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LuxR Homologue SmcR Is Essential for Vibrio vulnificus Pathogenesis
and Biofilm Detachment, and Its Expression is Induced by Host Cells

Seung Min Kim,© Jin Hwan Park,® Hyun Sung Lee,® Won Bin Kim,? Jung Min Ryu,” Ho Jae Han,” Sang Ho Choi?

National Research Laboratory of Molecular Microbiology and Toxicology, Department of Agricultural Biotechnology, Center for Food Safety and Toxicology, and Center
for Food and Bioconvergence, Seoul National University, Seoul, South Korea?; Department of Veterinary Physiology, College of Veterinary Medicine, Seoul National
University, Seoul, South Korea®; Korea Food Research Institute, Seongnam-si, South Korea“

Quorum sensing is a cell-to-cell communication system known to control many bacterial processes. In the present study, the
functions of quorum sensing in the pathogenesis of Vibrio vulnificus, a food-borne pathogen, were assessed by evaluating the
virulence of a mutant deficient in SmcR, a quorum-sensing regulator and homologue of LuxR. When biofilms were used as an
inoculum, the smcR mutant was impaired in virulence and colonization capacity in the infection of mice. The lack of SmcR also
resulted in decreased histopathological damage in mouse jejunum tissue. These results indicated that SmcR is essential for V.
vulnificus pathogenesis. Moreover, the smcR mutant exhibited significantly reduced biofilm detachment. Upon exposure to INT-
407 host cells, the wild type, but not the smcR mutant, revealed accelerated biofilm detachment. The INT-407 cells increased
smcR expression by activating the expression of LuxS, an autoinducer-2 synthase, indicating that host cells manipulate the cellu-
lar level of SmcR through the quorum-sensing signaling of V. vulnificus. A whole-genome microarray analysis revealed that the
genes primarily involved in biofilm detachment and formation are up- and downregulated by SmcR, respectively. Among the
SmcR-regulated genes, vvpE encoding an elastolytic protease was the most upregulated, and the purified VvpE appeared to dis-
solve established biofilms directly in a concentration-dependent manner in vitro. These results suggest that the host cell-induced
SmcR enhances the detachment of V. vulnificus biofilms entering the host intestine and thereby may promote the dispersal of
the pathogen to new colonization loci, which is crucial for pathogenesis.

uorum sensing is a bacterial cell-to-cell communication pro-
Q cess that involves the sensing of extracellular signal molecules
as a method to monitor their cell densities and alter their gene
expression in a cell density-dependent manner (for a recent re-
view, see reference 1). The signal molecules, called autoinducers
(AI), are produced by members of the community and accumu-
lated in the environments as the bacterial cell density increases.
Vibrio harveyiluminescence gene regulation in response to the cell
density is frequently used as a model for quorum sensing. Three
autoinducer molecules, AI-1, AI-2, and CAI-1, are produced and
detected by the periplasmic sensor proteins, LuxN, LuxPQ, and
CgsS, respectively, in V. harveyi. At low cell density lacking auto-
inducers, the sensor proteins possessing both kinase and phospha-
tase activities are autophosphorylated. Phosphate from all three
sensors is transduced to a single phosphate transfer protein, LuxU,
and then subsequently to the response regulator LuxO. The phos-
phorylated LuxO activates the transcription of small regulatory
RNAs (sRNAs) that destabilize the luxR mRNA, thereby inhibit-
ing the production of LuxR, a quorum-sensing master regulator.
LuxR is required to activate the transcription of the luciferase
operon [uxCDABE, and thus the bacteria do not express biolumi-
nescence at low cell density. At high cell density, the phosphate
flow in the signal transduction pathway is reversed, resulting in a
high cellular level of LuxR and expression of bioluminescence (1).
Quorum sensing regulates the production of virulence factors

in dozens of pathogens, which consequently affects their patho-
genesis (2, 3). Quorum sensing also influences bacterial pathogen-
esis by regulating the development of biofilms, assemblages of
bacteria encased in a matrix (4). Biofilm plays a multifaceted role
in the pathogenesis of a wide variety of pathogens and is thought
to be a sophisticated, highly evolved cellular process particular to
each pathogen, leading to overall success of the pathogens during

October 2013 Volume 81 Number 10

Infection and Immunity p. 3721-3730

the infectious cycle (5, 6). In Pseudomonas aeruginosa, which in-
fects and then remains in the host (human) chronically, the accu-
mulation of AI at high cell density ensures biofilm formation to a
matured structure (7). In contrast, biofilm formation of Vibrio
cholerae, which only temporally occupies the human niche, occurs
in the absence of Al at low cell density, and the presence of Al at
high cell density represses biofilm formation (8).

It is well documented that V. cholerae forms biofilms on abiotic
and biotic surfaces, including those of crustaceans, planktons, and
algae in natural environments (9). Furthermore, biofilms are
likely a form of pathogenic V. cholerae and an important source
for new outbreaks as they provide a means to reach a concentrated
infective dose consumed by humans (10). As a LuxR homologue,
V. cholerae HapR decreases biofilm formation by repressing the
genes encoding VpsT and VpsR, positive regulators of the vps
operons required for exopolysaccharide biosynthesis and biofilm
formation (11, 12). The hapR mutant has a lower ability to colo-
nize in mouse intestines, suggesting that HapR, by enhancing bio-
film detachment, may promote dispersal of V. cholerae cells from
biofilms to new loci to colonize (13). It is noteworthy that such
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TABLE 1 Strains and plasmids used in this study

Reference or

Strain or plasmid ~ Relevant characteristics” source
Strains
V. vulnificus
MO6-24/0 Clinical isolate; virulent 54
HS03 MO6-24/0 with smcR::nptl; Km* 17
KS12 MO6-24/0 with luxP:nptl; Km" This study
E. coli
SM10 Apir thi thr leu tonA lacY supE recA:z:RP4-2- 27
Tc:Mu Npir oriT RP4; Km';
conjugational donor
BL21(DE3) F~ ompT hsdSy (ry my ) gal dem Laboratory
(DE3) collection
Plasmids
pGEM-T PCR product cloning vector; Ap" Promega
Easy
pCVD442 R6K 1y ori sacB oriT RP4; Ap” 26
pRK415 Broad-host-range vector; IncP ori oriT 32
RK2; Tc"
pKS0805 pGEM-T Easy with the luxP gene; Ap*  This study
pKS0807 pCVD442 with luxP::nptl; Ap* Km* This study
pET29a(+) His, tag fusion expression vector; Km"  Novagen
pKS1202 pET29a(+) with 1,827-bp vvpE; Km" This study
pHS105 pRK415 with smcR; Tc" 17

“ Ap*, ampicillin resistance; Km®, kanamycin resistance; Tc", tetracycline resistance.

influences of quorum-sensing deficiency (hapR mutation) on col-
onization capacity were observed only when biofilms, not plank-
tonic cells, were used as an inoculum to infect mice (13).
Although little is known about the quorum-sensing regulation
of Vibrio vulnificus, a pathogenic marine bacterium, it has been
known that the AI-2 (or homologue) produced by LuxS is the
quorum-sensing signal molecule of the pathogen (14). SmcR, a
LuxR homologue of V. vulnificus, appears to regulate numerous
genes involved in the virulence and survival of the pathogen (15—
19). However, until now, a definitive analysis of the relationship
among quorum sensing, biofilms, and the pathogenesis of V. vul-
nificus has not been addressed. Accordingly, in order to elucidate
the roles of quorum sensing in V. vulnificus pathogenesis, biofilm
of the smcR mutant was used to infect mice, and its virulence was
compared to that of the parental wild type. Moreover, the influ-
ence of host cells on the level of smcR expression and on biofilm
development was examined. Finally, the SmcR-regulated genes
possibly involved in biofilm development were searched using a
microarray. It appeared from the results that host cell-induced
SmcR plays an essential role in V. vulnificus pathogenesis, presum-
ably by enhancing the detachment of the pathogen from biofilms
and thereby promoting its ability to colonize the intestinal surface.

MATERIALS AND METHODS

Culture conditions and biofilm formation. The strains and plasmids
used in this study are listed in Table 1. Unless otherwise noted, the V.
vulnificus strains were grown in Luria-Bertani (LB) medium supple-
mented with 2.0% (wt/vol) NaCl (LBS) at 30°C. Vibrio fischeri minimal
medium containing 32.6 mM glycerol (VEMG) was used for biofilm for-
mation (20). Biofilm was formed using the procedure developed by Zhu
and Mekalanos (13) with minor modifications. Briefly, an aliquot of cul-
tures (150 wl) grown to an A, of 0.8 with LBS broth was used to inoculate
15 ml of VEMG in a polystyrene petri dish (100 by 15 mm; SPL, Seoul,
South Korea). Biofilms were formed by incubating these cultures for 12 h
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at 30°C with very gentle shaking. Planktonic cells were removed by gentle
rinsing with phosphate-buffered saline (PBS; pH 7.4), after which the
biofilms were collected with a cell scraper (SPL) and diluted in PBS to the
desired concentrations. The resulting biofilm suspension was divided into
two tubes; one was used as an inoculum to infect mice, and the other was
vortexed to disrupt biofilm structures completely and to enumerate the
biofilm-derived cells by counting CFU (13). During preliminary studies,
multiple independent dilutions were attempted to ensure consistent and
accurate numbers of cells in the inoculum. Uniformity of biofilms in the
inoculum was confirmed by microscopy, live-dead staining, and quanti-
tating total RNA (see Fig. S1 in the supplemental material).

Determination of mouse mortality. Mouse mortalities of the wild
type and smcR mutant were compared as described elsewhere (21).
Groups of (n = 10) 7-week-old ICR female mice (specific-pathogen-free;
Seoul National University), without an iron-dextran pretreatment, were
infected intragastrically with 100 pl of the inoculum, representing ap-
proximately 10° to 10° biofilm-derived cells of either the wild type or smcR
mutant, and mouse mortalities were recorded for 24 h. All manipulations
of mice were approved by the Animal Care and Use Committee at Seoul
National University.

Competition assay. Colonization activities of each strain were deter-
mined by competition assays as previously described (22). Briefly, four
ICR female mice were intragastrically given drinking water containing
polymyxin B (100 U/ml) for 24 h and then 100 pl of the inoculum, pre-
pared by combining biofilm-derived cells of the wild type and smcR mu-
tantata 1:1 ratio, representing approximately 10® CFU of each strain. The
mice were sacrificed after a 1- to 24-h infection, and their intestines were
collected, washed, and homogenized. Equal amounts of the homogenates
were spread on LBS agar containing either polymyxin B (100 U/ml) alone
to enumerate the sum of the wild-type and smcR mutant cells or poly-
myxin B and kanamycin (100 pg/ml) to specifically count the smcR mu-
tant cells. The ratio of CFU recovered from the intestines to the number of
CFU inoculated is defined as the colonization index (22).

Histopathological examination. Five female mice were infected as
described above for competition assays, except that 100 pl of the inocu-
lum, representing approximately 10® biofilm-derived cells of either the
wild type or smcR mutant, was used. At 18 h postinfection, the mice were
sacrificed, and segments taken from jejunum were sectioned transversely
and fixed overnight in 10% neutral buffered formalin. The fixed jejunum
was processed in paraffin, cut into five microsections, and stained with
hematoxylin-eosin, and images of the stained jejuna were photographed
using a microscope (Fluoview 300 fluorescence microscope; Olympus,
Tokyo, Japan).

Biofilm formation and detachment assay. Biofilms were formed by
incubating the polystyrene microtiter plates (Nunc, Roskilde, Denmark)
containing 200 wl of VEMG culture for 12 h at 30°C as described above.
Once the planktonic cells were removed, the biofilm cells on the wall were
washed with PBS and then stained with 1% (wt/vol) crystal violet (CV)
solution for 15 min at room temperature. Biofilms were quantitated by
measuring the amount of CV eluted from the biofilms as the absorbance at
570 nm (As,,) (23).

To determine the effects of host cells on biofilm detachment, INT-407
(ATCC CCL-6) human intestine epithelial cells were prepared and sus-
pended in a cell culture medium (minimum essential medium with 1%
[vol/vol] fetal bovine serum [MEMF]) (Gibco-BRL, Gaithersburg, MD)
to the desired concentrations as previously described (24). The INT-407
cells in 200 wl of MEMF were added to the biofilms preformed on the
microtiter plate walls, after which the detached planktonic cells and re-
maining biofilms were quantitated by determining CFU counts and stain-
ing with CV, respectively, as described above. In a similar way, the effects
of purified VvpE, an elastolytic protease, on biofilm detachment were
analyzed by staining residual biofilms with CV and visualized using a
digital imaging system (UTA-1100; UMAX Technologies, Fremont, CA).

Cloning of V. vulnificus luxP and generation of the luxP mutant.
The entire [uxP coding region was amplified from the genomic DNA of V.
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TABLE 2 Oligonucleotides used for quantitative real-time PCR

Biofilm Detachment of Vibrio vulnificus by SmcR

Oligonucleotide sequence (5'-3")¢

Locus tag” Forward Reverse

VVMO6_00535 CACACACTTCACCACGCTCAATG AACATCGCCAACATCACCAACG
VVMO6_00513 CGATGGAAGATGTGTTGAAAGT TCCTGCTGCCAGAATGTT
VVMO6_04125 GAAAAAGATATTACTAACTTGTTTA TTCCTGACCACCTCAGACAG
VVMOG6_04124 TACGGGAATCGCTATGGCT TCATGGCTGATCTGAATATCTAAAC
VVMO6_02022 GCGGATGCACTGTGTCATT TCAGAAGCCGTTTGCCTG
VVMO6_02023 CCGCCTCCTTTGAACCAG CGGAATGTTACCATCACACG
VVMO6_03339 GCTAGATATCGAGCTAACCAGAC CAATCTTGCGGAAAATATTATAAA
VVMO6_00926 GACGTTTGAGTTTGGTTTACGTAGC CCACAACTGAAGGTGATCGGG
VVMO6_03635 GGTTGGCTTATCCATTGATGA TTGTTGATGCTTGTAGTTAGTGA
VVMO6_03732 ATGGCATTGAGTGTATCCCTGTATT GCTTTAGTGTCCAGCGCAGTAATAC
VVMOG6_04095 ATCGTCGTGGTTCTGGAA TGTCTTCGTCCGTGTCAT
VVMO6_02139 TGCACATTTTGGAAAACAGTCATC TGCTGACCATTTCCACCATGT
VVMOG6_00361 TTTGAAAGATTTGGGTGTGGATTAC CTTGTCCACCATGTATGCCTAGCTC
VVMOG6_04435 TTTTGGTGAGTCAGAGCGTTGC CTGAAATGCCCGTAACGTGGT
VVMO6_04367 CAATATTGCAGCTTTAACGTCACAC AACCGACCACAAGCTCTTGGG

“ Locus tags are based on the database of the V. vulnificus MO6-24/0 genome (GenBank accession numbers CP002469.1 and CP002470.1) as presented in Fig. 7 (except
VVMO6_00535 for smcR, VVMO6_00513 for [uxS, VVMOG6_04125 for luxP, VVMO6_04124 for luxQ, VVMO6_02022 for luxU, and VVMO6_02023 for luxO, which were used in

Fig. 6).

¥ The oligonucleotides were designed using the genomic sequence of V. vulnificus MO6-24/0 (55).

vulnificus MO6-24/0 by PCR using the oligonucleotide primers 5'-CGA
TACTCTTTACACGGTCAGGCTA-3" and 5'-CTGTTCGTTTGTCATG
GCTGATC-3'. The amplified 1.1 kb of DNA was ligated into pGEM-T
Easy (Promega, Madison, WI) resulting in pKS0805 (Table 1). To inacti-
vate JuxP in pKS0805 in vitro, a 1.2 kb of nptI DNA conferring resistance to
kanamycin (25) was inserted into a unique BamHI site present within the
luxP coding region, and the resulting luxP::nptI cartridge was ligated with
Sphl-Sacl-digested pCVD422 (26) to form pKS0807 (Table 1). Escherichia
coli SM10 Npir tra (containing pKS0807) (27) was used as a conjugal
donor to V. vulnificus MO6-24/0. The conjugation and isolation of the
transconjugants were conducted as previously described (28), and a re-
sulting luxP::npt] mutant chosen for further analysis was named KS12
(Table 1).

qRT-PCR and Western blot analysis. For quantitative real-time PCR
(qQRT-PCR), total RNAs of biofilms were isolated using an RNeasy Mini
Kit (Qiagen, Valencia, CA), and cDNA was synthesized by using an iScript
cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA). Real-time
PCR amplification of the cDNA was performed by using a Chromo 4
real-time PCR detection system (Bio-Rad Laboratories) with a pair of
specific primers, listed in Table 2, as described previously (28). Relative
expression levels of the specific transcripts were calculated using the 16S
rRNA expression level as the internal reference for normalization. When
necessary, biofilms exposed to INT-407 cells were harvested and used to
isolate total RNAs.

For Western blot analysis, biofilms exposed to INT-407 cells were
harvested and lysed using complete lysis B buffer (Roche, Mannheim,
Germany) for 1 min, and residual cell debris was removed by centrifuga-
tion. Protein samples from the cell lysates, equivalent to 10 g of total
protein, were resolved using 12% SDS-PAGE (29). Western immunoblot-
ting of SmcR was performed using a rat anti-SmcR antiserum as described
previously (17).

Transcriptome analysis. The V. vulnificus Whole Genome Twin-Chip
manufactured by Ebiogen (Seoul, South Korea) was used. Total cellular
RNAs were isolated from biofilms, and 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 wild
type and smcR mutant were labeled with Cy3 and Cy5 (Amersham Phar-
macia, Uppsala, Sweden), respectively, and equal amounts of the labeled
c¢DNA were combined to hybridize the microarray slides at 42°C for 16 h.
The arrays were washed, dried, scanned, and analyzed by GenePix Pro,
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version 3.0, software (Axon Instruments, Union City, CA), and the open
reading frame (ORF) spots that showed 1.58-fold or greater difference in
expression with a P value of =0.05 were considered to be regulated by
SmcR.

Overexpression and purification of the elastolytic protease VvpE.
The coding region of vvpE encoding an elastolytic protease was amplified
by PCR using the primers VVPE-F (5'-AAACATATGAAACACAATCAA
CGTCATCG-3") and VVPE-R (5'-AAAACTCGAGATATTGCAGCTTT
AACGTC-3") and then subcloned into a His, tag expression vector,
pET29a(+) (Novagen, Madison, WI), resulting in pKS1202. The His-
tagged VvpE protein was overexpressed in E. coli BL21(DE3) and then
purified by affinity chromatography according to the manufacturer’s pro-
cedure (Qiagen). One unit of the VvpE activity was defined as an increase
in the A 95 0f 0.01 per hour when the purified VvpE was added to 1 ml of
solution containing 20 mg of elastin-Congo red in 10 mM sodium phos-
phate (pH 7.0), as described previously (24).

Data analyses. Averages and standard errors of the mean (SEM) were
calculated from at least three independent experiments. Mouse mortality
was evaluated using a log rank test program (http://bioinf.wehi.edu.au
/software/russell/logrank/). All other data were analyzed by Student’s ¢
tests with 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 GSE32270.

RESULTS

SmcR is important for virulence in mice. In order to determine
the role of quorum sensing in V. vulnificus pathogenesis, mouse
mortality of a mutant with disruption of the smcR gene was eval-
uated. Mice were infected intragastrically with the wild-type or
smcR mutant biofilms, and the numbers of dead mice were then
counted for 24 h. As shown in Fig. 1A and B, the deaths of mice
infected with the smcR mutant biofilm were consistently and sig-
nificantly delayed (P < 0.05, log rank test) compared to those of
mice infected with the parental wild-type biofilm. The results sug-
gested that SmcR is important for the virulence of V. vulnificus.
Neither defective nor advantageous growth was observed for both
strains in VFMG shaking cultures (data not shown). Moreover,
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FIG 1 Mortality of the V. vulnificus strains for mice. Seven-week-old specific-pathogen-free female ICR mice (n = 10) were intragastrically infected using
different numbers of biofilm-derived cells of the wild type or smcR mutant as indicated. Mouse survival was monitored for 24 h. The data were analyzed by using

alog rank test. WT, wild type; HS03, smcR mutant.

acid resistance levels of the wild-type and smcR mutant biofilms
did not significantly differ from each other, indicating that their
abilities to survive the passage through the acidic environment of
the mouse stomach are likely to be similar (see Fig. SI in the
supplemental material) (30). Therefore, it was apparent that the
reduced virulence observed in the smcR mutant biofilm was not
due to altered growth and survival in vivo.

SmcR is required for intestinal colonization in vivo. Coloni-
zation of the small intestine has been known to be an essential step
in the pathogenesis of many enteropathogenic bacteria (31).
Therefore, we hypothesized that the different levels of virulence
observed in the wild-type and smcR mutant biofilms could be the
result of the difference in their abilities to colonize the mouse
small intestine. To examine this hypothesis, mice were coinocu-
lated intragastrically with wild-type and smcR mutant biofilms,
and both strains colonized on the intestine were recovered and
enumerated (Fig. 2). After infection, both strains appeared to col-
onize the mouse small intestine as early as 1 h, and the coloniza-

0
@ Wr [ ]

= 1
=
=
Z
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g
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£
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S

44

5 . . . . .

1 6 12 18 24

Time after inoculation (h)

FIG 2 Colonization activities of the V. vulnificus strains. Four mice were in-
fected intragastrically with an inoculum prepared by mixing equal numbers of
biofilm-derived cells of the wild type and the smcR mutant, and then the
bacterial cells colonized on the mouse intestine were enumerated (as CFU) at
each time point. Each circle corresponds to the colonization index for an
individual mouse. The median values are displayed as a solid line (wild type) or
dashed line (mutant) on the graph. *, P < 0.05; **, P < 0.01, relative to the wild
type at the indicated time. WT, wild type; HS03, smcR mutant.

3724 iai.asm.org

tion index increased as the period of postinoculation was pro-
longed, reaching a maximum level at 18 h. The colonization index
of the wild type ranged from 107> to 10™', and was consistently
and significantly (about 10-fold) higher than that of the smcR
mutant. The results demonstrated that the wild type clearly out-
competed the smcR mutant in the small intestine and indicated
that SmcR is required for the increased colonization observed in
the wild-type biofilm.

Histopathology of mice infected with V. vulnificus. Histolog-
ical examinations of the jejunum were performed to address
whether any pathological changes occurred in the mouse intestine
during infection (Fig. 3). There were no histopathological changes
in the jejunum of mice that received PBS alone as a control (Fig.
3A). In comparison to the PBS-injected mice, the mice infected
with the wild-type biofilm exhibited increased dilation of the
jejunum along with a markedly thinner wall (Fig. 3B, top). More-
over, marked damage of the jejunum villi as evidenced by their
irregular morphology and shorter lengths was observed in the
mice infected with the wild-type biofilm (Fig. 3B, bottom). In

FIG 3 Histopathology of mouse jejunum after infection with the V. vulnificus
strains. Groups (n = 5) of mice were infected intragastrically with equal num-
bers of biofilm-derived cells of the wild type and the smcR mutant. Jejuna of the
mice infected with PBS (A) or with the wild-type (B) or the smcR mutant (C)
biofilm were histopathologically examined as described in Materials and
Methods. Photographs representing tissues with the median histopathological
changes observed in mice of each group are presented. For all panels, the top
images are cross-sections (magnification, X40) and bottom images are villi
(magnification, X 100) of the jejuna.
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FIG 4 Kinetics of biofilm formation and detachment. The wild-type and smcR
mutant biofilms were grown on the microtiter plate walls and quantitated
using CV staining (Materials and Methods) at the indicated time points over
40 h of incubation at 30°C. Error bars represent the SEM. Mean and SEM
values were calculated from three independent experiments, and the P value
for the slope of the regression was less than 0.0001. WT(pRK415), wild type;
HS03(pRK415), smcR mutant; HS03(pHS105), complemented strain.

contrast, the mice infected with the smcR mutant biofilm exhib-
ited dilation and wall thicknesses of the jejunum comparable to
those of the control (Fig. 3C, top). The regularity and length of the
villi of the mice infected with the smcR mutant biofilm were inter-
mediate between those of the controls and the mice infected with
the wild-type biofilm (Fig. 3C, bottom). Consequently, the com-
bined results of the mouse infection studies led us to conclude that
the quorum-sensing regulator SmcR is essential for the virulence
of the bacteria when biofilm is used as an inoculum.

Effects of smcR mutation on biofilm development. In con-
trast to biofilms, planktonic cells of the wild type and smcR mutant
failed to show a difference in mouse mortality rates (data not
shown), indicating that SmcR plays little to no role in the virulence
of planktonic cells. This difference in the role of SmcR in biofilms
and planktonic cells suggests that SmcR may affect the virulence of
V. vulnificus by a mechanism that involves a process or processes
specific only to biofilms. To test this possibility, biofilm develop-
ment of the wild type and smcR mutant was assessed using an assay
based on CV staining at different time points (Fig. 4). The results
revealed that biofilm formation by the wild type initiated at 4 h
and reached a maximum level at 12 h. In contrast, the smcR mu-
tant arrived at the maximum earlier and formed much thicker
biofilms than the wild type (Fig. 4). Both biofilms of the wild type
and smcR mutant steadily decreased from the maximum level dur-
ing extended periods of incubation. However, when the decrease
rate (slope) of biofilms was analyzed by using SigmaPlot, version
10.0 (Systat Software Inc., San Jose, CA), the decrease rate (slope)
of biofilms of the wild type was twice as high as that of the smcR
mutant (wild type, —0.031 £ 0.0008; smcR mutant, —0.015 *=
0.0012). This result indicated that the smcR mutation decreased
detachment of cells from the biofilm and that SmcR could affect
virulence by controlling biofilm development of V. vulnificus.

It was examined whether the reintroduction of recombinant
smcR could complement the decreased biofilm detachment of the
smcR mutant. For this purpose, plasmid pHS105 constructed by
subcloning the smcR coding region into the broad-host-range vec-
tor pRK415 (32) carrying a tetracycline (Tc) resistance gene (17)
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(Table 1) was used. Biofilm development of the complemented
strain (the s7mcR mutant containing pHS105) was analyzed in the
absence of Tc to rule out the effect of Tc on biofilm development.
The complemented strain delayed biofilm formation, as observed
in the wild type, and restored the decreased biofilm detachment of
the smcR mutant during the first 24 h of biofilm development. The
resulting biofilm formation and detachment activities were com-
parable to those of the wild type (Fig. 4). The results indicated that
the decreased biofilm detachment activity of the smcR mutant
results from the inactivation of functional smcR rather than from
any polar effects on genes downstream of smcR. However, the
introduction of pHS105 into HS03 caused a partial complemen-
tation of biofilm detachment after 24 h of biofilm development
(Fig. 4). One possible explanation for this incomplete comple-
mentation is that plasmid pHS105 was not well maintained in
biofilm cells after 24 h in the absence of Tc. Consistent with this,
biofilm of HS03(pHS105) developed for 12 h in the absence of Tc
was not able to restore the reduced virulence of HS03, as deter-
mined by measuring mouse mortality, the colonization index, and
histopathological lesions (data not shown).

Effects of host cells on biofilm detachment. Increasing num-
bers of INT-407 host cells (ranging from 10 to 10° cells in MEMF)
were added to the biofilms preformed on microtiter plate walls
and incubated for 10 h. The wild-type biofilm decreased when
exposed to the INT-407 cells, and the rate of decrease was accel-
erated along with the increase in the numbers of the host cells (Fig.
5A). In contrast, the smcR mutant biofilm did not significantly
decrease when exposed to INT-407 cells (Fig. 5A). Similarly, when
10° INT-407 cells were added to and incubated with the pre-
formed biofilms, the wild-type biofilm decreased in an incubation
time-dependent manner (Fig. 5B). In contrast, the decrease of the
smcR mutant biofilm was not apparent, regardless of the length of
incubation with INT-407 cells (Fig. 5B). This accelerated decrease
in the wild-type biofilm after exposure to INT-407 cells could be
the result of either an increased detachment of cells from the bio-
film or increased death of biofilm cells.

To distinguish these two possibilities, changes in the number of
planktonic cells detached from established biofilms were deter-
mined after different numbers of INT-407 cells were added to and
incubated with the biofilms for 10 h (Fig. 5C). The number of
planktonic cells from the wild-type biofilm, enumerated by CFU
counts ml ™", increased when more numbers of INT-407 cells were
added (Fig. 5C). Similarly, detachment of the wild-type biofilms
incubated with 10° INT-407 cells was increased by extending the
length of incubation (Fig. 5D). In contrast, however, the smcR
mutant detached from the biofilm to a much lower extent than the
wild type, and the rate of detachment was not significantly affected
by the INT-407 cells (Fig. 5C and D). Similar to results from the
biofilm development tests, complementation of the smcR muta-
tion with a functional smcR (pHS105) restored the decreased bio-
film detachment to levels similar, if not equivalent, to those of the
wild type (Fig. 5A and B). The results suggested that the biofilm
decrease which was accelerated in the presence of INT-407 host
cells was attributed to the concomitant increase in detachment
rather than to the death of biofilm cells and that the increased
detachment was mediated by the activity of SmcR.

Effects of host cells on SmcR expression. To confirm that
SmcR indeed mediates the host cell acceleration of biofilm detach-
ment, we examined smcR expression in the presence of INT-407
cells by qRT-PCR and Western blot analyses (Fig. 6). The qRT-

iai.asm.org 3725

AdVHAIT TVHLINID ALISYIAINN TYNOILYN TNO3S A 102 ‘2 Arenigad uo /610" wserey//:dny wolj papeojumoq


http://iai.asm.org
http://iai.asm.org/
http://iai.asm.org/

Kim et al.

A 14 B 14
1.2 1.2 §
E 10 ¢ ° % % Pl ¥ % o O ¢
I - N
E ° £ $
z 0.8 Sk s 0.8 1 ek s
2 % ® 2
= 06 v i g 2 0.6 % i -
® WT (pRK415) || ® Wr@ERK415)
0441 o HSI)SP(pRKAIS) wkk Sk 0441 o nsprearsy | FFF O www T
W HS03 (pHS105) V¥ HS03 (pHS105)
0.2 - . . . 0.2
C 100 D 100
EEE WT (pRK415) N WT (pRK415)
[ HS03 (pRK415) 0 HSO03 (pRK415)
80 1 | === HS03 (pHS105) 80 1| === HS03 (pHS105) S
9 & - s
< *% ok < *%
5 60 5 60
£ ]
= * =
2 2
z 40 T 40
a a
*
20 20 i ﬁ ﬁ
0 SR [ |
0 104 10° 10¢ 0 3 10 20 30
Number of INT-407 cells added Incubation time (h)

FIG 5 Effects of INT-407 cells on biofilm detachment. (A and C) Various numbers of INT-407 cells were added to the wild-type and smcR mutant biofilms
preformed on microtiter plate walls and then incubated for 10 h. (Band D) A total of 10> INT-407 cells were added to the biofilms and incubated at various times.
The biofilms on the microtiter plate wall were quantitated using CV staining (Materials and Methods), and the results are shown in panels A and B. The cells
detached from the biofilms were enumerated by counting CFU, and results are presented in panels C and D as percentages of the total number of cells (sum of
the cells detached from and present in the biofilm). Error bars represent the SEM. Mean and SEM values were calculated from at least three independent
experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001, relative to the smcR mutant. WT(pRK415), wild type; HS03(pRK415), smcR mutant; HS03(pHS105),
complemented strain.

PCR analyses were performed with RNA isolated from the wild-  smcR expression was almost 2-fold greater in the biofilms exposed
type biofilms exposed to different numbers of INT-407 cells. The  to 10° INT-407 cells than in the biofilms exposed to MEMF alone
results revealed that the smcR transcript increased along with the  (control). The cellular level of the SmcR protein was also higher in
increase in the numbers of INT-407 cells (Fig. 6A). The level of  the biofilms exposed to INT-407 cells (Fig. 6B). The results im-
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FIG 6 Effects of INT-407 cells on smcR expression. (A and B) Total RNAs and proteins were isolated from the wild-type and [uxP mutant biofilms exposed to
various numbers of INT-407 cells as indicated. The relative levels of smcR expression (A) were determined by qRT-PCR analyses, and the expression level of smcR
in the biofilm exposed to MEMF (control) was set as 1. The smcR expression levels are the means == SEM of results from three independent experiments. *, P <
0.05, relative to the biofilms exposed to MEMF alone (control). Protein samples were resolved by SDS-PAGE, and SmcR was detected by Western blotting (B)
using a rat anti-SmcR antiserum. WT, wild type; KS12, luxP mutant. (C) Biofilms of the wild type exposed to either 10° INT-407 cells or MEMEF for 10 h were
harvested and used to isolate total RNAs. The expression levels of the genes listed on the left were determined by qRT-PCR analyses. Each column represents the
mRNA level of each gene expressed in the biofilms exposed to INT-407 cells relative to that in the biofilms exposed to MEMF. Error bars represent the SEM. The
relative levels of expression of each gene are the means = SEM of results from three independent experiments.
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FIG 7 SmcR-regulated genes possibly involved in biofilm development. Nine genes possibly involved in biofilm development were chosen from the pool of the
SmcR regulon members predicted by a microarray analysis. The ORF spots that showed 1.58-fold or greater difference in expression levels with a P value of <0.05
were considered to be regulated by SmcR. Regulation of their transcription by SmcR was confirmed by qRT-PCR. Each column represents the mRNA expression
level in biofilm cells of the smcR mutant relative to that of the isogenic wild type. Locus tags are based on the database of the V. vulnificus MO6-24/O genome,
which was retrieved from GenBank (accession numbers CP002469.1 and CP002470.1), and the products of the nine genes are listed on the right. The expression
levels of the genes are the means = SEM of results from three independent experiments. MCP, methyl-accepting chemotaxis protein.

plied that the biofilm detachment accelerated by the host cells
might result from increased smcR expression.

To investigate the involvement of quorum-sensing signaling in
the host cell induction of SmcR, the expression of smcR in the luxP
mutant biofilm was assessed (Fig. 6A and B). The level of smcR
expression in the luxP mutant biofilm was lower than that of the
wild type and not induced by exposure to INT-407 cells, indicat-
ing that the quorum-sensing signaling of V. vulnificus is involved
in the host cell induction of smcR. To further understand the ef-
fects of host cells on the quorum sensing of V. vulnificus, the ex-
pression levels of AI-2 quorum-sensing components such as luxS,
luxP, luxQ, luxU, and luxO were compared in the wild-type bio-
films exposed to either INT-407 cells or MEMF (control) (Fig.
6C). Exposure to INT-407 cells resulted in about a 4-fold (log,,
0.6) increase in [uxS expression, indicating that the host cell in-
duces smcR expression through the quorum-sensing signaling of
V. vulnificus by increasing the cellular level of LuxS. The marginal
reduction of luxO expression (about 1.5-fold; log,, 0.2) can be
explained by the previous observation that LuxR represses luxO
expression in V. harveyi (33). Taken together, the results also led
us to postulate that this host cell-induced and SmcR-dependent
detachment of V. vulnificus from biofilms might confer enhanced
colonization potential, thereby leading to an increase in virulence.

SmcR-regulated genes involved in biofilm development. A
whole-genome microarray analysis was used to compare the tran-
scriptional profiles of the wild-type and smcR mutant biofilms.
The microarray analysis predicted 180 genes potentially regulated
by SmcR, 74 of which were upregulated and 106 of which were
downregulated (data not shown). Among them, nine genes that
presumably participate in biofilm development (34) were se-
lected. Two genes encoding VpsT and a GGDEF domain protein,
known to induce biofilm formation (11, 12, 35), were downregu-
lated. In contrast, seven genes known to contribute to biofilm
detachment, such as the EAL domain protein VieA (36), a DNase
(37), the nitrate reductase component NapD (38), two methyl-
accepting chemotaxis transducer BdlA-like proteins (39, 40), the
GGDEF and EAL domain protein MshH (41), and the elastolytic
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protease VvpE (17) were upregulated (Fig. 7). Since many of
the genes that we predicted were not previously reported to be
SmcR regulated, SmcR regulation of the selected nine genes
was experimentally verified. qRT-PCR revealed that SmcR indeed
regulates transcription of all of the genes predicted, of which
VVMO6_04367 encoding VvpE was the most greatly upregulated
(approximately 10-fold) by SmcR (Fig. 7).

Effects of VvpE on biofilm detachment. To examine the ef-
fects of elastolytic protease on biofilm detachment, the smcR mu-
tant biofilm preformed on the microtiter plate walls was treated
with recombinant VvpE for 4 h (Fig. 8). VvpE reduced the biofilm
mass in a concentration-dependent manner, as visualized using a
digital imaging system (Fig. 8A). When treated with 50 units of
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FIG 8 Effects of VvpE on biofilm detachment. Various amounts of purified
VvpE were added exogenously to biofilms of the smcR mutant preformed on
microtiter plate walls and then incubated for 4 h as described in Materials and
Methods. (A) The remaining biofilms were stained with CV and photographed
using a digital imaging system. (B) The amount of CV eluted from the biofilms
was quantitated as the absorbance at 570 nm (As,). Error bars represent the
SEM. Mean and SEM values were calculated from three independent experi-
ments. **, P < 0.01; ***, P < 0.001, relative to the biofilm treated with a buffer
(control).
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VvpE, the residual mass of the biofilm was almost 2-fold less than
that of the biofilm treated with a buffer (control) (Fig. 8B). Addi-
tion of 50 units of VvpE to the culture with VEMG did not inhibit
bacterial growth (data not shown). The results demonstrated that
VvpE, a gene product of the SmcR regulon, directly dissolves the
matrix of the V. vulnificus biofilm and also indicated that the
biopolymers of the matrix consist of materials, at least in part, of
protein nature.

DISCUSSION

In most natural ecosystems, bacteria reside predominantly in ses-
sile communities known as biofilms rather than as free-living
planktonic cells (42, 43). Biofilm formation provides bacteria with
protection from antimicrobial agents and host immune defense
systems during infection as well as from a variety of stresses in the
environment (4, 44). Therefore, biofilms of pathogenic bacteria
are considered one of the most important causes of new outbreaks
and account for 65% of bacterial infections in humans (45). This is
highlighted by the observation that filtration of drinking water
through sari cloth to remove V. cholerae attached to particulates,
such as diverse planktons greater than 20 wm in size, reduced
cholera incidence by 48% in Bangladesh (10). There are several
lines of evidence supporting the idea that V. vulnificus bacteria
embed themselves in oyster tissues and form biofilms to colonize
and to persist in oysters as a primary infection route of the patho-
gen (46, 47). Recently, scanning electron microscopy analysis re-
vealed V. vulnificus biofilm structures formed on oyster shells
(48). Therefore, the data obtained in this study in which biofilms
rather than planktonic cells were used in mouse infection experi-
ments could be more realistic and reliable (Fig. 1, 2, and 3). The
data emphasized that SmcR plays a role in the pathogenesis of V.
vulnificus by enhancing biofilm detachment (dispersal) and
thereby promoting its ability to colonize the intestinal surface.
Consistent with this, a previous study in which planktonic cells
were used to inject mice intraperitoneally demonstrated that
SmcR is not required for the virulence of V. vulnificus (16).
Biofilms are specialized and highly differentiated architectures
of bacteria encased in an extracellular polymeric substance (EPS)
matrix that forms the framework for three-dimensional commu-
nities (5, 49). The major components of the EPS are polysaccha-
rides, proteins, and DNA, which are distributed between the cells
in a nonhomogeneous pattern (49). Biofilm development of bac-
teria can be divided into several stages. Motile planktonic cells
attach to a surface, and the sessile cells aggregate and subsequently
develop into matured biofilms. During these biofilm formation
stages, the bacteria multiply and concomitantly produce the EPS,
which holds the bacterial cells together in a mass. The final stage of
biofilm development is the detachment of cells from the mature
biofilms into planktonic cells that migrate and disperse to new
places to initiate the new life cycle of biofilms (6, 34). This stage
facilitates the dissemination of pathogens in new environments
and dispersal of infections within a single host (6).
Exopolysaccharides are the most prevalent component of the
Vibrio EPS, and the structural and regulatory genes involved in the
V. cholerae exopolysaccharide (VPS) production and, in turn, bio-
film formation have been extensively studied (for a recent review,
see reference 12). The vps structural genes required for VPS pro-
duction are organized into two operons (vpsIand vpsII), and their
expression is positively regulated by the transcriptional regulator
VpsT (50, 51). Expression of vpsT is repressed by quorum sensing
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(HapR) (8, 13) and induced by the second messenger, cyclic di-
GMP (c-di-GMP), which is synthesized by GGDEF domain pro-
teins (guanylate cyclases) (11, 35, 52). A previous study character-
ized V. vulnificus biofilms formed in different media and identified
three gene clusters involved in exopolysaccharide biosynthesis
(23). However, the effects of diverse regulatory components such
as c-di-GMP and quorum sensing on the expression of the exopo-
lysaccharide genes remain unclear. This study demonstrated that
SmcR represses vpsT and a gene encoding a GGDEF domain pro-
tein (Fig. 7), suggesting that quorum sensing also represses V.
vulnificus biofilm formation by limiting the cellular level of VpsT
and guanylate cyclase activities.

In addition, seven genes encoding a variety of proteins, most
likely involved in biofilm detachment directly or indirectly, were
found to be regulated by SmcR (Fig. 7 and 8). An EAL domain
protein (cyclic diguanylate phosphodiesterase), VieA, is known to
repress vps operons and consequently the biofilm formation of V.
cholerae, presumably by decreasing the cellular level of c-di-GMP
(36). MshH is a GGDEF and EAL domain protein known to re-
press the biofilm formation of V. cholerae (41). BdlA, a methyl-
accepting chemotaxis transducer is known to control the biofilm
detachment of P. aeruginosa that is triggered by nitric oxide (NO)
(39,40). NapD is a component of nitrate reductase that is required
for the production of the signaling molecule NO (38). VvpE is a
homologue of the hemagglutinin (HA)/protease which has been
suggested to release V. cholerae from the host intestinal epithelium
(17, 53), and DNase I is known to dissolve established biofilms of
P. aeruginosa directly (37). Among these genes involved in biofilm
detachment, genes encoding VieA, MshH, BdlA-like proteins,
NapD, and the DNase I are newly identified as an SmcR regulon in
this study. Therefore, SmcR inversely regulates two distinct
groups of genes that are important for biofilm formation and de-
tachment, and the net effects of such regulation appeared to en-
hance the detachment of V. vulnificus from biofilms.

In summary, this study revealed that the quorum-sensing reg-
ulator SmcR is essential for the virulence of V. vulnificus when
biofilm is used as an inoculum. Our data presented here extended
our understanding of the role of quorum sensing in V. vulnificus
pathogenesis by demonstrating that host cells increase smcR ex-
pression, and, in turn, accelerate biofilm detachment. The accel-
erated detachment may permit V. vulnificus entering the host in
the form of biofilms to leave the biofilm structure in order to
colonize the intestinal surface. It is noteworthy that smcR expres-
sion increased through quorum-sensing signaling of V. vulnificus
butin response to the increasing density of host cells rather than to
V. vulnificus cells present in biofilms (Fig. 6). Whereas integration
of the host information by SmcR into biofilm development and its
implication in the pathogenesis of V. vulnificus have yet to be fully
explored, the overall success of the organism during pathogenesis
would be enhanced through this ability to sense and combine
information about its own community and the surrounding host.
Additional work is needed to identify the host cell signals affecting
smcR expression and to clarify how SmcR inversely regulates the
genes contributing to the distinct stages of biofilm development.
However, the results of this study suggest that a small molecule
inhibiting the activity of SmcR could successfully inhibit the dis-
persal of the consumed V. vulnificus biofilms and thereby the
pathogenicity of the pathogen in the host.
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