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As an etiological agent of bacterial sepsis and wound infections, Vibrio vulnificus is unique among the
Vibrionaceae. Its continued environmental persistence and transmission are bolstered by its ability to colonize
shellfish, form biofilms on various marine biotic surfaces, and generate a morphologically and physiologically
distinct rugose (R) variant that yields profuse biofilms. Here, we identify a c-di-GMP-regulated locus (brp, for
biofilm and rugose polysaccharide) and two transcription factors (BrpR and BrpT) that regulate these
physiological responses. Disruption of glycosyltransferases within the locus or either regulator abated the
inducing effect of c-di-GMP on biofilm formation, rugosity, and stress resistance. The same lesions, or
depletion of intracellular c-di-GMP levels, abrogated these phenotypes in the R variant. The parental and brp
mutant strains formed only scant monolayers on glass surfaces and oyster shells, and although the R variant
formed expansive biofilms, these were of limited depth. Dramatic vertical expansion of the biofilm structure
was observed in the parental strain and R variant, but not the brp mutants, when intracellular c-di-GMP levels
were elevated. Hence, the brp-encoded polysaccharide is important for surface colonization and stress resis-
tance in V. vulnificus, and its expression may control how the bacteria switch from a planktonic lifestyle to

colonizing shellfish to invading human tissue.

In nature, the majority of microorganisms live in biofilm
communities that are attached to a surface (49, 58, 71). Bio-
films provide a stable, protective milieu for growth and a
means to facilitate transmission by acting as a source for the
dissemination of large numbers of microorganisms (30, 43, 84).
Compared with their planktonic counterparts, biofilm consor-
tia are extraordinarily resistant to antibiotics, biocides, and the
immune defense responses of the host.

Biofilm formation has been described as a stepwise process
(74). Flagellar motility is crucial for approaching the surface
(58), whereas pili are required for surface colonization and
microcolony formation (40, 65, 70). Once formed, these mi-
crocolonies can develop distinct three-dimensional architec-
ture, consisting of tower- and mushroom-shaped microcolonies
sheathed in a hydrated matrix of exopolymeric substances that
are composed of polysaccharides, nucleic acids, and proteins
that are produced by the resident microorganisms (20, 77).

The polysaccharide components of the biofilm matrix have
been the subject of intense study. Polysaccharides are com-
posed of monosaccharides joined by glycosidic linkages (86). In
general, they are synthesized and assembled by a series of
proteins (glycosyltransferases [GT]) that are encoded by genes
clustered in specific biosynthesis loci on the chromosome.
Polysaccharides often constitute the outermost layer of the
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bacterial cell. As such, they can mediate direct interactions
between the bacterium and its environment. Capsular polysac-
charide (CPS) and exopolysaccharide (EPS) are important
virulence and adhesion factors for many pathogens. CPS me-
diates resistance of bacteria to complement-mediated bacteri-
olysis and phagocytosis (31, 34). EPS possesses both adsorptive
and adhesive properties (6, 42, 89). EPS has also been shown
to impart a wrinkled, raised look to the normally flat, feature-
less appearance of wild-type cells. This phenotype, known as
rugose (R) colony development, is associated with increased
biofilm formation and bacterial survival under various stress
conditions (2, 52, 66).

Vibrio species are ubiquitous in aquatic ecosystems, and sev-
eral species can form pathogenic or symbiotic relationships
with eukaryotic hosts (12, 79). The adaptation of Vibrio species
to the changing environments of aquatic ecosystems and the
colonization of their respective hosts are critical for their long-
term survival. As such, biofilm formation and rugose colony
formation are expected to play key roles in the ecology and
transmission of Vibrio species; however, the genetics and phys-
iological impact of rugosity are not well understood. Vibrio
vulnificus is an environmentally successful and potent oppor-
tunistic human and animal pathogen (45, 73, 76). The most
common routes for V. vulnificus infection are through wounds
or the ingestion of contaminated water or food. Unlike other
members of the Vibrionaceae, which cause gastroenteritis (8,
12, 62), V. vulnificus is infamous for causing septicemia. The
fatality rate of susceptible patients with primary septicemia is
greater than 50% (33, 41, 45, 85), and it carries the highest
death rate of any food-borne disease agent (82). In marine and
estuarine environments, the bacterium associates asymptom-
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid

Description

Source or
reference

Strains
E. coli
S17.1\pir Donor strain for conjugation

V. vulnificus

72

ATCC 27562 Type strain; clinical isolate from Florida; Rf" Institut Pasteur
ATCC 27562R Natural rugose variant of ATCC 27562; Rf" This study
AbrpF mutant Mutant of ATCC 27562 with a disruption of the brpF glycosyltransferase; Cm" This study
Abrpl mutant Mutant of ATCC 27562 with a disruption of the brpl glycosyltransferase; Cm" This study
AbrpR::Tnl0 Mutant of ATCC 27562 containing a Tn/0 insertion in brpR This study
AbrpT::Tnl0 Mutant of ATCC 27562 containing a Tnl0 insertion in brpT This study
RAbpF Mutant of ATCC 27562R with a disruption of the brpF glycosyltransferase; Cm" This study
RAbrpl Mutant of ATCC 27562R with a disruption of the brpl glycosyltransferase; Cm" This study
RAbrpR Mutant of ATCC 27562R with a disruption of the brpR transcription factor; Cm" This study
RAbrpT Mutant of ATCC 27562R with a disruption of the brpT transcription factor; Km" This study
Plasmids
pBAD24T Mobilizable derivative of pPBAD24; Ap" 29
pBAD24T::dcpA pBAD24T containing dcpA under the control of Pg,p; Ap” 53
pSU38T Mobilizable derivative of pSU38; Km" This study
pSU38T::Ppp-brpF pSU38T containing brpF under the control of Ppyc; Km" This study
pSU38T::Pypac-brpl pSU38T containing brpl under the control of Py ; Km" This study
pSW23T Suicide vector; Cm" 15
pSW23T::AbrpF pSW23T containing 400-bp internal fragment of brpF; Cm" This study
pSW23T::Abrpl pSW23T containing 400-bp internal fragment of brpl; Cm" This study
pSW23T::AbrpR pSW23T containing 400-bp internal fragment of brpR; Cm" This study
pNKTXI-Scel Mini-Tn/0 mutagenesis plasmid; Km" Ap" 54

atically with filter feeders, such as oysters (32, 88), and has
been found to form biofilms on the surface of plankton, algae,
fish, and eels (7, 46, 51). Three morphologically distinct phase
variants, called opaque (O), translucent (T), and rugose (R),
arise in response to environmental stresses (83). O variants
produce copious amounts of CPS, whereas T variants produce
little or no CPS. The rugose phenotype was shown to enhance
biofilm formation, and the R variant was more resistant to
serum killing than the parental strain. However, the phenotype
did not correlate with resistance to any other environmental
stresses (24). The CPS of V. vulnificus is essential for virulence
(25, 26, 37, 45, 53, 76) but is not required for biofilm or rugose
colony formation (25, 26, 37, 45, 53, 76). Therefore, other
factors participate in these developmental pathways. NtrC was
identified as a regulator of biofilm formation in V. vulnificus
(38). Comparative proteomics of ntrC mutant and wild-type
strains grown under planktonic and biofilm conditions sug-
gested that NtrC exerted its effect, in part, via regulation of an
ADP-glycero-manno-heptose-6-epimerase that is normally in-
volved in biosynthesis of the inner core region of lipopolysac-
charides (LPS) (14, 75). Recently, reverse transcription-PCR
(RT-PCR) was used to identify a polysaccharide locus whose
transcription was increased in the R variant of V. vulnificus
(24). However, it was not determined if this locus played any
role in biofilm formation or the development of the rugose
phenotype.

It has recently come to light that the second messenger
bis-(3'-5")-cyclic-di-GMP (c-di-GMP) regulates a variety of
cellular processes associated with the transition between
planktonic and sessile lifestyles in many bacteria (36, 67, 68,
87). In general, high intracellular concentrations of c-di-GMP

promote EPS production, biofilm formation, and rugosity
while repressing motility and virulence gene expression. Digua-
nylate cyclases (DGCs) synthesize c-di-GMP, while phosphodi-
esterases (PDEs) degrade it. We previously characterized a
DGC, DcpA, from V. vulnificus that induced biofilm formation
and rugosity when overexpressed (53). We used DcpA to dem-
onstrate that c-di-GMP regulated the production of an EPS
that was both structurally and functionally distinct from CPS;
however, the c-di-GMP-regulated EPS locus was not identi-
fied, nor was it known if the EPS itself played a role in biofilm
and rugose colony formation. Here, we identify a c-di-GMP-
regulated EPS locus (designated brp, for biofilm and rugose
polysaccharide) and two transcriptional regulators (designated
BrpR and BrpT) that govern these physiological responses in
V. vulnificus.

MATERIALS AND METHODS

Strains, plasmids, and growth conditions. The bacterial strains and plasmids
used in this study are listed in Table 1. All primers used in this study are listed
in Table 2. Strains were grown in Luria-Bertani medium (LB) or heart infusion
medium containing 2% NaCl (HIN) (25) as indicated. Escherichia coli S17.1\pir
(72) was used as the donor strain in conjugations with V. vulnificus. Antibiotics
were added at the following concentrations: ampicillin (Ap), 100 wg/ml; kana-
mycin (Km), 25 pg/ml for E. coli and 160 pg/ml for V. vulnificus; rifampin (Rf),
100 pg/ml; chloramphenicol (Cm), 25 pg/ml for E. coli and 6 pg/ml for V.
vulnificus. 1-Arabinose (L-ara) and isopropyl-beta-p-thiogalactopyranoside
(IPTG) were added to final concentrations of 0.2% and 0.3 mM, respectively,
when indicated. Genomic DNA was extracted using DNAzol (Invitrogen) fol-
lowing the manufacturer’s instructions. Sequencing was done at the Centre for
Applied Genomics (TCAG) at the Hospital for Sick Children (Toronto). The
genomes of V. vulnificus strains YJ016 and CMCP6 were obtained from the J.
Craig Venter Institute website (http://cmr.jevi.org). Homology searches were
conducted using BLAST (1) analysis, and protein parameters and domain pre-
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TABLE 2. Primers used in this study

Primer Sequence”
PCR

werFfwd...niee CCGCAATTGACCATGAGAATTTTACA
TATTATCAATG

WCrFrev.....civiciciaee. CCGTCTAGAAGCTCAATACAGGCAA
CCCT

werlfwd .. CCGGAATTCATGAAAAAAGTACTGC
ATATTACA

WerIrev. .. CCGTCTAGATCAAATATAGAGGCTGC
TGAG

AwcrFfwd ...CCGGGATCCGCTGGCCAGACATTGT
TCAT

AwcrFrev ... CCGTCTAGAAGCTCAATACAGGCAA
CCCT

Awerlfwd ... CCGGAATTCCAAAACTTATCTATACC
CCACA

Awcerlrev ... CCGTCTAGACTTTGTCACGCAACTGC
TGTT

ptacKpnl........ccccceeeueeee CCGGGTACCGTATAAGTGTGGAATT
GTGAGC

ptacEcoRI..................... CCGGAATTCGTATAATGTGTGGAATT
GTGAGC

ptac-werFfwd ................ TTCACCAACAAGGACCATAGCATAT
GAGAATTTTACATATTATCAATG

ptac-werFrev ................. CATTGATAATATGTAAAATTCTCATA
TGCTATGGTCCTTGTTGGTGAA

ptac-werlfwd ................. TTCACCAACAAGGACCATAGCATAT

GAAAAAAGTACTGCATATTACA
..TGTAATATGCAGTACTTTTTTCATAT
GCTATGGTCCTTGTTGGTGAA

ptac-werlrev

RT-PCR
vwWuL20RTT......ccccoevenes GCTCGTGCACGTCATAAGAA
vwwuL20RT2.... ..GACGGTCACGGTAAGCGTAT
dcpARTI.... CAAGCTTTATGCCCTCGATG
dcpART2.... CATCCACAAGCCATTGACAGT
wcrARTI ... CGTGGCGTACCAGTTCAATTCGA
wcrART2.... GTTTAATCCCAAGCGACGGAGGT
werDRTIL.... TGGCTGGACAGTAATGCCAGACA
werDRT2 .GGTTTTGTGCGGATTTTCGCAGT
werFRT1 ..GAAGGTGCAGGAAGAGTTGA
werFRT2 ..TAGATAACCAGCGTTGCCGA
werlRT1 . AGAAGCATTTGGCGGTGGTGTAC
werlRT1 ..TCACATCCGGTTGGAGTTGCTTG

@ Restriction sites are in bold.

dictions were performed with ProtParam (22) and the PROSITE research tool
from the Expert Protein analysis system (35). The nomenclature for genes iden-
tified in the genome of strain ATCC 27562 followed that used for strain CMCP6.

Subculture assay for isolation of the R variant. An isolated colony of each
indicated strain was inoculated in HIN containing the appropriate antibiotics and
incubated overnight at 30°C with shaking. Cultures were passaged daily by
diluting 1:100 in fresh media, and the development of the rugose phenotype was
monitored by plating aliquots on HIN plus antibiotic until a rugose (R) variant
was obtained (typically between 10 and 14 days for wild-type cells).

RNA isolation and RT-PCR. For isolation of total RNA, strains were grown in
HIN. Cells were isolated from the biofilm fraction during mid-exponential and
stationary phases. RNA was isolated using an RNeasy kit (Qiagen) and treated
with DNase I (Ambion). The integrity of the isolated RNA was verified by
formaldehyde agarose gel electrophoresis, and its concentration/purity was de-
termined from the A,4/A,5g, values on a NanoDrop 1000 (Thermo Scientific).
Primer sets were optimized for PCR using genomic DNA from V. vulnificus
strain ATCC 27562, and PCR was performed on RNA samples to verify that the
samples did not contain residual contaminating DNA. The Qiagen OneStep
RT-PCR kit was used to amplify regions from RNA targets according to the
manufacturer’s protocol. The primer pairs and target genes are listed in Table 2.
RT-PCR was carried out using an MBS multiblock thermocycler system (Thermo
Hybaid). Reverse transcription reactions were performed at 50°C for 30 min.
c¢DNA was amplified using an initial hot start of 95°C for 15 min followed by 30
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cycles of denaturation at 94°C for 1 min, annealing at 55°C for 1 min, and
elongation at 72°C for 1 min. PCR products were visualized by agarose gel
electrophoresis and quantified by densitometry using the GeneTools gel analysis
software package (Syngene). The transcript levels for the respective target genes
were normalized relative to the level of rpIT (L20) transcript in the same sample
that was run on the same gel.

Construction and complementation of the AbrpF and Abrpl mutant strains.
Primers brpF KO-F/-R and brpl KO-F/-R were used to amplify internal 400-bp
fragments of brpF and brpl, respectively. PCR products were cloned in the
suicide plasmid pSW23T (15). The resulting plasmids, pSW23T::AbrpF and
pSW23T::Abrpl, were conjugated to V. vulnificus ATCC 27562 and the R variant.
Cointegrants were selected on LB or HIN plates containing Rf and Cm, and
correct integration was confirmed by PCR. To complement the mutant strains,
the RP4 origin of conjugative transfer was amplified from pSW23T (15) with
primers oriT1Notl and oriT2Notl, ligated to Notl-digested pSU38 (4), and
transformed into E. coli S17.1\pir to create pSU38T. The brpF and brpl genes
were fused to the Py, promoter by superprimer PCR as follows: the primers
ptacKpnl/ptac-brpFrev and ptac-EcoRI/ptac-brpIrev were used in separate re-
actions to amplify the region from —40 to the start ATG of the P promoter. The
primer pairs ptac-brpFfwd/brpFXbalrev and ptac-brpIfwd/brpIXbalrev were used to
amplify brpF and brpl, respectively, from strain ATCC 27562 genomic DNA. Equal
amounts (20 ng) of the ptac-brpFfwd/brpFXbalrev and ptacKpnlI/ptac-brpFrev or
the ptac-EcoRI/ptac-brplrev and ptac-brpIfwd/brpIXbalrev PCR products were
mixed in separate reactions that contained all the necessary PCR reagents but lacked
primers. Five PCR cycles were run at 94°C for 30 s, 60°C for 30 s, and 72°C for 60 s.
The ptacKpnI/brpFXbalrev and ptac-EcoRI/brpIXbalrev primers were added to the
appropriate tubes, and 25 additional cycles were run. The brpF and brpl promoter
fusions were digested with Xbal and KpnI and Xbal and EcoRI, respectively, and
cloned into the same sites of pSU38T. The resulting plasmids, pSU38T::Pyp -brpF
and pSU38T:: Py -brpl, were conjugated to the AbrpF and Abrpl mutant strains for
complementation studies.

Antiserum production and slide agglutination assays. The production of anti-
sera to formalin-killed whole cells of V. vulnificus strain ATCC 27562 and subse-
quent slide agglutination assays were performed as previously described (54).

Biofilm and aggregate formation in culture tubes. Strains were grown in HIN
at 30°C with shaking to an optical density at 600 nm (ODygy) of 0.4 to 0.6 and
induced with L-ara and IPTG where indicated. Incubation with shaking was
continued. Biofilm formation was observed at 3 h postinduction, while aggregate
formation was examined following overnight growth. Images of the biofilm at the
air-liquid interface and the cell aggregate at the bottom of the tube were taken
with a Kodak DX6490 digital camera.

Biofilm assays in 96-well microtiter plates. Strains were grown in HIN at 30°C
with shaking until they reached an ODyy, of 1; the growth rates for parental and
mutant strains were similar. Cultures were adjusted to 1 X 10° CFU ml™ ! in fresh
media, and 150 pl was inoculated into 96-well microtiter plates (two wells per
strain). Microtiter plates were statically incubated for 20 h at 30°C. Following
measurement of the planktonic cell density at ODg, with a BioTek PowerWave
340 microplate spectrophotometer, media were carefully removed and the wells
were stained with 150 wl of 0.1% crystal violet (CV) solution for 30 min. The
stained wells were then washed three times with phosphate-buffered saline (PBS)
(130 mM NaCl, 5 mM Na,HPO,, 1.5 mM KH,PO,, pH 7.4), and biofilms were
resolubilized in 150 pl of isopropanol-acetone (4:1). The ODsq5 of each well was
then measured. The ratio of OD,/OD, was calculated to determine the
relative level of biofilm formation.

Colony morphology assays. Strains were grown overnight in HIN containing
L-ara and IPTG where indicated at 30°C with shaking. Cultures were then diluted
1:200 in HIN, and 2 wl was spotted onto HIN plates containing L-ara and IPTG when
necessary. Plates were incubated at 30°C for 48 h and photographed with an Axio-
Cam MRGcS5 (Zeiss) digital camera attached to a dissecting microscope.

Construction and screening of a transposon (Tn) library. The pNKTXI-Scel
plasmid, which carries a mini-Tn0 transposon (54), was conjugated to strain
ATCC 27562, and mutants with Tn insertions were selected on LB Rf Km plates.
These clones were pooled and used as recipients in conjugations with E. coli
S17.1\pir carrying pBAD24T::dcpA. Exconjugants were selected on LB Rf Km
Ap plates containing L-ara. These clones were screened for their ability to form
a biofilm in 96-well microtiter plates. Attenuated clones were expected to contain
Tn insertions in regulatory and structural genes of the c-di-GMP/EPS signaling
pathway. Genomic DNA was extracted from translucent colonies, and Tn inser-
tion sites were identified by arbitrarily primed PCR mapping (59).

Construction and complementation of the AbrpR and AbrpT mutants in an R
variant. Primers brpRintEcoRI and brpRintXbal were used to amplify an inter-
nal 400-bp fragment of brpR for cloning into the suicide plasmid pSW23T as
described above for conjugation to an R variant of V. vulnificus ATCC 27562.

cells
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FIG. 1. The w21574-vw21582 (brp) polysaccharide gene cluster in the genome of V. vulnificus CMCP6. Open arrows represent the locations and
directions of transcription of the respective open reading frames (ORFs). Small angled arrows indicate the positions of putative promoters,
including a conserved ops (operon polarity suppressor) sequence (55), while the black hairpin structure following vw21582 denotes a putative
Rho-independent transcriptional terminator. The open circles above vw21578 and vv21580 indicate the positions of targeted disruptions using the
pSW23T suicide plasmid (15). Red, gray, green, and blue arrows denote glycosyltransferase, hypothetical proteins, export proteins, and EPS

biosynthesis genes, respectively.

Correct integration was confirmed by PCR. Since brpT is only 633 bp in length,
we reasoned that recovering a bona fide knockout using the pSW23T suicide
plasmid might be difficult. We instead elected to use chitin-induced natural
transformation (9, 27, 48) to transfer the brpT::Tnl0 lesion into an R variant.
Genomic DNA from a brpT::Tnl0 mutant that we identified in our library screen
was used as the donor DNA for the transformation experiment. Transformants
were selected on HIN Rf Km plates, and transfer of the brpT::Tnl0 lesion was
confirmed by PCR.

Scanning electron microscopy (SEM). Strains were grown in HIN at 30°C with
shaking, induced with 0.2% r-ara when the ODg, reached 0.4 to 0.6, and grown
to a final ODgq, of 1.0. Samples were diluted 1:10 in fresh media, 1 ml of diluted
culture was added to either glass coverslips or oyster shells in 12-well plates, and
the plates were incubated statically at 30°C overnight. Biofilms were rinsed
briefly in 0.1 M cacodylate buffer, pH 7.4, and fixed with 2.5% glutaraldehyde in
0.1 M cacodylate buffer, pH 7.4, for 2 h at room temperature. Biofilms were
washed three times for 5 min with 0.1 M cacodylate buffer, pH 7.4, and dehy-
drated in a graded ethanol series (25%, 50%, 70%, 95%, and 100% two times for
10 min). Samples were critical-point dried in CO,, gold coated, and viewed with
a Hitachi 3400 scanning electron microscope at 5 to 10 kV of accelerating
potential at the Microscopy Imaging Lab (University of Toronto).

Resistance assays. Strains were analyzed to determine their resistance to
chlorine, oxidative, and osmotic stress as previously described for V. cholerae (83,
89). Survival was calculated as CFU of treated cultures/CFU of untreated cul-
tures, where treated cultures were exposed to 3 ppm NaOCI (chlorine stress), 5
mM H,0, (oxidative stress), or 1 to 2.5 M NaCl (osmotic stress) diluted in PBS.
Untreated cultures were exposed to PBS alone, and survival in PBS was defined
as 100%. To monitor bacterial growth in the presence of increasing NaCl con-
centrations, 107 cells of the indicated strains were grown statically in LB con-
taining NaCl at 0, 2, 10, or 30 ppt (%) for 20 h at 30°C before the ODg, was
measured with a BioTek PowerWave 340 microplate spectrophotometer.

Deposition of nucleic acid seq es and acc numbers. The nucleic acid
sequence for the brp locus of strain 27562 has been deposited at the National
Centre for Biotechnology Information (NCBI) GenBank database under acces-
sion number G4384922.

mwlT depA v21574

RESULTS

Identification of a c-di-GMP-regulated EPS locus in V.
vulnificus. We utilized comparative genomics to identify six
putative polysaccharide loci containing at least three genes in
the genomes of V. vulnificus strains YJ016 and CMCP6. Two of
these loci coded for known CPS and putative LPS biosynthesis
genes, respectively. We focused our attention on one of the
four remaining loci (vw21574 to vw21582), as its expression was
recently reported to be associated with the R variant (24).
However, its regulation and impact, if any, on biofilm or rugose
colony development were not known.

The locus, found on chromosome II, is a nine-gene cluster
organized in two operons and encodes a number of glycosyl-
transferases, polysaccharide biosynthesis, and export protein
homologs (Fig. 1). To verify that expression of the locus was
associated with the R variant, we monitored the expression
pattern of w21574, w21577, vw21578, and vw21580 in strain
27562 by RT-PCR analysis. The transcript levels for the re-
spective target genes were normalized relative to the level of
the rplT (L20) transcript in the same sample that was run on
the same gel. Transcription of these genes was difficult to
detect in stationary-phase cells of the parental strain and the R
variant (Fig. 2, bottom panel, compare lanes 1 and 3). Con-
versely, transcription of these target genes was elevated 2- to
7-fold in the R variant relative to the parental strain during
mid-exponential growth (Fig. 2, top panel, compare lanes 1
and 3). This suggested that the expression of this locus was
increased in the R variant. Expression of the locus also ap-

21577 w2l1578 w21580

FIG. 2. In vivo expression of the vw21574-vw21582 (brp) locus. The indicated strains were grown in HIN. RNA was isolated from mid-
exponential (ME)- and stationary (S)-phase cells of the parental ATCC 27562 strain carrying pBAD24T (lane 1) or pBAD24T::dcpA (lane 2) and
from an R variant, ATCC 27562R, with pBAD24T (lane 3). RT-PCR was used to determine if vw21574, vw21577, vw21578, and vw21580 were being
transcribed. Expressions of the depA and the ribosomal rplT genes were used as positive controls. Primer sets were optimized for PCR using
genomic DNA from V. vulnificus strain ATCC 27562, and PCR was performed on RNA samples to verify that they did not contain residual
contaminating DNA. Target genes are indicated above the gels. M, 100-bp marker.
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FIG. 3. Lesions within the brp locus do not affect CPS production.
The parental ATCC 27562 strain (A) appears opaque on solid me-
dium, while the CPS biosynthesis mutant, Awzy (B), appears translu-
cent. The AbrpF (C) and Abrpl (D) mutant strains appear opaque. The
strains were grown in HIN.

peared to be greater during mid-exponential growth and de-
creased during stationary-phase growth.

Since we previously demonstrated that rugose colony forma-
tion in V. vulnificus was regulated by c-di-GMP, we speculated
that expression of the locus might be subject to c-di-GMP
regulation as well. Transcription of w21574, vw21577, vw21578,
and vw21580 in the parental strain carrying pBAD24T::dcpA,
which expresses the V. vulnificus DGC DcpA (53), was ele-
vated relative to that found in the same strain carrying the
empty vector during mid-exponential growth (Fig. 2, compare
lanes 1 and 2). This suggested that expression of the locus was
subject to regulation by c-di-GMP.

The locus is required for c-di-GMP-induced biofilm, aggre-
gate, and rugose colony formation. We reasoned that the effect
of c¢-di-GMP on biofilm, aggregate, and rugose colony forma-
tion was linked to its regulation of the vw21574 to vw21582
cluster. To investigate this, glycosyltransferases from each
operon (vw21578 and vw21580) were disrupted, and biofilm and
aggregate formation by strains carrying either pPBAD24T::dcpA
or the empty vector was assessed relative to that of the parental
control strains. The parental, Avw21578, and Avw21580 strains
carrying the vector control remained opaque on solid media
(Fig. 3) and continued to agglutinate in the presence of anti-
sera to wild-type ATCC 27562 cells. This suggested that the
locus was not required for production of the CPS. Biofilm
formation by the Awv21578 and Avv21580 strains carrying
pBAD?24T was lower than that for the wild-type strain carrying
the same vector (P < 0.001). This suggested that the locus was
being expressed in wild-type bacteria but not at a level suffi-
cient to promote biofilm formation under the conditions tested
here. When we elevated the intracellular c-di-GMP levels by
inducing dcpA expression, biofilm formation was induced 4.8-
fold (P < 0.001) in the parental strain, whereas only 2.5-fold
and 2.1-fold increases were observed for the Aww21578 and
Avv21580 strains, respectively (P < 0.001 for both; Fig. 4A, top
panel, and 4B). Furthermore, a cell aggregate was clearly vis-
ible for the parental strain, while no such aggregate was ob-
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served for either of the mutants (Fig. 4A, middle panel).
Complementation of both mutant strains with the appropriate
wild-type gene restored biofilm and aggregate formation. It is
noteworthy that the vw21578 and vw21580 lesions in wild-type
cells carrying pBAD24T::dcpA did not reduce biofilm levels to
those of the same mutants carrying the vector control. One
explanation is that mutation of more than one gene within the
locus is required to completely prevent production of the en-
coded polysaccharide. Alternatively, c-di-GMP could also reg-
ulate the expression of additional factors, such as adhesins or
other polysaccharides, that participate in biofilm formation
(50).

Colony morphology assays supported the involvement of the
locus in rugose colony formation. Strains carrying the empty
pBAD24T vector were flat and featureless in appearance
(Fig. 4A, bottom panel). The parental strain carrying
pBAD24T::dcpA developed the raised, wrinkled phenotype
that typifies the R variant, while the mutant strains carrying the
same vector did not. Complementation of both mutant strains
with the appropriate wild-type gene restored c-di-GMP-in-
duced rugose colony formation. These results suggested that in
the signaling pathway leading to biofilm and rugose colony
development, the input of c-di-GMP culminated in the pro-
duction of the polysaccharide encoded by this locus.

This locus was previously designated wcr, so named because
polysaccharide nomenclature traditionally designates “w” for
any putative polysaccharide gene (64) and because it was pref-
erentially expressed in the rugose (“r”) variant (24). The “c”
designation stemmed from the observation that a translucent
(CPS™) mutant with a Tn insertion in vw21580 failed to gen-
erate opaque colonies in a reversion assay that would be in-
dicative of restored CPS production (24). However, the mutant
was never complemented to verify that vw21580 was required
for CPS production; hence the role of the wer locus in CPS
production was not definitively demonstrated. Furthermore,
several known and unknown mechanisms exist by which a
CPS™ phenotype can arise in V. vulnificus (13), including spon-
taneous deletions in the wza-wzb-wzc region. Thus, background
mutations leading to a CPS™ phenotype in the Avw27580 mu-
tant could not be excluded. The Avw21578 and Avy21580 mu-
tants characterized here had an opaque phenotype and agglu-
tinated with antisera to formalin-killed whole cells of the
parental strain, whereas a bona fide CPS™ strain we created,
wzy::'Tnl0 (54), was translucent and did not agglutinate. This
suggested that the locus was not required for CPS production.
To accurately reflect its role, we have renamed the locus brp,
for biofilm and rugose polysaccharide.

The brp locus is required for the development, maintenance,
and resistance of the R variant. We sought to address the role
of the brp locus in the emergence, maintenance, and resistance
of the R phenotype. Prolonged growth of V. vulnificus in HIN
has been reported to support the development of the R phe-
notype (25). The parental and brpF (Aw21578) and brpl
(Avv21578) mutant strains were subcultured in HIN for up to
9 weeks. The parental strain typically gave rise to R variants
(ATCC 27562R) within 14 days, while R variants could not be
recovered from either mutant even after 62 days of growth. To
definitively demonstrate that brpF and brpl were required for
development of the R phenotype, we disrupted these genes
in the ATCC 27562R strain. Lesions in either brpF or brpl in
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FIG. 4. c-di-GMP-induced biofilm and aggregate formation is dependent on the vw21574-yv21582 (brp) locus. The indicated strains were grown
in HIN. (A) Biofilm (top panel) and aggregate (middle panel) formation in culture tubes by the parental, mutant (Avw21574 and Avw21580), and
complemented (Avv21574/pSU38T::vv21574 and Avw21580/pSU38T::vv21580) strains carrying the pBAD24T control vector or pBAD24T::dcpA.
Control strains for complementation studies carried the empty pSU38T plasmid. Colony morphologies for the same strains are shown in the bottom
panel. (B) Quantitative measurement of biofilm formation of the corresponding strains in panel A by CV staining. Results shown are representative
of at least three independent experiments. Error bars represent standard deviations.

an R variant (strains ATCC 27562RAbrpF and ATCC
27562RAbrpl) resulted in a shift to the smooth phenotype
(Fig. 5A, bottom panel), with a concomitant loss of the copi-
ous biofilm characteristics of the ATCC 27562R strain (Fig.
5A, top panel, and 5B); biofilm formation by the ATCC
27562RAbrpF and ATCC 27562RAbrpl mutants decreased sig-
nificantly (8-fold, P < 0.001). Complementation of the ATCC
27562RAbrpF mutant with the respective wild-type gene led to
partial restoration (62%) of biofilm formation (P < 0.05) and
rugosity. Complementation of the ATCC 27562RAbrpl mutant
with the wild-type gene restored biofilm formation and rugos-
ity to levels similar to that of the parental strain (P, not signif-
icant).

The resistance of the ATCC 27562R, ATCC 27562RAbrpF,
and ATCC 27562RAbrpl strains to NaOCl, NaCl, and H,O,
relative to that of the parental strain carrying pPBAD24T::dcpA
or the vector control was evaluated. Wild-type bacteria har-
boring pPBAD24T::dcpA and ATCC 27562R showed a 2.7-fold
increased tolerance (P < 0.005) toward the killing effects of

chlorine relative to that for the parental control (Fig. 6A).
Disruption of either brpF or brpl in ATCC 27562R decreased
chlorine tolerance (P < 0.001), albeit not to the baseline level
observed for the wild-type strain; chlorine resistance was 1.7-
fold higher in the mutants than in the parental control. These
results suggested that the brp locus participated in the devel-
opment of chlorine resistance, but additional factors also con-
tributed to this phenotype. To assess the tolerance of the
strains to osmotic stress, bacteria grown in Miller’s LB (0.17 M
NaCl) were exposed to 1, 2, or 2.5 M NaCl and direct plate
counting was used to monitor bacterial survival. There was
little difference between the strains in response to osmotic
shock regardless of the NaCl concentration used, and bacterial
recovery was relatively low, with a 90% drop in CFU being
recorded for each strain (data not shown). We then opted to
monitor growth of the strains in LB containing different con-
centrations of NaCl: 0, 2, 10, and 30 ppt (%), which approx-
imates the salinity range of estuarine environments (21). While
none of the strains grew in LB containing 0%, NaCl (Fig. 6B),
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FIG. 5. Expression of the brp locus is required for biofilm and
rugose colony formation by the R variant. The indicated strains were
grown in HIN. (A) Biofilm formation in culture tubes (top panel) and
colony morphology (bottom panel) of the parental and ATCC 27562R
strains and the ATCC 27562RAbrpF and ATCC 27562RAbrpl mutant
strains carrying the pSU38T vector control. Complemented strains
carry pSU38T::brpF or pSU38T::brpl, respectively. (B) Quantitative
measurement of biofilm formation of the corresponding strains in
panel A by CV staining. Results shown are representative of at least
three independent experiments. Error bars represent standard
deviations.

they all grew to some extent, albeit poorly (1.3- to 1.8-fold
increase, P < 0.05), in 2°/,, NaCl. Growth of all the strains was
significantly better (P < 0.001) at 10°,, NaCl (4.7- to 7-fold
increase). This trend of poor growth at low NaCl concentra-
tions reflects the halophilic nature of the species. Growth of
the parental control, ATCC 27562RAbrpF, and ATCC
27562RAbrpF strains was significantly lower at 30°/,, NaCl
than at 10%,, NaCl (P < 0.05). The growth of wild-type
bacteria harboring pBAD24T::dcpA at 30°/,, NaCl was sim-
ilar to the growth at 10%,, NaCl (P, not significantly differ-
ent). Notably, growth of the R variant continued to increase
significantly (P < 0.001) at 30%,, NaCl. These results sug-
gested that the brp-encoded EPS promoted growth of the bac-
teria at NaCl levels that approach the salinity of natural sea-
water, which is approximately 35%,, (21). All of the strains
were equally sensitive to 5 mM hydrogen peroxide (>99.5%
killing for each), suggesting that neither increased c-di-GMP
levels nor the brp-encoded EPS conferred resistance to oxida-
tive stress (data not shown).

INFECT. IMMUN.

The brp locus is required for the development of robust
biofilm architecture. The development of a substantive, stable
three-dimensional biofilm has been difficult to document for V.
vulnificus. Our data suggested that this was likely because the
brp locus was poorly expressed, if at all, in the absence of an
inducing signal. Since expression of the locus appeared to be
regulated by c-di-GMP, we carried out SEM analysis of the
biofilm structures formed on biotic (oyster shells) and abiotic
(glass) surfaces by the parental, AbrpF mutant, Abrpl mutant,
and ATCC 27562R strains carrying pBAD24T::dcpA or the
empty vector. An extensive network of cell aggregates sepa-
rated by water channels was evident on both surfaces for wild-
type cells carrying pPBAD24T::dcpA, and the cells appeared to
be enrobed in a smooth matrix (Fig. 7, second row). Wild-type
cells harboring the vector control were devoid of this matrix,
and only dispersed individual cells adhered to either surface
type (Fig. 7, first row); similar results were obtained for the
brpF and brpl mutant strains, regardless of whether they were
carrying pBAD24T::dcpA or the vector control (data not
shown). The ATCC 27562R strain carrying the vector control
exhibited far greater surface coverage on both glass and oyster
shells than the parental strain, and the matrix encapsulating
the cells was even more apparent (Fig. 7, third row). Interest-
ingly, as can be seen at low magnification, vertical expansion of
the biofilm macrostructure appeared to be curtailed. This was
particularly evident for biofilms formed on glass coverslips,
where the thickness of the biofilm did not exceed more than 12
to 15 cells. Alternatively, the vertically developing structure
may have been fragile and detached during preparation of the
sample for SEM. This limitation was overcome in ATCC
27562R cells carrying pBAD24T::dcpA (Fig. 7, fourth row). An
extensive, vertically developed biofilm macrostructure with an
interlacing network of deep fluid channels could be clearly
seen at lower magnification, and a mesh-like sheath covering
and connecting the cells was evident at higher magnification.
The dramatic increase in biofilm and aggregate formation by
ATCC 27562 cells that contained pBAD24T::dcpA relative to
that observed for cells carrying the vector control was also
evident when the strains were grown in culture tubes (data not
shown). These results suggested that biofilm formation and
matrix production required an intact brp cluster and that the
continued synthesis of c-di-GMP promoted the vertical expan-
sion and/or stability of the developing biofilm, either through
continued brp expression or perhaps through the expression of
additional factors that lead to the development of more com-
plex three-dimensional structures.

Depleting intracellular c-di-GMP levels prevents biofilm
formation and development of the rugose phenotype. To de-
termine if lowering the intracellular level of c-di-GMP could
reverse the effect of c-di-GMP on biofilm and rugose colony
formation, we expressed YhjH, an E. coli PDE (80), in the R
variant. A biofilm was typically observed for ATCC 27562R
within 6 h of growth in culture tubes (Fig. 8, top panel). The
expression of yhijH in ATCC 27562R during the 6-h growth
period prevented biofilm formation. Maintenance of the ru-
gose phenotype was also inhibited when the intracellular c-di-
GMP level decreased (Fig. 8, bottom panel). The expression of
yhjH in ATCC 27562R led to loss of the R phenotype, while
the same strain carrying the vector control remained rugose.
Together, these results support the notion that controlled aug-
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FIG. 6. Sensitivity of the parental, ATCC 27562R, ATCC 27562RAbrpF, and ATCC 27562RAbrpl strains to chlorine and increasing salinity.
The indicated strains were grown in LB containing 10, NaCl. (A) The strains were then incubated in PBS containing 3 ppm NaOClI for 5 min.
The surviving bacteria were enumerated by plate counts. The number of viable bacteria relative to that obtained following treatment with PBS
alone is plotted. (B) Strains were grown in LB containing 0%/, (white bars), 2%, (dark gray bars), 10%, (light gray bars), and 30"/, (black bars)
NaCl. Bacterial growth (ODsys) is plotted. Results shown are representative of at least three independent experiments. Error bars represent
standard deviations.

mentation or depletion of the intracellular level of c-di-GMP screened an ATCC 27562 Tn/0 mutant library for clones that
can regulate the switch between the planktonic/biofilm and failed to form a biofilm in response to elevated c-di-GMP
smooth/rugose states of the bacteria. levels. As expected, Tn insertions in several of the brp struc-

brpR and brpT encode regulators of brp expression. To iden- tural genes were recovered. In addition, we identified lesions in
tify additional genes in the c-di-GMP/brp signaling pathway, we two genes (vw10525 and vw21570), of 1,335 and 633 bp, that we
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FIG. 7. Scanning electron micrographs of biofilms formed by V. vulnificus. Biofilm formation by the parental and ATCC 27562R strains carrying
pBAD24T::dcpA or the vector control on glass coverslips or oyster shells is shown. The indicated strains were grown in HIN. Images are in pairs
of low (L) and high (H) magnification. Scale bars are indicated at the bottom of each image.
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FIG. 8. Depletion of intracellular c-di-GMP levels in the R variant
prevents biofilm and rugose colony formation. The indicated strains
were grown in HIN. (Top) ATCC 27562R carrying pME6041T or
PMEG6041T::yhjH was grown in the presence (+) or absence (—) of
L-arabinose. The arrow marks the position of the biofilm ring. (Bot-
tom) Colony morphology of the strains above. Images shown are rep-
resentative of at least three independent experiments.

designated brpR and brpT, respectively. brpR was situated on
chromosome I, while brpT was adjacent to the brp locus. Un-
like the parental strain, neither the brpR:Tnl0 nor the
brpT::Tnl0 mutant harboring pBAD24T::dcpA formed a bio-
film or exhibited a rugose phenotype (data not shown). Ac-
cordingly, lesions in brpR and brpT also led to a significant
decrease (P < 0.001) in biofilm formation and loss of the
rugose phenotype in the R variant (Fig. 9). Complementation
of the ATCC 27562RAbrpR and ATCC 27562RAbrpT mutants
with the respective wild-type gene restored biofilm formation
and rugosity (12- to 14-fold increase for each after comple-
mentation; P < 0.001). BrpR contained a helix-turn-helix
(HTH) DNA binding domain and shared 79% and 84% amino
acid identity with VpsR of V. cholerae and CpsR of V. para-
haemolyticus. BrpT also harbored an HTH DNA binding do-
main and shared 55% amino acid identity with VpsT of V.
cholerae. These results suggested that BrpR and BrpT were
transcription factors that regulated biofilm and rugose colony
formation in V. vulnificus.

DISCUSSION

The global distribution of V. vulnificus in coastal and estu-
arine waters (16, 56, 57), coupled with its extremely invasive
pathology (76), has spawned many investigations into the phys-
ical properties that contribute to its environmental persistence
and its attachment to, and colonization of, marine biotic sur-
faces. Biofilm and rugose colony formation is predicted to be
important for the pathogen’s survival in aquatic ecosystems.
Biofilm formation promotes surface colonization, and biofilms
are refractory to host defenses and antibiotic treatment. The R
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FIG. 9. BrpR and BrpT are required for biofilm and rugose colony
formation by the R variant. The indicated strains were grown in HIN.
(A) Biofilm formation in culture tubes (top panel) and colony mor-
phology (bottom panel) of the parental strain, ATCC 27562R, and the
ATCC 27562RAbrpR and ATCC 27562RAbrpT mutant strains car-
rying the pBAD24T vector control. Complemented strains carry
pBAD24T::brpR or pBAD24T::brpT, respectively. (B) Quantitative
measurement of biofilm formation of the corresponding strains in
panel A by CV staining. Results shown are representative of at least
three independent experiments. Error bars represent standard
deviations.

variant exhibits an enhanced capacity to form stress-resistant
biofilms. Studies of the impact of bacterial surface structures
on biofilm and rugose colony formation have implicated the
involvement of CPS, EPS, pili, and flagella in these processes,
yet many of the structural genes and the genetic regulators
responsible for their expression are unknown. In this work we
identify a locus, brp, coding for an EPS that mediates biofilm
and rugose colony formation in V. vulnificus. Expression of the
brp locus was low in wild-type cells but was induced by increas-
ing c-di-GMP levels. Increased brp expression correlated with
increased biofilm and rugose colony formation and the devel-
opment of stress-resistant characteristics that typify the R vari-
ant. Disruption of putative glycosyltransferases within the lo-
cus resulted in the loss of these phenotypes. Furthermore, we
show that biofilm and rugose colony formation is linked to at
least two genes, brpR and brpT, that encode transcriptional
regulators. Both BrpR and BrpT contain a helix-turn-helix
DNA-binding motif near their C terminus. It is therefore pos-
sible that both regulators bind to the promoter regions of the
brp cluster and directly activate transcription of the brp bio-
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synthetic genes. Alternatively, BrpR and BrpT could mediate
their effect on brp expression indirectly, by controlling the
expression of another positive regulator of brp expression.
Since elevated c-di-GMP levels could not bypass lesions in
brpR or brpT to enhance biofilm and rugose colony formation,
this suggested that the input of c-di-GMP in the signaling
pathway either precedes or occurs concomitantly with that of
these transcription factors.

The brp locus is homologous to the vps locus of V. cholerae
and the cps locus of V. parahaemolyticus (Fig. 10). The respec-
tive polysaccharide loci are organized as two operons, and each
is subject to regulation by c-di-GMP (10, 39, 44, 81). BLAST
analysis suggested that BrpR was a transcriptional regulator
homologous to VpsR of V. cholerae (5, 63) and CpsR of V.
parahaemolyticus (28), while BrpT was homologous to the
VpsT transcription factor of V. cholerae (5, 11). The brp cluster
is also conserved in numerous Vibrio species, including V.
fischeri, V. splendidus, and V. alginolyticus (24). This degree of
evolutionary conservation leads us to speculate that this poly-
saccharide cluster may be a common mechanism used by many
Vibrio species to promote environmental persistence and bac-
terium-host interactions. If so, then comparative studies of
these loci should advance our understanding of such interac-
tions and bacterial survival. However, significant differences

between the systems exist. The V. cholerae vps and V. para-
haemolyticus cps loci contain 17 and 11 genes, respectively.
Putative biosynthetic genes within these loci are absent from V.
vulnificus, resulting in a reduced set of nine genes for the brp
locus. This raises the question of whether these “extra” genes
in the vps and ¢ps loci actually contribute to VPS and CPS
production in V. cholerae and V. parahaemolyticus. The rbmAB-
CDEF locus of V. cholerae, which is situated in the vpsl/II
intergenic region and modulates biofilm and rugose colony
formation (17, 18), is not present in V. parahaemolyticus or V.
vulnificus. Likewise, the scrABC locus of V. parahaemolyticus,
which affects cps expression (10), is absent from V. cholerae and
V. vulnificus. These differences likely reflect variations in the
structures of the respective polysaccharides, their expression in
response to different environmental stimuli, and the host
ranges of the bacterial species.

Estuarine environments, in which Vibrio species are com-
monly found, are characterized by having constantly changing
chlorine and salt gradients due to the mixing of sea and fresh-
water, and these gradients can range from 0.5 to 30 ppt (21).
Chlorine resistance in the V. cholerae R variant is due to the
capacity of the VPS to inactivate chlorine (89). It was previ-
ously reported that the R variant of V. vulnificus produced
copious biofilms and was more resistant to serum killing than
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the parental strain; however, the phenotype did not correlate
with an increased resistance to chlorine (24), and resistance to
osmotic and oxidative stress was not examined. We observed
that the R variant of V. vulnificus indeed produced substantial
biofilms and, like V. cholerae, exhibited increased resistance to
chlorine. The V. cholerae R variant was 20 times more resistant
to the killing effects of osmotic shock than the nonrugose
parental strain (83). Although there was no difference in the
survival of the parental strain and that of the R variant follow-
ing osmotic stress, V. vulnificus was less susceptible to its killing
effects than V. cholerae (10% survival for V. vulnificus versus
0.5% survival for V. cholerae [83]). We also noted that the V.
vulnificus R variant grew better than the parental strain at
NaCl concentrations that approached the salinity of seawater.
This may reflect an increased tolerance of the R variant for
fluctuations in osmotic conditions that occur in a salt- and
freshwater mix. The UV irradiation of water generates reactive
oxygen species such as hydrogen peroxide that damage cellular
lipids, proteins, and nucleic acids (3, 19). This effect increases
with increasing salinity in a synergistic, rather than simply
additive, manner (23). Thus, bacteria that may be exposed to
the photic zone of the water column must evolve protective
mechanisms against phototoxicity. The increased resistance of
the V. cholerae R variant to oxidative stress is due to the
increased production of catalases (89). Hydrogen peroxide
sensitivity remained unchanged between the V. vulnificus pa-
rental strain and the R variant, suggesting that the R pheno-
type did not correlate with an increased resistance to photoxic
attack. Interestingly, attempts to use UV light and microfiltra-
tion to depurate V. vulnificus from oyster stocks failed at tem-
peratures above 21°C, the approximate temperature of seawa-
ter during the summer months (78). It was proposed that the
tight association of V. vulnificus with oysters, fish, crustaceans,
mollusks, and plankton likely provided the bacteria with pro-
tective environments where it could freely reproduce. In such
closed systems, bacterial replication may be enhanced and, as
a result, large numbers of bacteria can be released into the
surrounding seawater at rates exceeding the bactericidal effects
of H,O, that is generated by UV light, obviating the need to
employ additional phototoxic resistance mechanisms. Collec-
tively, these characteristics likely contribute to the organism’s
environmental persistence and colonization of host surfaces.

Despite being capable of attaching to abiotic surfaces (37,
53), eel skin (46), and HEp-2 cells (60, 61), there exist few
structural data on the macrostructure of V. vulnificus biofilms.
Studies of this kind have been hampered by the difficulty in
obtaining stable biofilms under standard laboratory conditions,
and this is one of the few studies to observe the biofilm mor-
phology of V. vulnificus in detail. Microscopic examination of
the wild-type strain revealed that the cells adhered poorly to
biotic and abiotic surfaces. In contrast, development of the R
phenotype or increased c-di-GMP production via expression of
the DGC DcpA led to the formation of a compact, well-devel-
oped biofilm with prominent pillar-like structures and water
channels. Cells within the biofilm were enrobed in a matrix that
was not observed when DcpA was overexpressed in the brpF or
brpl mutant, supporting our hypothesis that the product of the
brp locus functions to modify the cell surface.

Although V. vulnificus is capable of forming extensive bio-
films, biofilm development varies considerably among V. vulni-
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ficus isolates (47). Our data suggest that this may be due, in
part, to differences in the levels of brp expression in these
isolates. Since the bacteria must be able to alternate between
sessile and planktonic states, they must be able to regulate
their ability to form and disperse the biofilm structure. We
have shown that increased c-di-GMP levels induced the pro-
duction of a cell surface EPS encoded by the brp locus that
conferred biofilm formation, rugosity, chlorine resistance, and
osmotic stress resistance to V. vulnificus. Depletion of intra-
cellular c-di-GMP levels halted and even reversed these phe-
notypes. Tight regulation of brp expression could form the
basis for rapid bacterial release from a developed biofilm,
either as clusters or as individual cells, when intracellular c-di-
GMP levels drop. In this scenario, c-di-GMP would act as a key
intracellular regulator for controlling biofilm stability by shift-
ing the state of biofilm cells between attached and detached in
a concentration-dependent manner. Hence, the brp-encoded
EPS likely plays an important role in surface colonization by,
and the persistence of, V. vulnificus, and its regulated expres-
sion may control how the bacteria switch from a planktonic
lifestyle to colonizing shellfish to invading human tissue.
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