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TonB systems actively transport iron-bound substrates across the outer membranes of Gram-negative bacteria. Vibrio vulnificus
CMCP6, which causes fatal septicemia and necrotizing wound infections, possesses three active TonB systems. It is not known
why V. vulnificus CMCP6 has maintained three TonB systems throughout its evolution. The TonB1 and TonB2 systems are rela-
tively well characterized, while the pathophysiological function of the TonB3 system is still elusive. A reverse transcription-PCR
(RT-PCR) study showed that the tonB1 and tonB2 genes are preferentially induced in vivo, whereas tonB3 is persistently tran-
scribed, albeit at low expression levels, under both in vitro and in vivo conditions. The goal of the present study was to elucidate
the raison d’être of these three TonB systems. In contrast to previous studies, we constructed in-frame single-, double-, and tri-
ple-deletion mutants of the entire structural genes in TonB loci, and the changes in various virulence-related phenotypes were
evaluated. Surprisingly, only the tonB123 mutant exhibited a significant delay in killing eukaryotic cells, which was comple-
mented in trans with any TonB operon. Very interestingly, we discovered that flagellum biogenesis was defective in the tonB123
mutant. The loss of flagellation contributed to severe defects in motility and adhesion of the mutant. Because of the difficulty of
making contact with host cells, the mutant manifested defective RtxA1 toxin production, which resulted in impaired invasive-
ness, delayed cytotoxicity, and decreased lethality for mice. Taken together, these results indicate that a series of virulence de-
fects in all three TonB systems of V. vulnificus CMCP6 coordinately complement each other for iron assimilation and full viru-
lence expression by ensuring flagellar biogenesis.

Vibrio vulnificus is a halophilic estuarine pathogen that causes
fatal septicemia and necrotizing wound infections in patients

suffering from hepatic diseases with high levels of circulating iron
or who are immunocompromised (1–5). Infection with V. vulni-
ficus typically shows rapid progression and mortality rates greater
than 50% (6, 7). In Gram-negative bacteria, the inner membrane
protein complex TonB plays a crucial role in the uptake of iron (8,
9), which is an important micronutrient for numerous biological
processes (10–12). TonB complexes transduce the proton motive
force (PMF) of the cytoplasmic membrane to energize iron-sid-
erophore complex transport through a specific TonB-dependent
transporter (TBDT) across the outer membrane (OM) (9, 13, 14).
This system’s known biological roles had been restricted to iron
complexes (15, 16) and vitamin B12 (14), but recent experimental
evidence of the TonB-energized transport of nickel and various
carbohydrates suggests that the number and variety of TonB-de-
pendent substrates have been underestimated (17–19). Unlike the
single TonB system in Escherichia coli (8), the genomes of Vibrio
species carry multiple TonB systems. Interestingly, three TonB
systems were first reported in V. vulnificus CMCP6 by the late
Jorge Crosa’s team (20). As a result of the pivotal findings of Cro-
sa’s group, the importance of TonB1 and TonB2 systems in the
iron transport of siderophores and in the pathogenesis of V. vul-
nificus has been highlighted (20, 21). Also, they reported that the
functionally elusive TonB3 has a unique regulation mechanism
consisting of Lrp (L-leucine responsive protein) and CRP (cAMP
receptor protein) (20, 22). Based upon the regulation of TonB3
system by Lrp and CRP, they proposed that TonB3 would func-
tion to integrate different environmental signals such as glucose

starvation and the transition between “feast” and “famine.” How-
ever, the pathophysiological function of TonB3 remains poorly
defined. Our preliminary real-time reverse transcription-PCR
(RT-PCR) experiments demonstrated that while the tonB1 and
tonB2 systems are highly expressed in vivo, tonB3 is persistently
transcribed, albeit at low expression levels, under in vitro and in
vivo conditions. This result prompted us to study why V. vulnificus
CMCP6 has maintained three TonB systems throughout the long
path of evolution. In previous studies performed by Crosa’s
group, they used in-frame deletion mutants of the structural tonB
genes with in trans complementation. Since the three TonB sys-
tems share similarly functioning genes, single-gene-mutation
studies might not rule out the interaction among remaining genes
in the same operon and the tonB genes in other TonB operons.
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Hence, in this study, we constructed mutants with single and mul-
tiple deletions of the entire structural genes in TonB loci and com-
plemented them with cosmid clones harboring each operon to
evaluate the pathogenic significance of these TonB systems in V.
vulnificus. Through a variety of experimental approaches, we
demonstrated that all three TonB systems appear to coordinately
complement each other for flagellum biogenesis and full virulence
expression of V. vulnificus CMCP6 in vivo.

MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The V. vulnificus strains, E. coli
strains, and plasmids that were used in this study are listed in Table 1. The
wild-type V. vulnificus strain was CMCP6, a highly virulent clinical isolate
whose genome sequence was recently reannotated for higher accuracy
(23, 24). E. coli and V. vulnificus were grown in Luria-Bertani and 2.5%
NaCl heart infusion (HI) media, respectively. Antibiotics were used as
previously described (25).

Construction of deletion mutants and complementation. We con-
structed in-frame single, double, and triple deletion mutants of the entire
structural genes in TonB1, TonB2, and TonB3 loci by the allelic-exchange
method using the suicide vector pDM4 (26). For each TonB system, we
designed two sets of primers to amplify DNA fragments in the upstream
or downstream region of each operon. The sequences of each primer pair
are listed in Table S1 in the supplemental material. Some primer sets
included restriction site overhangs that were recognized by specific re-
striction enzymes for cloning. The upstream and downstream amplicons
of each TonB operon were ligated by crossover PCR to produce a 2-kb
fragment (27). The fusion fragments were digested with the appropriate
enzymes and subcloned into pDM4 for the tonB1, tonB2, and tonB3 mu-
tants, yielding pCMM1509, pCMM1510, and pCMM1511, respectively.
All of the resulting recombinant pDM4 plasmids were transferred into V.
vulnificus CMCP6 by conjugation, and the single-deletion mutants

(�tonB1, �tonB2, and �tonB3 mutants) were selected as previously de-
scribed (28). The tonB12 and tonB13 double mutants (�tonB12 and
�tonB13 mutants) were constructed by transferring pCMM1509 into the
�tonB2 and �tonB3 mutants, respectively. The tonB23 double and
tonB123 triple mutants (�tonB23 and �tonB123 mutants) were con-
structed by transferring pCMM1511 into the �tonB2 and �tonB12
mutants, respectively. For genetic complementation experiments, we
screened cosmid clones that contained an intact tonB1, tonB2, or tonB3
operon from the pLAFR3 cosmid library of V. vulnificus CMCP6 as pre-
viously described (29), yielding pCMM1512 (ptonB1), pCMM1513
(ptonB2), and pCMM1514 (ptonB3), respectively. The positive colony was
transferred to deletion mutants by triparental mating with the conjugative
helper plasmid pRK2013. The transconjugants were selected as previously
described (29).

Cytotoxicity assay. To determine the effect of TonB mutations on
cytotoxicity for HeLa cells, we performed the lactate dehydrogenase
(LDH) release assay as previously described (30).

LD50 determination. The intraperitoneal 50% lethal doses (i.p. LD50)
of V. vulnificus were determined using normal and iron-overloaded mice
as previously described (30). Briefly, for the iron-overloading experiment,
groups of 7-week-old randomly bred specific-pathogen-free (SPF) female
CD-1 mice (Daehan Animal Co., Daejeon, South Korea) were i.p. injected
with 900 �g of ferric ammonium citrate (filter sterilized; 100 �g of ele-
mental iron) in phosphate-buffered saline (PBS) for 30 min before bacte-
rial challenge. Five mice per group were administered 10-fold serial dilu-
tions of fresh bacterial suspensions, and the infected mice were observed
for 48 h. The intragastric 50% lethal dose (i.g. LD50) was tested using
randomly bred SPF CD-1 suckling mice (Daehan Animal Co., Daejeon,
South Korea). Six-day-old infant mice were administered 10-fold serial
dilutions of fresh bacterial suspensions containing 0.1% Evans blue (Sig-
ma-Aldrich Co., St. Louis, MO) to ensure correct i.g. administration. The
control animals received 100 �l of PBS containing 0.1% Evans blue. The
challenged mice were monitored for 48 h. Seven mice per group were used

TABLE 1 Strains and plasmids used in this study

Strain or plasmid Descriptiona Source or reference

Strains
V. vulnificus

CMCP6 Wild type, clinical isolate CNU Hospital
�tonB1 CMCP6 with in-frame deletion of entire structural genes in TonB1 locus This study
�tonB2 CMCP6 with in-frame deletion of entire structural genes in TonB2 locus This study
�tonB3 CMCP6 with in-frame deletion of entire structural genes in TonB3 locus This study
�tonB12 CMCP6 with in-frame double deletion of entire structural genes in TonB12 loci This study
�tonB13 CMCP6 with in-frame double deletion of entire structural genes in TonB13 loci This study
�tonB23 CMCP6 with in-frame double deletion of entire structural genes in TonB23 loci This study
�tonB123 CMCP6 with in-frame triple deletion of entire structural genes in TonB123 loci This study

E. coli
DH5� F� recA1 restriction negative Laboratory collection
SY327 � pir �(lac pro) argE(Am) rif nalA recA56 � pir lysogen 26
SM10 � pir thi thr leu tonA lacY supE recA::RP4-2-Tcr::Mu Kmr � pir lysogen 26

Plasmids
pDM4 Suicide vector with ori R6K sacB; Cmr 58
pLAFR3 IncP cosmid vector; Tcr 59
pRK2013 IncP Kmr Tra Rk2� repRK2 repE1 60
pCMM1509 pDM4 with a 2-kb SacI/SpeI in-frame deleted tonB1 operon This study
pCMM1510 pDM4 with a 2-kb SacI/SpeI in-frame deleted tonB2 operon This study
pCMM1511 pDM4 with a 1.9-kb SacI/SmaI in-frame deleted tonB3 operon This study
pCMM1512 pLAFR3 with a 25-kb fragment containing the in-frame deleted tonB1 operon This study
pCMM1513 pLAFR3 with a 25-kb fragment containing the in-frame deleted tonB2 operon This study
pCMM1514 pLAFR3 with a 25-kb fragment containing the in-frame deleted tonB3 operon This study

a Cmr, Cm resistance; Tcr, Tc resistance; Apr, Ap resistance; Kmr, Km resistance.
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for analysis. LD50 was calculated by the probit analysis, using IBM SPSS
21.0 software (IBM). All of the animal procedures were conducted in
accordance with the guidelines of the Animal Care and Use Committee of
Chonnam National University, South Korea.

In vivo invasion assay. The bacterial cells that translocated from the
intestine to the bloodstream were measured as previously described (31,
32). Seven-week-old SPF female CD-1 mice were starved for 16 h and
anesthetized with a mixture of 10% zolazepam-tiletamine (Zoletil; Virbac
Laboratories, France) and 5% xylazine (Rumpun; Byer Korea, South Ko-
rea) dissolved in PBS. The ileum was tied off in a 5-cm segment, and then
V. vulnificus cells (4.0 � 106 CFU/400 �l in PBS) were inoculated into the
ligated segment. The blood samples were acquired by cardiac puncture at
various time intervals. Viable bacterial cells were counted by plating on
2.5% NaCl HI agar plates. Remaining V. vulnificus cells in ligated ileal
loops were also counted by plating on Vibrio-selective thiosulfate-citrate-
bile salts-sucrose (TCBS) agar plates.

In vitro invasion assay. Polarized HCA-7 cells grown on Transwell
filter chambers (8-�m pore size; Costar, Cambridge, MA, USA) were
apically exposed to log-phase V. vulnificus cells at a multiplicity of infec-
tion (MOI) of 5 under serum-free conditions. The invasiveness was de-
termined by measuring the change in transepithelial electrical resistance
(33) and the number of bacterial cells that translocated from the upper
chamber to the lower chamber of the Transwell (32). Viable bacterial cells
were counted by plating on 2.5% NaCl HI agar plates. LDH release from
polarized HCA-7 cells was measured in culture media collected from the
upper and lower chambers of the Transwells using the CytoTox nonra-
dioactive cytotoxicity assay kit (Promega, Madison, WI, USA).

Growth of the bacteria in the rat peritoneal cavity and mouse blood.
The in vivo growth of V. vulnificus was measured using a dialysis tube
implantation model. CelluSep H1 dialysis tubing (molecular weight cut-
off [MWCO], 	12,000 to 14,000; Membrane Filtration Products, Inc.,
TX, USA) was incubated with PBS overnight. The dialysis membrane was
disinfected with 70% alcohol for 1 h and washed three times with sterile
PBS before use. Seven-week-old female Sprague Dawley (SD) rats (DBL
Co. Ltd., Daejeon, South Korea) were anesthetized with a mixture of 10%
zolazepam-tiletamine and 5% xylazine dissolved in PBS. Three 10-cm
dialysis tubes that contained 2 ml of 5 � 105 CFU/ml V. vulnificus cells
were surgically implanted into the rat peritoneal cavity. The bacterial
growth at each time point was analyzed using three rats. The bacteria were
harvested for viable-cell counting on 2.5% NaCl HI agar plates after 2, 4,
and 6 h of implantation.

For growth in blood, each mouse was intravenously injected with 100
�l of 5 � 105 CFU cells which had been incubated in the rat peritoneal
cavity for 6 h for in vivo adaptation. After various times, blood samples
were acquired from infected mice by cardiac puncture. Viable bacterial
cells were counted by plating on 2.5% NaCl HI agar plates.

Host cell adhesion assay. For the adhesion assay, HeLa cell monolay-
ers were seeded on chamber slides (Nunc) and then infected with log-
phase V. vulnificus cells at an MOI of 250 for 30 min. The monolayer was
then washed twice with PBS to remove nonadherent bacteria. Following
the last wash, cells were fixed in methanol and stained with 0.1% Giemsa
(Sigma). The V. vulnificus cells that adhered to HeLa cells were enumer-
ated and examined under a light microscope at magnifications of �400
and �1,000 (Eclipse 50i; Nikon, Japan).

Motility assay. For motility assays, 1 �l of 1 � 109 CFU/ml log-phase
V. vulnificus cells was inoculated on motility assay agar (0.3% agar–2.5%
NaCl HI plate) and incubated at 37°C. Zones of migration were observed
after 12 h.

Electron microscopy. V. vulnificus strains were grown to mid-log
phase in 2.5% NaCl HI broth without agitation. The V. vulnificus cells
were fixed in a fixation solution containing 0.1% glutaraldehyde and 4%
paraformaldehyde in 0.05 M sodium cacodylate buffer (pH 7.2) at room
temperature for 4 h. After three washes with 0.05 M cacodylate buffer, all
samples were mounted on nickel grids coated with carbon film (150
mesh). After staining with 2% uranyl acetate, the samples were examined

with a transmission electron microscope (JEM-1400; JEOL Ltd., Japan) at
80-kV acceleration. The morphological differences of bacterial strains
were observed at a magnification of �25,000.

Conventional and real-time RT-PCR. Transcription of the three
structural tonB systems was determined by conventional and real-time
RT-PCR. The 16S rRNA was used as the internal standard for conven-
tional RT-PCR, and gyrA was chosen as a suitable reference gene for real-
time RT-PCR, since the expression level was consistent under different
experimental conditions (in vivo and in vitro), and it has amplification
efficiencies comparable to those of the target tonB genes. Forward and
reverse primer pairs were designed as shown in Table S2 in the supple-
mental material. The total RNA was isolated from log-phase bacterial cells
that had been cultured in the rat peritoneal cavity or in 2.5% NaCl HI
broth using an RNeasy minikit (Qiagen GmbH, Hilden, Germany). One
microgram of purified RNA was converted to cDNA using the QuantiTect
reverse transcription kit (Qiagen) according to the manufacturer’s proto-
col, and 3 �g of RNA was used to evaluate tonB3 expression. Real-time
RT-PCR was performed to quantify each target transcript using the Quan-
tiTect SYBR green PCR kit (Qiagen). The relative gene expression was
normalized to the expression of gyrA (34) using the threshold cycle
(��CT) method (35). Simultaneously, conventional RT-PCR was per-
formed, and the amplicons were separated on 2% (wt/vol) agarose gels
and stained with ethidium bromide. Additionally, transcription of rtxA1
was also examined by conventional RT-PCR using the HeLa cell infection
model. Log-phase V. vulnificus cells were exposed to HeLa cells for 30, 60,
and 90 min. At various time points, the bacterial cells attached to the HeLa
cells were scraped off, and total RNA was isolated as described above.

Western blot analysis. For RtxA1 detection, HeLa cells grown on
6-well plates were infected with V. vulnificus log-phase cells at an MOI of
100 under the serum-free conditions. After 30, 60, and 90 min of incuba-
tion, the bacterial cells attached to HeLa cells were lysed with lysis buffer
(Cell Signaling) and concentrated with an Amicon Ultra-0.5 centrifugal
filter (Merck KGaA, Darmstadt, Germany). The samples were subjected
to 10% SDS-PAGE. The RtxA1 proteins were detected using an anti-C-
terminal GD-rich domain (anti-GD domain) antibody (RtxA1-C, a band
of approximately 130 kDa) (36). For the Western blot analysis of FlaB,
bacteria were cultured in 2.5% NaCl HI to log-phase growth, and then
FlaB proteins in the bacterial cell pellet or the culture supernatant were
detected using an anti-FlaB antibody (a band of approximately 42 kDa) as
described previously (32).

Outer membrane protein purification. Changes in the outer mem-
brane protein (OMP) profile of the mutant were tested. OMPs were
purified by a method reported elsewhere (37). The OMP preparations
were analyzed by 12% SDS-PAGE. The OMP bands showing differen-
tial expression between the wild-type and mutant were further identi-
fied by matrix-assisted laser desorption ionization–time of flight
(MALDI-TOF MS).

DNA alignment. A Fur box was identified first in E. coli as a 19-bp
palindromic sequence accommodating a Fur dimer (38). This Fur-bind-
ing motif is strictly conserved in other bacteria, including Vibrio cholerae,
Yersinia pestis, and Salmonella enterica serovar Typhimurium, based on
motif alignments of 5= untranslated regions (UTRs) of Fur-regulated
genes (39–41). This allowed us to use the same profile for the recognition
of Fur boxes in the promoter regions of flagellin genes (GATAATGATA
ATCATTATC). Multiple DNA alignments were constructed using
CLUSTALX (42).

Statistical analysis. The results are expressed as means and standard
errors of the means (SEM) unless otherwise stated. Each experiment was
repeated a minimum of three times, and the results from representative
samples are shown. Statistical analyses were performed using Prism 5.00
for Windows (GraphPad Software, San Diego, CA). Multiple compari-
sons were performed using Student’s t test and analysis of variance
(ANOVA) followed by Bonferroni post hoc tests. P values of 
0.05 were
considered statistically significant.
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RESULTS
The structural tonB1 and tonB2 genes are significantly induced
in vivo, whereas tonB3 is persistently transcribed at low levels
under in vitro and in vivo conditions. Many important virulence
genes of pathogenic bacteria are preferentially expressed in vivo

(28, 43, 44). To see whether host signals could induce the tran-
scription of three TonB systems of V. vulnificus CMCP6 during the
infection process, we compared transcription levels of three struc-
tural tonB genes under in vitro and in vivo culture conditions by
conventional and real-time RT-PCR (see Table S2 in the supple-
mental material). According to real-time RT-PCR results, higher
levels of tonB1 and tonB2 mRNAs were observed under in vivo
conditions than in vitro conditions, with approximately 90- and
5-fold changes, respectively (Fig. 1A) (P 
 0.001 for tonB1 and
P 
 0.01 for tonB2). Interestingly, low levels of transcripts of
tonB3 were obtained under both conditions using 3-fold more
total RNA (3 �g) than for assessing tonB1 and tonB2 (1 �g). The
comparable transcription levels of the tonB3 gene by the real-time
RT-PCR under both conditions indicated that this system would
be persistently transcribed irrespective of the culture environ-
ment, albeit at a low expression level (Fig. 1A) (P � 0.05). The
expression of three structural tonB genes was further confirmed
through conventional RT-PCR with different amplification cy-
cles. In agreement with the real-time PCR results, we detected
significantly increased expression of tonB1 and tonB2 under in
vivo conditions, whereas the expression of tonB3 was detected only
in late cycles under both conditions (Fig. 1B). These findings led
us to hypothesize that all three TonB systems would be functional,
which drove us to further investigate the role of three TonB sys-
tems in the pathogenesis of V. vulnificus CMCP6 infections.

Cytotoxicity was delayed only in the tonB123 triple mutant
and was significantly recovered by complementation with each
TonB system. To evaluate the pathogenic significance of three
TonB systems in V. vulnificus, in-frame single (�tonB1, �tonB2,
and �tonB3), double (�tonB12, �tonB13, and �tonB23), and tri-
ple (�tonB123) deletion mutants were constructed (see Table S1
in the supplemental material). The cytotoxicity of V. vulnificus
was measured in a time course. Interestingly, only the �tonB123
mutant exhibited significantly delayed cytotoxicity, whereas the
single and double mutants showed little or no changes during 3.5
h of the assay (Fig. 2A) (P 
 0.001). The cytotoxicity of the
�tonB123 mutant approached the wild-type level after 3 h of in-

FIG 1 Transcription levels of the three structural tonB genes in V. vulnificus
CMCP6. The transcription levels of the three structural tonB genes were ana-
lyzed by real-time (A) and conventional (B) RT-PCR under in vitro and in vivo
conditions. RNA was isolated from the log-phase bacterial cells that had been
cultured in the rat peritoneal cavity (in vivo [IV]) or in 2.5% NaCl HI broth (in
vitro [IT]) and then converted to cDNA. qRT-PCR was performed, and the
data were normalized to expression of the housekeeping gene gyrA. The values
for the relative transcript abundance were expressed as mean-normalized gene
expression relative to the in vitro expression values. The results showed that
tonB1 and tonB2 genes are significantly induced in vivo, whereas tonB3 is per-
sistently transcribed at low levels under both tested conditions. The error bars
represent the standard errors of means from three independent experiments.
Statistical analysis was carried out using Student’s t test (**, P 
 0.01; ***, P 

0.001; ns, not significant).

FIG 2 Significantly delayed cytotoxicity for HeLa cells in the tonB123 triple mutant (A) and the complemented strain (B). (A) Log-phase V. vulnificus cells were
incubated with HeLa cells at an MOI of 100. Statistical analysis of the tonB123 mutant using two-way ANOVA followed by Bonferroni post hoc tests revealed
significantly delayed cytotoxicity for HeLa cells in comparison with the wild type and other mutant strains (***, P 
 0.001). (B) Restoration of the cytotoxicity
in the TonB-complemented strains at 2.5 h. The values are means plus SEM from three independent experiments that were performed in six replicates.
Comparisons were performed using one-way analysis of variance (ANOVA) followed by Bonferroni post hoc tests on the data in panel B (***, P 
 0.001). WT,
wild type.
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cubation (Fig. 2A). Full cytotoxic expression was delayed by 30
min in the �tonB123 mutant compared to the wild-type strain.

In an attempt to fulfill the molecular Koch’s postulates, we
performed a complementation study. We first selected cosmid
clones that contain an intact TonB1, TonB2, or TonB3 operon by
screening of a pLAFR3 cosmid library of V. vulnificus CMCP6 as
previously described (29). The �tonB123 mutation was separately
complemented with the individual cosmid clone harboring each
TonB operon. The restoration of expression of each TonB operon
was confirmed in the TonB-complemented strains by RT-PCR
(see Fig. S1A in the supplemental material). The �tonB123 mutant
significantly recovered cytotoxicity when complemented with any
one of the three TonB operons (Fig. 2B) (P 
 0.001). Interestingly,
complementation with the TonB2 operon restored most the cyto-
toxicity, while TonB1 and TonB3 complementation showed levels
of cytotoxicity comparable to each other. This result suggests that
the TonB2 system plays a dominant role as reported previously
(20, 21) compared to the other two systems and that TonB3 is as
efficient as the TonB1 in the complementation of the tonB123
mutation. The cytotoxicity defect of the �tonB123 mutant could
have resulted from a possible bacterial growth retardation in the
cell culture medium. To ascertain this possibility, we also checked
growth profiles of V. vulnificus strains in high-glucose DMEM,
which was used for cytotoxicity assays (see Fig. S2 in the supple-
mental material). The growth profile of the �tonB123 mutant was
identical to that of the wild-type strain, suggesting that the growth
difference was not the cause of cytotoxicity impairment. Based
upon these results, we hypothesized that another specific viru-
lence factor(s) related to cytotoxicity was affected by the tonB123
mutation.

All three TonB systems contribute to V. vulnificus lethality
for mice. To examine the contribution of three TonB systems to
the mouse lethality, the i.g. LD50 was measured using 6-day-old
suckling mice. As shown in Table 2, a complete deficiency of TonB
function (�tonB123) resulted in a 42-fold increase in the i.g. LD50

compared with that of the wild-type strain. Significantly pro-
longed survival was observed in the groups given the �tonB123
strain at all infection dosages (see Fig. S3 in the supplemental
material) (P 
 0.05 at 109, 107, and 106 CFU/mouse, and P 
 0.01
at 108 CFU/mouse, by Kaplan-Meier survival analysis). At doses of
109 CFU/mouse, all mice infected with the wild-type strain died,
whereas only ca. 30% of infected mice died in the group receiving
the �tonB123 strain by 12 h postinfection (see Fig. S3 in the sup-
plemental material) (P 
 0.05, log rank test). Together, the results
highlight the idea that all three TonB systems contribute to the in
vivo virulence expression of V. vulnificus CMCP6.

In addition to the i.g. infection, we also measured the i.p. LD50

in normal and iron-overloaded mice. The i.p. LD50 of the

�tonB123 mutant increased 26-fold in normal mice, whereas no
change was noted in iron-overloaded mice (Table 2). It was inter-
esting that the lethality of the �tonB123 mutant for mice was as
strong as that of the parental wild-type strain in hosts having high
levels of iron. These results imply that the three TonB systems play
an important role in acquiring iron under iron-limited rather than
iron-sufficient conditions. The difference in LD50 between the
�tonB123 and wild-type strains was smaller in the i.p. infection
model (26-fold) than the i.g. infection model (42-fold). Since the
i.g. infection route simulates more physiologically the primary V.
vulnificus septicemia infection process in humans, the three TonB
systems might significantly contribute to the virulence factor ex-
pression or survival of V. vulnificus CMCP6 during the early inva-
sion phase of primary infection. In this context, we next tested the
tissue invasiveness of the �tonB123 mutant.

All three TonB systems contribute to the intestinal invasion
of V. vulnificus. To corroborate whether the three TonB systems
contribute to the invasiveness of V. vulnificus CMCP6, we per-
formed an in vivo invasion assay using the mouse ligated-ileal-
loop infection model (32). Viable V. vulnificus cells in the blood
were counted at 3, 6, and 8 h to evaluate the tissue invasiveness of
the �tonB123 mutant. At 3 h, both strains were discovered in
blood circulation at comparable numbers (Fig. 3A) (P � 0.05).
Significantly higher numbers of wild-type cells were counted at
later time points, approximately 1.3 � 106 and 3.0 � 106 CFU/ml
of wild-type cells at 6 h and 8 h, respectively (Fig. 3A) (P 
 0.05).
During these experiments, we found that 40% of the infected wild-
type mice succumbed to the infection when the cell counts
reached approximately 1 � 107 CFU/ml of blood (data not
shown). In contrast, the defects of the �tonB123 mutant resulted
in a significant decrease in the translocation of V. vulnificus from
the intestinal tract into the bloodstream; only ca. 4.0 � 103

CFU/ml of the �tonB123 cells were detected in the bloodstream
even at 6 and 8 h (Fig. 3A) (P 
 0.05 compared to that of the
wild-type strain).

In parallel with viable cells in the blood, we also counted bac-
terial cells in the ileum at various time points. At 3 h, we also
detected comparable numbers of V. vulnificus in the ileum in both
strains (Fig. 3B) (P � 0.05). However, the viable-cell count of the
�tonB123 mutant was significantly higher than that of the wild-
type strain at later time points (Fig. 3B) (P 
 0.01 at 6 h and P 

0.05 at 8 h). The nonfunctional TonB systems in the �tonB123
mutant seemed to have no influence on growth in the ileum, since
the viable-cell count steadily increased up to 1.0 � 107 CFU/ml in
a time course. To confirm further that the attenuated invasion
property of the mutant was due to the growth retardation, we
checked in vivo growth using the peritoneal dialysis tube implan-
tation model and the growth in mouse blood. The growth profiles

TABLE 2 Effect of the mutation of all three TonB systems on the lethality to mice

Infection and mouse type

LD50 (95% confidence limits)

Fold increaseWT �tonB123 mutant

Intragastric
Suckling 1.26 � 105 (2.16 � 104 to 4.82 � 105) 5.23 � 106 (3.32 � 105 to 9.95 � 107) 41.62

Intraperitoneal
Normal 3.15 � 105 (8.38 � 104 to 1.13 � 106) 8.12 � 106 (2.04 � 106 to 3.1 � 107) 25.78
Iron overloaded 2.125 2.125 1
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of the wild-type and the �tonB123 mutant were identical in the
dialysis tubes implanted in the rat peritoneum (see Fig. S4B [panel
a] in the supplemental material). We also observed a similar pat-
tern of viable-cell counts of both strains in the mouse blood, a
rapidly decreasing curve over time, since viable bacteria were re-
moved, presumably by a multitude of host defense mechanisms,
such as complement-mediated lysis, phagocytosis, and antimicro-
bial peptide-mediated killing (see Fig. S4B [panel b] in the supple-
mental material). In this study, we could not observe significant
differences in viable-cell counts in two different models, the cul-
ture in peritoneally implanted dialysis tubes filled with PBS (see
Fig. S4B [panel a] in the supplemental material) and viable bacte-
rial counting in the bloodstream (see Fig. S4B [panel b] in the
supplemental material). Of note, the three TonB systems ap-
peared to be dispensable for growth of V. vulnificus CMCP6 even
in normal animals having intact iron-withholding ability. How-
ever, they appeared to play a significant role in providing invasive
competence to V. vulnificus growing in the host environment.
Taken together, these results support our hypothesis that the im-
paired transepithelial invasion of the �tonB123 mutant is respon-
sible for the incompetent intragastric infection by this strain.

A complete functional deficiency of tonB123 significantly at-
tenuated in vitro translocation across polarized intestinal epi-
thelial monolayers. The invasiveness of V. vulnificus strains was
further assessed using an in vitro intestinal epithelial barrier sys-
tem. Polarized HCA-7 cells grown on Transwell filters were api-
cally infected with V. vulnificus at an MOI of 5 under serum-free
conditions. The change in transepithelial resistance (TER), which
represents the tight junction disruption by bacterial infection, was
measured. As shown in Fig. 4A, the TER gradually decreased after
wild-type infection, whereas a significant delay was observed in
HCA-7 cells infected with the �tonB123 mutant for 6 h (P 

0.001). The invasiveness was quantified by measuring the number
of bacterial cells that translocated from the upper to the lower
chamber of the Transwell. Consistent with the in vivo data de-
scribed above, approximately 3.8 � 105 CFU/ml of wild-type cells
were detected in the lower chamber after 3 h of incubation, and the
cell counts reached 5.0 � 108 CFU/ml after 6 h, whereas the trans-
location of the �tonB123 mutant was not detected up to 5 h after
infection (Fig. 4B) (P 
 0.001). In parallel with the translocation
of V. vulnificus, the LDH release in the lower chamber gradually

increased and reached 100% by 6 h following wild-type infection,
whereas negligible LDH release was detected from the �tonB123
mutant-infected cells (Fig. 4C) (P 
 0.001). The cytotoxicity to
HCA-7 cells in the upper chamber was also delayed in the
�tonB123 strain, as observed with the HeLa cell infection model
(Fig. 4D) (P 
 0.001). The in vitro data, coupled with the in vivo
invasion results, demonstrate the importance of three TonB sys-
tems for traversing the intestinal epithelial barrier by virulent V.
vulnificus CMCP6.

All three TonB systems contribute to the motility and adhe-
sion of V. vulnificus CMCP6. Based on the above results, we spec-
ulated that the defects of the �tonB123 mutant somehow affected
bacterial attachment to host cells, leading to defects in transepi-
thelial invasion into the bloodstream or in translocation to the
lower Transwell chamber. First, we performed the adhesion assay
in which HeLa cells were infected with V. vulnificus strains at an
MOI of 250, and the bacterial cells that adhered to host cells were
counted. The number of the �tonB123 cells that adhered to a
single HeLa cell was approximately 34-fold lower than that of the
wild-type strain after 30 min of infection (Fig. 5A) (P 
 0.001).
The wild-type strain formed small clusters of aggregated bacteria
on the HeLa cell surface, consequently causing cell lysis. In con-
trast, few �tonB123 cells attached to the HeLa cell surface, and the
infected host cells maintained cell contours almost like those of
uninfected cells (Fig. 5B, panel a). The adherence of the �tonB123
mutant to host cells was further observed at later time points. The
number of �tonB123 cells adhering to HeLa cells gradually in-
creased in a time-dependent manner (Fig. 5A and B, panel b),
providing an explanation of why cytotoxicity was delayed in the
�tonB123 strain (Fig. 2A).

Given that motility is essential for the adhesion of enteropatho-
gens to host cells (45), we further explored whether the �tonB123
mutant also has a motility defect by measuring the migration of V.
vulnificus on semisolid agar surfaces. The tonB12 and tonB123
mutants exhibited significant defects in motility compared with
the wild-type strain (Fig. 6; also, see Fig. S5 in the supplemental
material) (P 
 0.001). Remarkably, the �tonB123 mutant mani-
fested a profound defect in motility relative to the �tonB12 strain,
showing an approximately 60% decrease in the migration area
compared to a 10% decrease shown by the �tonB12 strain (Fig. 6)
(P 
 0.001). The reduced motility in the �tonB12 strain was fully

FIG 3 Impaired transepithelial invasion of the tonB123 triple mutant. V. vulnificus (4.0 � 106 CFU/400 �l) was inoculated into ligated ileal loops of mice under
anesthesia. (A) After the indicated times, blood samples were acquired from infected mice by cardiac puncture. Viable cells were counted by plating on 2.5% NaCl
HI agar plates. (B) The remaining V. vulnificus cells in ligated ileal loops were also counted by plating on TCBS agar plates. The data are averages and SEM for at
least three mice, and the experiment was repeated three times. Statistical analysis was carried out using Student’s t test (*, P 
 0.05, and **, P 
 0.01, compared
to the wild-type strain).
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restored by in trans complementation with any one of the three
TonB systems (see Fig. S5B in the supplemental material), while
the defect in the �tonB123 mutant was not restore by any means
(see Fig. S5C in the supplemental material). Taking these results

together, we supposed that the defects of the �tonB123 mutant in
cytotoxicity and invasiveness could be attributed to the motility
defect, which consequently resulted in decreased adhesion to host
cells. The motility assay results once again indicated the dominant

FIG 4 Attenuated translocation across a polarized HCA-7 monolayer in the tonB123 triple mutant. HCA-7 cells grown on Transwell filters were apically exposed
to log-phase V. vulnificus cells. The invasiveness was determined by measuring the change in TER (A) and the number of bacterial cells that translocated from the
upper chamber to the lower chamber of the Transwell (B). Viable bacterial cells were counted by plating on 2.5% NaCl HI agar plates. The LDH release in the
lower chamber (basolateral) (C) and the upper chamber (apical) (D) was also determined. The values are means and standard errors from three independent
experiments that were performed in five replicates. Statistical analyses of the tonB123 mutant using a two-way ANOVA followed by Bonferroni post hoc tests
revealed an attenuated translocation across the polarized HCA-7 monolayer in the �tonB123 mutant compared to the wild-type strain (***, P 
 0.001).

FIG 5 Significantly decreased adhesion to host cells in the tonB123 triple mutant. (A) HeLa cells were treated with log-phase V. vulnificus cells at an MOI of 250 for 30,
45, 60, and 75 min, and the bacterial cells that adhered to the HeLa cells were counted. Data are means plus SEM from three independent experiments that were
performed in 10 replicates. Statistical analysis was carried out using Student’s t test (***, P 
 0.001 compared to the wild-type strain). (B) Morphology of infected
HeLa cells after Giemsa staining. (a) V. vulnificus-infected cells were observed after 30 min of infection (at magnifications of �400 and �1,000 [inset]). (b) The
number of �tonB123 cells adhering to HeLa cells gradually increased in a time-dependent manner (magnification, �1,000). The adherent V. vulnificus cells (filled
arrowhead) are indicated.
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functions of TonB1 and TonB2 reported previously by other
groups (20, 21); the �tonB12 mutant showed a significant motility
defect, while all other single or double operon mutants did not
show any change in motility. Next we tried to determine why
motility was defective in the �tonB123 mutant.

A complete functional deficiency of tonB123 resulted in a sig-
nificant decrease in the flagellin expression of V. vulnificus
CMCP6. Previously, Alice et al. reported that the genes coding for
flagellar proteins are induced under iron-rich conditions (20). It
has been reported that flagellar biogenesis is a requisite for host
cell adhesion and cytotoxicity (32, 45, 46). Hence, we speculated
that the three TonB systems would play important roles in the
flagellar biogenesis by supplying sufficient level of iron. In addi-
tion, we found the Fur-binding site (CAAATGATAATAATTTGC
AAT) in the promoter regions of flagellin genes (see Table S3 in
the supplemental material), strongly suggesting the relationship
between TonB system-mediated iron assimilation and flagella-
tion. We examined the transcription and translation of the flagel-
lin genes in the wild-type and the �tonB123 backgrounds. The
transcripts of flagellin genes were determined by conventional and
real-time RT-PCR (Fig. 7A). Since V. vulnificus CMCP6 has a total
of six flagellin genes (flaA, flaB, flaC, flaD, flaE, and flaF) orga-
nized into two loci (flaFBA and flaCDE) in chromosome I (32), we
designed two primer sets to amplify flaF and flaC for each flagellin
cluster specifically. The amount of flaF and flaC amplicons in the
�tonB123 mutant was significantly lower than that in the wild-
type strain (Fig. 7A) (P 
 0.001 for flaF and P 
 0.01 for flaC).
Complementation with any TonB system could not restore flagel-
lin gene expression in the �tonB123 mutant (see Fig. S6 in the
supplemental material) (P � 0.05). This result explained why
complementation did not work for the motility of the �tonB123
mutant, even with the dominant TonB2 operon (see Fig. S5C in
the supplemental material).

To confirm the flagellin expression defect at the protein level,
Western blot analysis was subsequently carried out in the V. vul-
nificus cell pellet and supernatant to detect FlaB, which has been
well characterized as the representative and major flagellin struc-
tural protein among proteins with six flagellins (hexa flagellin pro-
teins) (32). We observed a tight correlation between the quantita-
tive RT-PCR (qRT-PCR) and Western blotting results. FlaB

protein was detected in wild-type strain but not in the �tonB123
mutant in both cell pellets and culture supernatants (Fig. 7B, panel
a). Interestingly, the data were strongly supported by the changes
in OMP profile of the tonB123 mutant compared to the wild-type
strain. Two major OMP bands were missing in the �tonB123
strain which were subsequently identified as flagellin proteins (42
kDa) using MALDI-TOF MS (Fig. 7B, panel b). Additionally, elec-
tron microscopy showed that the �tonB123 strain totally lacked
flagellation, like the flaFBA flaCDE hexa mutant constructed in
our previous study (32) (Fig. 7C). Taken together, the three TonB
systems appear to play an essential role in the flagellation of V.
vulnificus CMCP6 by supplying sufficient iron for the expression
of flagellin genes.

The tonB123 triple mutant was defective in the production of
RtxA1 cytotoxin. RtxA1 is a crucial cytotoxin that is involved in
cellular damage and the necrosis of infected tissues, allowing bac-
terial penetration into the bloodstream through the intestinal ep-
ithelium (31, 47–50). Previously, we reported that V. vulnificus
CMCP6 induces RtxA1 toxin production to kill host cells after
coming into close contact with host cells (31). We hypothesized
that impaired attachment to host cells hampered production and
consequently host cell killing and tissue invasion. We performed a
Western blot analysis of cell pellets to assess toxin production at
30, 60, and 90 min after HeLa cell infection. RtxA1 was detected
using an anti-GD domain antibody targeting the C-terminal frag-
ment (RtxA1-C; approximately 130 kDa), which is internalized in
the host cell cytoplasm (36). Significantly less RtxA1 protein was
detected in the infection caused by the �tonB123 mutant than in
that caused by the wild-type strain (Fig. 8A). We also examined
rtxA1 transcription by RT-PCR using mRNA from bacterial cells
that adhered to HeLa cells at various time points. Like the Western
blot analysis, in the HeLa cell coculture model, the �tonB123 mu-
tant showed significantly less transcription of rtxA1 at all time
points tested than the wild-type strain (Fig. 8B), while a compa-
rable transcription rate was observed in both strains in 2.5% NaCl
HI broth (see Fig. S7 in the supplemental material). Thus, because
of the difficulty of coming into contact with host cells (Fig. 5), the
triple tonB123 mutant manifested defective RtxA1 toxin produc-
tion. The RtxA1 production in the �tonB123 mutant was gradu-
ally delayed in a time-dependent manner (Fig. 8), which corre-

FIG 6 Decreased motility in the tonB123 triple mutant. (A) Log-phase cells were inoculated onto motility agar plates containing 0.3% agar and incubated for 12
h at 37°C. The diameters of motility areas are the means plus SEM from three independent experiments that were performed in fifteen replicates. Statistical
analysis was carried out using Student’s t test (***, P 
 0.001 compared to the wild-type strain). (B) The areas of motility of V. vulnificus were photographed.
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lated with host cell adhesion (Fig. 5) and cytotoxicity (Fig. 2A).
The TonB systems seem to have no direct regulatory role with
regard to the RtxA1 operon through Fur, since no conserved Fur-
binding sites were found in the promoter region and the toxin
production reached the wild-type level after a delayed attachment
to host cells.

DISCUSSION

During the host-pathogen interaction, V. vulnificus is confronted
with a host defense called “nutritional immunity” that sequesters
essential nutrient metals, such as iron, which is required for heme
biogenesis (51–55). Bacterial pathogens have developed a large
variety of systems to take up those nutrients from animal hosts (4,
51). In Gram-negative bacteria, the TonB system plays crucial
roles in the transport of iron-siderophore complexes (15, 16), vi-
tamin B12 (14), and a wide range of substrates, including zinc,
nickel, maltodextrins, and sucrose (17–19, 56). There are three
TonB systems in V. vulnificus CMCP6 (20): TonB1 and TonB2
were reported to play predominant roles in the iron transport of
siderophores and in the pathogenesis of V. vulnificus (20, 21),

FIG 7 Defects of the transcription (A) and translation (B) of flagellin genes and loss of flagellation in the tonB123 triple mutant (C). (A) RNA was isolated
from log-phase bacterial cells that had been cultured in the rat peritoneal cavity and was then converted to cDNA. Conventional (a) and real-time (b)
RT-PCR was performed using primers specific for flaF and flaC, as shown in Table S2 in the supplemental material. The error bars represent the standard
errors of means from three independent experiments. Statistical analysis was carried out using Student’s t test (**, P 
 0.01, and ***, P 
 0.001, compared
to the wild-type strain). (B) (a) Bacteria were cultured in 2.5% NaCl HI to log-phase growth, and then Western blot analysis was subsequently carried out
in the V. vulnificus cell pellet and culture supernatant using an anti-FlaB antibody (a band of approximately 42 kDa). The �flaFBA flaCDE strain was used as a
negative control (Neg.). (b) The OMP preparations were analyzed by 12% SDS-PAGE. Two major OMP bands were missing in the �tonB123 mutant compared
to the wild-type strain, which were subsequently identified as flagellin proteins (42 kDa) using MALDI-TOF MS. (C) Electron micrograph of the log-phase V.
vulnificus strains under �25,000 magnification.

FIG 8 Significantly lower translation (A) and transcription (B) of rtxA1 in
the tonB123 triple mutant infecting HeLa cells. (A) Log-phase V. vulnificus
cells were incubated with HeLa cells on a 6-well plate at an MOI of 100 for 30,
60, and 90 min. The cells in each well were lysed by lysis buffer and concen-
trated with an Amicon Ultra-0.5 centrifugal filter. The RtxA1 proteins were
detected by Western blotting using an anti-GD domain antibody (RtxA1-C, a
band of approximately 130 kDa). (B) RNA was isolated from bacterial cells
using a HeLa cell coculture model as described above. cDNA synthesis and
RT-PCR were performed using primers specific for the rtxA1 gene as shown in
Table S2 in the supplemental material. Lanes: a, wild type; b, �tonB123 mu-
tant.
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while there is scanty functional information about TonB3. The
maintenance of a third TonB system in V. vulnificus CMCP6 ge-
nomes, which is similar to the TonB2 system in its gene arrange-
ment and orientation (20–22), raised the following questions.
Why has V. vulnificus CMCP6 maintained three TonB systems
throughout evolution? How does each TonB system contribute to
the virulence of V. vulnificus, and are all three TonB systems nec-
essary for the virulence? Through in vitro and in vivo experiments,
in the present study we have addressed these questions, at least in
part, and found that these systems are coordinated to contribute
to V. vulnificus CMCP6 virulence. We demonstrated the contri-
bution of three TonB systems to flagellation, motility, adhesion,
cytotoxicity, invasion, and in vivo virulence. The three TonB sys-
tems appear to complement each other’s functions, and only the
complete abrogation of all three TonB operons caused severe de-
fects in virulence phenotypes. This is the first report to document
the association between TonB systems and flagellation in V. vul-
nificus CMCP6. Since proper flagellation is very important for
flagellum-mediated locomotion in the marine environment and
motility and adhesion to the host cells during infection (32, 45,
57), the pathogens that lost flagellation became impaired for con-
tacting to host cells, leading to a decrease in RtxA1 production. As
a result, a series of virulence defects were detected in the tonB123
triple mutant, including delayed cytotoxicity, impaired invasive-
ness, and decreased lethality for mice.

In a previous study (20), Crosa’s group showed that a mutant
having in-frame deletions in both tonB1 and tonB2 genes (not all
structural genes in TonB12 loci) manifested a 4-log scale increase
of subcutaneous LD50 in iron-overloaded mice compared with the
isogenic wild-type strain. Strangely, intraperitoneal infection did
not show any LD50 difference between the mutant and wild-type
strains in either iron-overloaded or normal-iron-level mice. The
finding that only subcutaneous infection, not intraperitoneal in-
fection, showed a significant virulence decrease in the mutant with
defects in the TonB1 and TonB2 systems corroborates our sugges-
tion: the TonB systems play important roles in the invasion pro-
cess. However, their results are contradictory to ours in that we
saw LD50 changes only in normal-iron-level mice, not in iron-
overloaded mice. Given that TonB1 and TonB2 systems are in-
duced by iron deprivation and play important roles in iron assim-
ilation (20), it is curious that they observed virulence impairment
only in iron-overloaded animals. As for experimental models, the
only difference between our study and theirs is that we used dele-
tions of the entire structural genes in TonB loci for functional
inactivation, while they used in-frame deletions of the most im-
portant structural tonB genes in the operons. We cautiously spec-
ulate that our approach, using a complete functional deficiency of
TonB systems and complementation with cosmid clones harbor-
ing whole operons, represents a broader range of physiological
interaction landscapes among the three TonB systems in V. vulni-
ficus CMCP6.

Taken together, the results reported here indicate that all three
TonB systems of V. vulnificus CMCP6 coordinately complement
each other for iron assimilation and full virulence expression by
ensuring flagellar biogenesis. The major function of TonB systems
might not be to supply iron for the in vivo growth of V. vulnificus
CMCP6, since the tonB123 triple mutant grew very well, like the
isogenic wild-type strain, in the ileum (Fig. 3), in DMEM without
iron supplementation (see Fig. S2 in the supplemental material),
in the peritoneal cavity of normal rats (see Fig. S4B [panel a] in the

supplemental material), and even in blood (see Fig. S4B [panel b]
in the supplemental material). Rather, the raison d’être of three
TonB systems in V. vulnificus CMCP6 should involve in supplying
a sufficient level of iron, allowing the expression of flagellar bio-
genesis genes, which are located higher in the hierarchy of the
virulence expression cascade. This hypothesis is corroborated by
the report by Crosa’s group showing that flagellar motility genes
are induced under conditions of sufficient iron (20). Our new
findings bring more critical insight into the pathogenic signifi-
cance of these TonB systems in V. vulnificus CMCP6 and further
suggest that new antibacterial agents that block the dual functions
of TonB would suppress robust iron acquisition and virulence
expression.
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