and PRX01F
and PRX01R for prx (see Table S1 in the supplemental material). For the
negative control, a 250-bp DNA fragment of the iscR coding region was
amplified and radioactively labeled by PCR using the primer pair ISCR01F
and ISCR01R (see Table S1). The labeled DNA (2.5 nM) fragments were
incubated with the purified IscR (10 nM) for 30 min at 30°C in a 20-�l
reaction mixture containing 1� binding buffer (15) and 0.1 �g of
poly(dI-dC). Electrophoretic analyses of the DNA-protein complexes
were performed as described previously (21).

Motility and adhesion assays. For motility assays, V. vulnificus strains
were grown to an A600 of 0.5 and subsequently stabbed into LBS semisolid
medium solidified with 0.3% agar (21). The plates were incubated at 30°C
for 24 h, and migration through the agar was photographed using a digital
camera (Canon PowerShot SX220 HS; Japan).

For the adhesion assay, 2 � 105 INT-407 cells per well in 12-well
culture dishes (Nunc) were infected with the V. vulnificus strains at an
MOI of 10 for 30 min, and then plates were washed two times to remove
nonadherent bacteria as described previously (25). Following the last
wash, the INT-407 cells were broken with 0.1% Triton X-100 treatment
for 20 min, and the recovered bacterial cells were enumerated as CFU
counts per well (25). Adhesion of V. vulnificus to INT-407 cells was also
examined microscopically. For this purpose, INT-407 cells seeded onto
glass coverslips were infected with the V. vulnificus strains at an MOI of 10
for 30 min and then fixed in methanol and stained with 0.4% Giemsa (25).

Hemolysis assay and survival under oxidative stress. For a hemolysis
assay, an aliquot of the culture supernatants of V. vulnificus strains grown
to an A600 of 0.9 was mixed with an equal volume of human red blood cell
(hRBC) suspension (1.0% in phosphate-buffered saline) (Innovative Re-
search, Novi, MI) and incubated at 37°C for 20 min. The level of hemolysis
was determined as described elsewhere (30) and expressed using the com-
plete hemolysis by 1% Triton X-100 as 100%.

Survival of the V. vulnificus strains under oxidative stress was deter-
mined by measuring the growth on the LBS agar medium containing
either 250 �M H2O2 or 60 �M tert-butyl hydroperoxide (t-BOOH) (31).
Equal volumes of the strains grown to an A600 of 0.5 were serially diluted

and then spotted onto the agar medium. Growth was then photographed
after 16 h as described above for the motility assay.

Western blot analysis. The purified IscR was used to raise rabbit anti-
IscR polyclonal antibodies (AB Frontier, Seoul, South Korea). The wild-
type V. vulnificus was exposed to MEMF (control), H2O2, INT-407 cells,
or INT-407 cells preincubated with NAC and then harvested as described
above for qRT-PCR. V. vulnificus cells were lysed using complete lysis B
buffer (Roche) for 1 min, and residual cell debris was removed by centrif-
ugation (21). Protein samples from the cell lysates, equivalent to 10 �g of
total protein, were resolved by using SDS-PAGE. The resolved proteins
were then transferred to a nitrocellulose membrane (Bio-Rad) and
probed with a 1:5,000 dilution of the anti-IscR polyclonal antibodies. The
bound antibodies were detected using goat anti-rabbit IgG conjugated
with alkaline phosphatase (Sigma) and visualized by incubation with
5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium (Sigma)
(29).

Data analyses and statistics. Averages and standard errors of the
means (SEM) were calculated from at least three independent experi-
ments. Mouse mortality was evaluated using a log rank test program (http:
//bioinf.wehi.edu.au/software/russell/logrank/). All other data were ana-
lyzed by Student’s t tests with the SAS program (SAS software, SAS
Institute, Inc.). Significance of differences between experimental groups
was accepted at a P value of 0.05.

Microarray data accession number. All primary microarray data were
deposited in the Gene Expression Omnibus (GEO [http://www.ncbi.nlm.nih
.gov/projects/geo/]) database under accession number GSE44679.

RESULTS
Identification of V. vulnificus IscR. Using a transposon-tagging
method as described in Materials and Methods, an ORF encoding
an E. coli IscR homologue was identified from a mutant of V.
vulnificus that exhibited less cytotoxicity to INT-407 cells than the
wild type. The amino acid sequence deduced from the putative V.
vulnificus iscR nucleotide sequence revealed a protein, the putative
IscR (VvIscR), composed of 168 amino acids having a theoretical
molecular mass of 18,199 Da and a pI of 6.82. VvIscR exhibits a
high level of identity (77% in amino acid sequences) with E. coli
IscR (EcIscR) (see Fig. S1 in the supplemental material) (7). Fur-
thermore, VvIscR contains a winged HTH DNA-binding domain
and the highly conserved CCCH motif at positions corresponding
to those of EcIscR. The predicted hydrophobicity profile (http:
//web.expasy.org/protscale/) was similar to that of EcIscR and
consistent with the fact that IscR is a cytosolic soluble protein
(data not shown). The results indicated that VvIscR is also an Fe-S
cluster-containing transcription factor as observed in EcIscR (7,
14).

IscR is important for virulence. In an effort to understand the
role of IscR in V. vulnificus pathogenesis, an isogenic mutant
JK093 (Table 1) which lacked functional iscR gene was con-
structed by allelic exchanges, and its virulence in tissue culture and
in mice was evaluated. For this purpose, the monolayers of INT-
407 cells were infected with the wild-type and iscR mutant strains,
and the activity of LDH released from the INT-407 cells was com-
pared at various incubation times (Fig. 1A). The iscR mutant ex-
hibited significantly lower LDH-releasing activity than the wild-
type strain for as long as 2 h, indicating that IscR is important for
V. vulnificus to infect and injure host cells (Fig. 1A). Complemen-
tation of the iscR gene in JK093 with a functional iscR gene
(pJK1016) restored the LDH-releasing activity to levels compara-
ble to the wild-type level (Fig. 1A). Therefore, the decreased cyto-
toxicity of JK093 resulted from inactivation of iscR rather than
reduced expression of any genes downstream of iscR.

IscR in Vibrio vulnificus Pathogenesis
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To examine the role of IscR in mouse mortality, mice were
infected intragastrically with the wild-type and iscR mutant
strains, and the numbers of dead mice were counted. As shown in
Fig. 1B, the death of mice infected with the iscR mutant was sig-
nificantly inhibited by 24 h of postinfection, while more than 50%
of mice infected with the parental wild-type strain were dead by
this time point (P � 2.88 � 10�6, log rank test). The combined
results suggested that IscR is essential for the virulence of V. vul-
nificus in mice and in tissue culture. However, in contrast to re-
sults in the cell culture experiments, the complemented strain
JK093(pJK1016) was not able to restore the reduced virulence of
JK093, as determined by measuring mouse mortality (data not
shown). One possible explanation for this lack of complementa-

tion is that the plasmid pJK1016 was not well maintained in bac-
teria used to infect mice, where no antibiotics were added.

IscR-regulated genes involved in pathogenesis. A whole-ge-
nome microarray analysis was used to compare the transcriptional
profiles of the wild-type and iscR mutant strains. The microarray
analysis predicted 67 genes potentially regulated by IscR, of which
52 genes were upregulated and 15 were downregulated (see Tables
S3 and S4 in the supplemental material). Among them, 12 genes
that most likely participate in the pathogenesis of V. vulnificus (3)
were upregulated by IscR (Fig. 2). Among the products of the 12
genes are the flagellar protein FlgE contributing to motility (32),
methyl-accepting chemotaxis proteins (MCPs), and signal trans-
duction proteins contributing to chemotaxis (33). A gene encod-

FIG 1 Cytotoxicity and mouse mortality of V. vulnificus. (A) INT-407 cells were infected with the V. vulnificus strains at an MOI of 10. The cytotoxicity was
determined by an LDH release assay and expressed using the total LDH released from the cells completely lysed by 1% Triton X-100 as 100%. Error bars represent
the SEM. **, P  0.005 relative to groups infected with the wild type at each incubation time. (B) Seven-week-old specific-pathogen-free female ICR mice were
intragastrically infected with the wild type (WT) or the iscR mutant at doses of 109 CFU. WT (pRK415), wild type; iscR (pRK415), iscR mutant; iscR (pJK1016),
complemented strain.

FIG 2 IscR-regulated genes possibly involved in the pathogenesis of V. vulnificus. Twelve genes possibly involved in the pathogenesis of V. vulnificus were chosen
from the pool of the IscR regulon members predicted by microarray analysis. Regulation of their transcription by IscR was confirmed by qRT-PCR. Each column
represents the mRNA expression level in the iscR mutant relative to that of the parental wild-type strain. Error bars represent the SEM. Locus tags are based on
the database of the V. vulnificus MO6-24/O genome sequence, which was retrieved from GenBank (accession numbers CP002469 and CP002470), and the
products of the 12 genes are listed on the right.
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ing GbpA known to participate in adhesion (34), two genes
(vvhBA) involved in the production of a cytolysin/hemolysin (35),
and two genes encoding the antioxidant protein peroxiredoxin
(Prx) (36) and glutaredoxin 2 (Grx2) (37) are also upregulated by
IscR (Fig. 2).

Since many of the genes that we predicted as potential mem-
bers of the IscR regulon were not previously reported to be IscR
regulated in other bacteria, IscR regulation of the selected 12 genes
was experimentally verified. qRT-PCR revealed that IscR indeed
regulates transcription of all of the genes predicted, implying that
IscR controls not only Fe-S cluster biogenesis but also the viru-
lence and survival of V. vulnificus (Fig. 2). To determine whether
IscR regulates the genes directly or indirectly, four genes, flgE,
gbpA, vvhB, and prx, were randomly chosen from the 12 genes,
and the binding of IscR to their upstream regulatory regions was
examined. EMSAs revealed that IscR binds to the upstream re-
gions of all of the genes that were tested. IscR binding was specific
because assays were performed in the presence of 0.1 �g of
poly(dI-dC) as a nonspecific competitor. Furthermore, IscR was
not able to bind to the iscR coding region used as a negative control
(Fig. 3A). These results suggested that the genes are under direct
control of IscR. Furthermore, the regulatory-region sequences of
the four genes were analyzed by comparing them with a 25-bp
consensus sequence that was previously known for binding of E.
coli IscR (13, 38). The analysis predicted the potential sequences
for binding of V. vulnificus IscR from the upstream regions, and
alignment of the sequences revealed substantial levels of matches
(over 20 of 25) with the consensus E. coli IscR-binding sequence
(Fig. 3B).

Effects of the iscR mutation on the virulence-related pheno-
types of V. vulnificus. To extend our understanding of the role of
IscR in V. vulnificus pathogenesis, the effect of the iscR mutation
on several phenotypes related to the virulence of many entero-
pathogenic bacteria were examined. The iscR mutant JK093 was

less motile, as determined by its ability to migrate on a semisolid
plate surface, than the wild-type strain (Fig. 4A). The diameter of
the swimming area of the mutant was significantly reduced, to
approximately 50% of that of the wild type (Fig. 4B). Complemen-
tation of the iscR mutant by introduction of pJK1016 substantially
restored the reduced motility (Fig. 4). Since motility has been
known to be essential for the adhesion of enteropathogens to host
cells (39), INT-407 cells were infected with the V. vulnificus
strains, and the numbers of bacterial cells adhered to INT-407 cells
were compared. The number of the iscR mutant cells adhering to
INT-407 cells was about 3-fold lower than the numbers of cells of
the wild-type and the complemented strains (Fig. 5A). The wild-
type and the complemented strains revealed the formation of
small clusters of aggregated bacteria on the INT-407 cell surface
(Fig. 5B). In contrast, when INT-407 cells were infected with the
iscR mutant, a much smaller area of the cell surfaces was covered
with the pathogen, and no clusters of aggregated bacteria were
observed (Fig. 5B). These results indicated that IscR is required for
the optimum adhesion to host cells as well as for the motility of V.
vulnificus. These findings were consistent with the previous obser-
vation that IscR activates the expression of the genes encoding
proteins involved in motility, chemotaxis, and adhesion (Fig. 2).

The effects of the iscR mutation on hemolytic activity and sur-
vival under oxidative stress were also assessed. When the hemo-
lytic activities in the culture supernatant were quantitated, the
hemolytic activity of the iscR mutant was about 4-fold lower than
that of the wild-type and the complemented strains (Fig. 6). These
results indicated that IscR is required for full hemolytic activity of
V. vulnificus. The decreased expression of the vvhBA gene encod-
ing cytolysin in the absence of IscR could be an important, if not
the sole, reason for the lower hemolytic activity of the iscR mutant
(Fig. 2).

Compared to growth of the wild-type strain, the growth of the
iscR mutant was substantially impaired on LBS medium contain-

FIG 3 Verification of IscR binding to the regulatory region of the newly identified IscR regulon. (A) The regulatory regions of VVMO6_02263 (flgE),
VVMO6_03494 (gbpA), VVMO6_03880 (vvhB), or VVMO6_04141 (prx) and a part of the iscR coding region (negative control) were radioactively labeled and
then used as probe DNAs. The same locus tag numbers that appear in Fig. 2 are at the top of each panel. �, without IscR; 
, with IscR; B, bound DNA; F, free
DNA. (B) Comparison of the consensus E. coli IscR-binding sequence and the potential V. vulnificus IscR-binding sequences. The consensus E. coli IscR-binding
sequence (type 2) (38) is shown at the top. Sequences from the regulatory regions of flgE, gbpA, vvhB, and prx, retrieved from GenBank (accession numbers
CP002469 and CP002470), are aligned below. Individual bases identical to those conserved in the consensus E. coli IscR-binding sequence are highlighted.
Numbers of bases that match those of the consensus E. coli IscR-binding sequence are indicated on the right. R, A or G; Y, C or T; W, A or T; N, any base.
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ing 250 �M H2O2 (Fig. 7B) or 60 �M t-BOOH (Fig. 7C). How-
ever, neither defective nor advantageous growth was observed for
the strains on LBS plates without oxidative stress (Fig. 7A). These
results suggested that the iscR mutant is more sensitive to H2O2-
and t-BOOH-induced oxidative stress than its parental wild type.
The decreased growth of the iscR mutant under oxidative stress
was partially recovered by the reintroduction of pJK1016 (Fig. 7B
and C). These results indicated that IscR is essential for survival of
V. vulnificus under oxidative stress. The susceptibility of the iscR
mutant to oxidative stress could possibly be attributed to de-
creased expression of the antioxidant Prx and Grx2 (Fig. 2). Taken
together, the results suggested that IscR might contribute to V.
vulnificus pathogenesis by indeed regulating the newly identified
genes of the IscR regulon to ensure motility and adhesion to host
cells, hemolytic activity, and survival under oxidative stress during
infection.

Effects of host cells on IscR expression. Expression of iscR in
the presence of INT-407 cells was analyzed by qRT-PCR and

Western blotting (Fig. 8). The qRT-PCR analyses were performed
with RNA isolated from wild-type V. vulnificus cultures exposed
to different numbers of INT-407 cells. The results revealed that the
iscR mRNA level increased along with the increase in the numbers
of INT-407 cells (Fig. 8A). Expression of iscR was almost 3-fold
greater in the V. vulnificus cells exposed to 4 � 106 cells of INT-407
than in cells exposed to MEMF alone (control). Cellular levels of
the IscR protein were also higher in V. vulnificus cells exposed to
INT-407 cells (Fig. 8B). These results suggested that the expres-
sion of V. vulnificus iscR is induced by the host cells.

It has been reported that ROS induce the expression of E. coli
iscR (9, 10, 12), and the host epithelial cells infected with V. vulni-
ficus generate ROS (28). Therefore, we hypothesized that the in-
duction of iscR expression upon exposure to INT-407 cells could
result from the increased level of ROS generated from the host
cells. To examine this hypothesis, wild-type V. vulnificus cultures
grown anaerobically were exposed to different levels of H2O2, and
qRT-PCR and Western blot analyses were performed with the

FIG 4 Motility of the V. vulnificus strains. (A) The areas of motility of the strains grown at 30°C for 24 h on plates with LBS and 0.3% agar were photographed.
(B) The diameters of motility areas are the means plus SEM of results from three independent experiments. **, P  0.005 relative to the wild type. WT (pRK415),
wild type; iscR (pRK415), iscR mutant; iscR (pJK1016), complemented strain.

FIG 5 Adhesion of the V. vulnificus strains. (A) INT-407 cells were infected at an MOI of 10 with the V. vulnificus strains as indicated. After 30 min, adherent
bacteria were enumerated, and results are presented as the numbers of bacteria per well of the tissue culture dishes. Error bars represent the SEM. **, P  0.005
relative to the wild type. (B) INT-407 cells were infected with the V. vulnificus strains at an MOI of 10 for 30 min and morphologically observed using a light
microscope after Giemsa staining (original magnification, �1,200). The adhered V. vulnificus cells (filled arrowheads) and the cytoplasm of the INT-407 cells
(open arrowheads) are indicated. WT (pRK415), wild type; iscR (pRK415), iscR mutant; iscR (pJK1016), complemented strain.
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total RNAs and proteins isolated from the cultures. Both iscR
mRNA and IscR protein levels were elevated by exposure of V.
vulnificus to H2O2 (Fig. 9A and B). In V. vulnificus cells exposed to
H2O2, the iscR mRNA level was more than 3.5-fold greater than
that of the cells not exposed to H2O2 (control), demonstrating that
ROS also induce the expression of V. vulnificus iscR. To examine
whether induction of iscR expression by INT-407 cells is indeed
due to the ROS generated by the host cells, the levels of iscR ex-
pression were determined in V. vulnificus cells exposed to either
INT-407 cells or INT-407 cells that were preincubated with NAC
to scavenge ROS (Fig. 10). The results revealed that the increased
expression level of iscR in V. vulnificus cells exposed to INT-407
cells decreased to the level of the pathogen exposed to MEMF
alone (control). The combined results suggested that the iscR ex-
pression induced by the INT-407 cells might be mediated by the
oxidative stress imposed by the host cells during infection.

DISCUSSION

The iscRSUA-hscBA-fdx operon of E. coli is well characterized at
the molecular level (5, 6). IscS is a cysteine desulfurase that re-
moves the sulfur from cysteine and provides the sulfur to build a
transient Fe-S cluster on the scaffold protein IscU. IscA, an A-type
carrier, facilitates the cluster transfer from the scaffold protein to

target apoproteins. HscB and HscA interact with IscU to stabilize
the conformation for transfer of the cluster from IscU to a subset
of apoproteins. The ferredoxin (Fdx) protein might be involved in
electron transfer. The V. vulnificus MO6-24/O genome sequence
(GenBank accession numbers CP002469 and CP002470) is pre-
dicted to possess the isc operon (iscRSUA-hscBA-fdx; VVMO6_
02440-VVMO6_02434) (see Table S4 in the supplemental mate-
rial) as a sole Fe-S biogenesis system. The amino acid sequence of
each coding region of the isc operon is about 47 to 85% identical to
the respective sequence of the E. coli isc operon (data not shown).
The combined findings mentioned above suggested that the prod-
ucts of the V. vulnificus isc operon are indeed involved in Fe-S
cluster biogenesis, as are the products of the E. coli isc operon, and
that expression of the V. vulnificus isc operon is also regulated by
IscR (as confirmed by microarray analysis) (see Table S4).

Iron starvation and oxidative stress, frequently encountered by

FIG 6 Hemolytic activities of V. vulnificus. An aliquot of the culture superna-
tants of V. vulnificus strains was mixed with an equal volume of hRBCs and
then incubated at 37°C for 20 min. The lysis of hRBCs was determined, and
results are presented using the complete lysis of hRBC by 1% Triton X-100 as
100%. Error bars represent the SEM. **, P  0.005 relative to the wild type. WT
(pRK415), wild type; iscR (pRK415), iscR mutant; iscR (pJK1016), comple-
mented strain.

FIG 7 Growth of V. vulnificus under oxidative stress. The V. vulnificus strains were compared for their ability to grow on LBS plates supplemented without
oxidants (LBS) or with 250 �M H2O2 or 60 �M t-BOOH. Serial 10-fold dilutions of each culture were spotted on the plates, and plates were photographed after
16 h of growth. WT (pRK415), wild type; iscR (pRK415), iscR mutant; iscR (pJK1016), complemented strain.

FIG 8 Induction of iscR expression by INT-407 host cells. Wild-type V. vul-
nificus was exposed to various numbers of INT-407 cells for 30 min as indi-
cated and then used to isolate total RNAs and proteins as described in Mate-
rials and Methods. (A) The iscR mRNA levels were determined by qRT-PCR
analyses, and the iscR mRNA level in the bacteria exposed to MEMF alone
(control) was set as 1. Error bars represent the SEM. **, P  0.005 relative to
the bacteria exposed to MEMF alone. (B) Protein samples were resolved by
SDS-PAGE, and IscR was detected by Western blotting using a rabbit anti-IscR
antiserum. The positions of protein size markers (in kDa; Bio-Rad) are shown
on the right of the gel.
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most bacterial pathogens upon infection (40, 41), are two condi-
tions that are highly detrimental for maintaining Fe-S cluster ho-
meostasis (9–12, 42). Accordingly, Fe-S cluster biogenesis and its
regulation are crucial for the pathogenesis of Erwinia chrysan-
themi and Shigella flexneri, allowing adaptation to hostile host
environments (43, 44). It is noteworthy that the Pseudomonas
aeruginosa IscR also plays a role in survival under H2O2- and para-
quat-induced oxidative stress and in virulence (45). In the present
study, mutation of iscR significantly reduced the virulence of V.
vulnificus in mice and in tissue culture, indicating that regulation
of Fe-S cluster biogenesis is also essential for the pathogenesis of
the bacteria (Fig. 1).

Furthermore, this study demonstrated that V. vulnificus IscR
regulates the 12 genes that are potentially involved in pathogenesis
in addition to Fe-S cluster biogenesis (Fig. 2 and 3; see also Tables
S3 and S4 in the supplemental material). The flagellar hook pro-
tein FlgE is required for motility, adhesion to host epithelial cells,
and virulence in mice (32). Chemotaxis signal transduction pro-
teins such as MCPs, CheW, CheY, and histidine kinase (33) are
essential for the pathogenesis of many pathogenic Vibrio spp. (46–
48). GbpA is a homologue of Vibrio cholerae N-acetylgluco-
samine-binding protein A, which is an adhesion factor required
for initial adherence to intestinal mucin (34, 49). Although RtxA1
is a major hemolytic toxin of V. vulnificus (50), VvhA is also a
secreted cytolysin/hemolysin pore-forming toxin and causes in-
testinal tissue damage and inflammation (51). VvhA promotes
dissemination of V. vulnificus to the bloodstream in an intragastric
infection of mice (51). VvhB protein is a chaperone-like protein
required for synthesis of active VvhA (52). Prx, homologous to
human Prx5 (36), is presumably an antioxidant that protects V.
vulnificus from oxidative stress during infection. Grx2 is homolo-

gous to E. coli Grx2 required for the reduction of cytosolic protein
disulfides and survival under oxidative stress (37). Consistent with
this, the iscR mutant showed decreased motility and adhesion to
host cells (Fig. 4 and 5), hemolytic activity (Fig. 6), and survival
under oxidative stress (Fig. 7).

In addition to these 12 genes, the transcriptome analysis re-
vealed that many genes primarily involved in transport, metabo-
lism, and energy production were also regulated by IscR (see
Tables S3 and S4 in the supplemental material). When entero-
pathogens invade the host, they compete with the host cells and
endogenous bacterial flora for the specific nutrients. Therefore,
the ability to acquire and metabolize nutrients under these adverse
environments is often crucial for the bacteria to survive and mul-
tiply in the host (for a recent review, see reference 53). It is thus
possible that mutation of the iscR gene might impair the coordi-
nated expression of the genes involved in metabolism and energy
production in the host, leading to a reduction in virulence. It is not
difficult to imagine that through IscR, V. vulnificus recognizes the
host environment by sensing iron bioavailability and/or ROS lev-
els and, in turn, coordinately regulates the metabolism and energy
production genes. Consistent with this, the expression of IscR was
induced upon exposure to host epithelial cells (Fig. 8), and the
induction appeared to be mediated by ROS generated by the host
cells during infection (Fig. 9 and 10).

FIG 9 Induction of iscR expression by H2O2. Total RNAs and proteins were
isolated from wild-type V. vulnificus, grown anaerobically to an A600 of 0.5, and
then exposed to various levels of H2O2 for 10 min as indicated. (A) The iscR
mRNA levels were determined by qRT-PCR analyses, and the iscR mRNA level
in the bacteria not exposed to H2O2 (control) was set as 1. Error bars represent
the SEM. **, P  0.005 relative to the bacteria unexposed to H2O2. (B) Protein
samples were resolved by SDS-PAGE; IscR was detected by Western blotting,
and results are presented as described in the legend of Fig. 8.

FIG 10 Effects of scavenging ROS on host cell induction of iscR expression. (A
and B) Wild-type V. vulnificus grown to an A600 of 0.5 was exposed to MEMF
(control), 4 � 106 INT-407 cells, or 4 � 106 INT-407 cells preincubated with
NAC for 30 min at an MOI of 30 and then used to isolate total RNAs and
proteins as described in Materials and Methods. The iscR mRNA and IscR
protein levels in V. vulnificus cells were determined by qRT-PCR and Western
blot analyses, respectively, and results are presented as described in the legend
of Fig. 8. Error bars represent the SEM. **, P  0.005 relative to the bacteria
exposed to MEMF alone.
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In summary, our data presented here extended our under-
standing of the role of IscR in V. vulnificus pathogenesis by dem-
onstrating that iscR expression is induced by host cells, and, in
turn, that the induced IscR activates the expression of many genes
primarily required for motility, adhesion, hemolytic activity, and
survival under oxidative stress. Although comprehending the ex-
act mechanism of IscR in the regulation of these genes needs ad-
ditional work, the combined results suggest that IscR is a global
regulator contributing to the overall success in the pathogenesis of
V. vulnificus.
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