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The Type II Secretion System Delivers Matrix Proteins for Biofilm

Formation by Vibrio cholerae
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Gram-negative bacteria have evolved several highly dedicated pathways for extracellular protein secretion, including the type II
secretion (T2S) system. Since substrates secreted via the T2S system include both virulence factors and degradative enzymes, this
secretion system is considered a major survival mechanism for pathogenic and environmental species. Previous analyses re-
vealed that the T2S system mediates the export of =20 proteins in Vibrio cholerae, a human pathogen that is indigenous to the
marine environment. Here we demonstrate a new role in biofilm formation for the V. cholerae T2S system, since wild-type V.
cholerae was found to secrete the biofilm matrix proteins RbmC, RbmA, and Bapl1 into the culture supernatant, while an iso-
genic T2S mutant could not. In agreement with this finding, the level of biofilm formation in a static microtiter assay was dimin-
ished in T2S mutants. Moreover, inactivation of the T2S system in a rugose V. cholerae strain prevented the development of col-
ony corrugation and pellicle formation at the air-liquid interface. In contrast, extracellular secretion of the exopolysaccharide
VPS, an essential component of the biofilm matrix, remained unaffected in the T2S mutants. Our results indicate that the T2S
system provides a mechanism for the delivery of extracellular matrix proteins known to be important for biofilm formation by
V. cholerae. Because the T2S system contributes to the pathogenicity of V. cholerae by secreting proteins such as cholera toxin
and biofilm matrix proteins, elucidation of the molecular mechanism of T2S has the potential to lead to the development of

novel preventions and therapies.

he type II secretion (T2S) system directs the transport of a

variety of proteins from Gram-negative bacteria. In Vibrio
cholerae, the causative agent of cholera, the T2S system supports
the outer membrane translocation of the major virulence factor,
cholera toxin, and several other proteins, many of which are asso-
ciated with the degradation of macromolecules. Known or pre-
dicted T2S substrates include chitinases, proteases, lipases/es-
terases, phospholipases, and nucleases (reviewed in references 1
and 2). While some T2S substrates have been shown to function
primarily in either the environmental reservoir or the host, mul-
tiple T2S substrates act in both settings (3—6). These enzymes
likely support nutrient acquisition and thereby the adaptation and
survival of bacteria as they encounter new environmental niches
(7, 8). In many of these environments, bacteria are living predom-
inantly as biofilms (9).

Biofilms are microbial communities that are embedded in a
matrix comprising polysaccharides, nucleic acids, and associated
extracellular proteins. The matrix enables the biofilm to adhere to
surfaces better than planktonic cells, forms the scaffold for the
construction of the biofilm, and provides mechanical stability
once the biofilm is established (reviewed in references 10 to 13).
When grown in biofilms, bacteria have access to nutrients accu-
mulating at interfaces. Biofilms also protect the resident bacteria
from predators, the effects of extracellular stress, the action of
antibiotics, and clearance by the immune system.

Although biofilm formation has been studied extensively in
many pathogens, much of the focus has been directed toward
extracellular polysaccharides and fimbriae, and only recently has
the role of extracellular matrix proteins begun to be addressed
(reviewed in reference 14). Proteomic analyses of the biofilm
matrix in V. cholerae have revealed several specialized proteins
involved in biofilm formation and stabilization (15, 16). These
included the RbmA and RbmC proteins, known to be critical
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for biofilm formation, as well as three proteins not previously
associated with biofilms: V. cholerae cytolysin (VCC; VCA0219), a
chitinase (VCA0027), and a hemagglutinin-protease (HA/P;
VCA0865) (16). We reported previously that RbomC, VCC, HA/P,
and chitinase are likely dependent on the T2S system for extracel-
lular secretion, since proteomic analysis identified these proteins
in the supernatants isolated from wild-type (WT) V. cholerae,
while they were either absent or present at reduced levels in a
T2S mutant (17). RbmA is known to be a secreted protein (15),
although the mechanism of secretion is not understood. In
mature V. cholerae biofilms, RbmA is localized around cell pe-
rimeters, is involved predominantly in intercellular interac-
tions, and facilitates the aggregation of bacteria into clusters
(16, 18). RbmC encases cell clusters within the biofilm (18),
while Bapl, a homologue of RbmC originally identified through
transcriptomic analysis of V. cholerae biofilm stages (19), shares
limited functional redundancy with RbmC (20) and plays a role in
biofilm-surface interactions and in the encasement of cell clusters
(16, 18).

Additional extracellular enzymes with degradative function
have been detected in the biofilms of other bacteria (for a review,
see reference 14). Substrates for these enzymes may consist of
matrix components and/or cellular debris and may include poly-
saccharides, proteins, and lipids. Enzymes that break down these
components transform the biofilm into a space where large mol-
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TABLE 1 Bacterial strains and plasmids used in this study

Strain or
plasmid Properties Source or reference
Vibrio cholerae
strains
N16961 WT El Tor O1 biotype Laboratory collection
NAepsD N16961 AepsD; Kan® 54
NAeps N16961 AepsCDEFGHIJKLMN; 54
Cm"
RA1552 El Tor Ol biotype, rugose variant; 38
spontaneous Rif" mutant of
clinical isolate 92A1552
RAABC Rugose variant; ArbmA Abapl 20
ArbmC
RAepsF Rugose variant; AepsF This study
RAVPS Avps-1 Avps-11; rugose variant 30
with deletion of vpsA to vpsK
and vpsL to vpsQ; Rif'
SA1552 El Tor Ol biotype, nonrugose 38
SAdns SA1552 Adns This study
TRH7000 El Tor Ol biotype; thy Hg" Laboratory collection
ActxAB
TRHAepsD ~ TRH7000 AepsC; Kan® 28
TRHAepsG ~ TRH7000 AepsG; Kan" 28
Plasmids
pEpsD epsD cloned into pMMB67; Amp” 28
pPEpsG epsG cloned into pMMB67; Amp® 28
pHA/P ha/p cloned into pMMB66; Amp" 55
pGFP gfpmut2 cloned into pMMB66; 55
Amp”
pEpsF epsF cloned into pMMB67; Amp"  This study

ecules can be degraded and subsequently taken up and utilized as
energy sources (21), since biofilm stability has been shown to be
energy dependent (22). Additionally, some extracellular enzymes
can degrade structural matrix components to promote the detach-
ment of resident bacteria, thereby allowing new biofilms to be
formed (23-26). Given the importance of extracellular proteins in
biofilms, protein secretion likely plays a central role in biofilm
development and maintenance. The mechanism of delivery of
these proteins to the biofilm matrix is generally unknown, how-
ever. Here we demonstrate that several proteins with established
roles in V. cholerae biofilm formation rely on the T2S system for
extracellular release.

MATERIALS AND METHODS

Bacterial growth conditions. The strains and plasmids used in this study
are listed in Table 1. Bacterial cultures were propagated at 37°C in Luria-
Bertani (LB) medium with supplements as specified below. Chromo-
somal in-frame deletion mutant strains were generated according to pre-
viously published protocols (18, 27). The concentrations of antibiotics
and inducer used, where appropriate, were as follows: ampicillin, 100
pg/ml; carbenicillin, 200 pg/ml; rifampin, 100 wg/ml; isopropyl-B-p-
thiogalactopyranoside (IPTG), 10 to 100 wM.

Recombinant DNA techniques. DNA manipulations were carried out
using standard molecular techniques according to the manufacturer’s in-
structions. PCRs were carried out using primers purchased from Bioneer
Corporation (Alameda, CA) or Integrated DNA Technologies (Coralville,
IA) and the Phusion High-Fidelity PCR kit (New England Biolabs). The
sequences of the primers used in the present study are available upon
request. Plasmid sequences for epsF expression were verified by sequenc-
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ing (UC Berkeley DNA Sequencing Facility, Berkeley, CA). Plasmids for
the complementation of epsD and epsG have been published previously
(28).

SDS-PAGE and immunoblotting. For all experiments, samples were
normalized to equivalent optical densities at 600 nm (ODy,,) and were
resolved using NuPAGE 4-to-12% Bis-Tris gradient gels (Invitrogen).
For the immunodetection of RbmC, RbmA, and Bap1 (Fig. 1), samples
were concentrated by precipitation utilizing pyrogallol red-molyb-
date-methanol (PRMM) as described previously (17). Briefly, culture
supernatants were mixed with an equal volume of PRMM solution
(0.05 mM pyrogallol red, 0.16 mM sodium molybdate, 1.0 mM sodium
oxalate, 50 mM succinic acid, 20% methanol [pH 2]), and the pH of
the mixture was immediately adjusted to 2.8 to 3.0 for optimal precip-
itation. Samples were incubated at room temperature for 2 h, followed
by overnight incubation at 4°C. Proteins were pelleted by centrifuga-
tion at 10,000 X g for 1 h, washed twice with ice-cold acetone, and
reconstituted in SDS loading buffer. Immunoblots were blocked in 5%
nonfat dry milk in TBS buffer (50 mM Tris-HCl, 200 mM NaCl [pH
7.5]), followed by incubation with anti-Bapl (1:200), anti-RbmA (1:
1,000), and anti-RbmC (1:1,000) antibodies. Secondary detection was
performed by incubation with horseradish peroxidase (HRP)-conju-
gated goat anti-rabbit IgG. Immunoblots were imaged using a Ty-
phoon Trio system (Amersham Biosciences).

Quantification of biofilm formation in V. cholerae. Biofilm assays
were performed as described previously (29) with the following modifi-
cations. Briefly, overnight stationary-phase cultures of wild-type and mu-
tant V. cholerae strains were diluted to an ODy, of 0.05 in LB medium,
with carbenicillin and 10 puM IPTG if necessary, and 100 p.l of each strain
was added to 8 wells each of a 96-well polystyrene microtiter plate. Plates
were incubated at 30°C for 8, 24, or 48 h. At each time point, culture
medium containing nonadherent cells was discarded, plates were rinsed
with water, and each well was stained with 125 l 0of 0.1% crystal violet for
10 min. The plates were rinsed again and were allowed to dry for 3 h or
overnight. Crystal violet was solubilized by the addition of 125 pl of 30%
acetic acid for 10 min, and biofilms were quantified by measuring the
ODs;,, using a plate reader. Four biological replicates, each with eight
technical replicates, were performed.

Colony morphology and pellicle formation analyses. Colony corru-
gation and pellicle formation assays were carried out according to previ-
ously published protocols (15, 20, 30). Briefly, for colony morphology
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FIG 1 Secretion of the biofilm matrix proteins RbmC, Bapl, and RbmA is de-
pendent on the T2S system. Concentrated culture supernatants of stationary-
phase cultures and cell extracts from WT V. cholerae N16961 with vector only
(WT/p), an epsD mutant with vector only (AepsD/p), and a complemented
epsD mutant strain (AepsD/pEpsD) were loaded by equivalent optical densi-
ties. As controls, a strain with mutations in rbmA, rbmC, and bapl (RAABC)
and its isogenic rugose parental strain (RA1552) were included. Primary de-
tection was performed with anti-RbmC (1:1,000), anti-Bap1 (1:200), and anti-
RbmA (1:1,000) antisera.
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studies, cultures grown overnight at 30°C with shaking (200 rpm) were
serially diluted with LB medium, and 100 pl of the diluted cultures was
plated onto LB agar medium. The cultures were incubated for 4 days (2
days at 30°C, followed by 2 days at room temperature). Assays were re-
peated with at least three different biological replicates. For the pellicle
formation assay, overnight stationary-phase cultures were diluted 1:200
into 5 ml of fresh medium in glass culture tubes (18 by 150 mm). The
cultures were incubated at 30°C for 2 days, followed by 1 day at room
temperature.

VPS dot blot analyses. Dot blotting experiments for Vibrio exopo-
lysaccharide (VPS) analysis were carried out according to previously
described protocols (18, 30). Briefly, overnight-grown cultures were
plated onto LB agar plates and were incubated at 37°C for 1 day. Cells
were harvested from the plates by scraping and were resuspended in LB
medium. The resuspended cultures were adjusted to the same optical
density, and equal volumes of the cell suspensions were shaken gently
at4°C for 1 h. Cells were removed by centrifugation. The supernatants
were collected (soluble VPS), and cell pellets were resuspended to the
same volume in LB medium (cell-associated VPS). The soluble VPS
fraction and intact cell samples (1.0 pl) were serially diluted and were
spotted onto nitrocellulose membranes, followed by incubation with
anti-VPS antiserum (1:1,000) and HRP-conjugated goat anti-rabbit
IgG (1:7,500). Dot blots were imaged using a Typhoon Trio system.
Fractions were also analyzed for the presence of the type II secreted
protein hemagglutinin-protease (HA/P) by SDS-PAGE and immuno-
blotting using anti-HA/P antibodies (1:5,000) and for the cytoplasmic
marker green fluorescent protein (GFP) by fluorometry (excitation
and emission at 485 and 535 nm, respectively).

DNase zymography. Supernatants from overnight cultures grown
in 3-(N-morpholino)propanesulfonic acid (MOPS) minimal medium
(1X MOPS salts [40 mM MOPS {pH 7.4}, 4 mM Tricine, 0.1 mM
FeSO,-7H,0, 9.5 mM NH,Cl, 0.28 mM KCl, 0.53 mM MgCl,-6H,0, and
50 mM NacCl], 1X trace metals [0.005% MgSO,, 0.0005% MnCl,-4H,0,
and 0.0005% FeCl;], and 0.5% glucose; supplemented with 0.1 mM
KH,PO,) were subjected to SDS-PAGE without prior boiling using gels
that included 200 mg/ml salmon sperm DNA (Invitrogen). To remove the
SDS, gels were washed with 2.5% (vol/vol) Triton X-100 followed by 2.5%
Triton X-100-50 mM Tris-HCI (pH 7.5) (31). After washing, gels were
incubated first at 37°C in 50 mM Tris-HCl (pH 7.5)-50 mM MgCl, and
then at 37°C in 50 mM Tris-HCI (pH 7.5)-50 mM MgCl,—25 mM CaCl,,
stained in ethidium bromide, and imaged.

RESULTS

T2S-dependent secretion of biofilm matrix proteins. RbmaA,
RbmC, and Bap1 are secreted proteins with established roles in
V. cholerae biofilm formation. Previously, proteomic analysis of
culture supernatants suggested that RbmC may be a member of
the V. cholerae T2 secretome (17). To confirm the role of the T2S
system in RbmC secretion and also to determine if the other bio-
film matrix components, RbmA and Bap1, are dependent on the
T2S system for extracellular secretion, we carried out immunoblot
analyses using culture supernatants and whole-cell lysates from
cultures of the WT strain N16961, the isogenic AepsD T2S mutant,
and the complemented mutant strain of V. cholerae. As controls, a
V. cholerae strain with mutations in rbmA, rbmC, and bapl
(RAABC) and its isogenic parental strain (RA1552) were in-
cluded. Immunoblots showed the presence of polypeptides corre-
sponding to the expected sizes for RbmC (~102 kDa), RbmA
(~26 kDa), and Bap1 (~73 kDa) in the supernatant fractions of
the WT and the complemented deletion strain (Fig. 1). All three
proteins were absent in the supernatant fractions from the T2S
mutant. Additionally, RbmA and Bapl accumulated in the cell
fractions of the T2S mutant, suggesting that these proteins are
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FIG 2 The V. cholerae T2S system supports biofilm formation. Cultures of V.
cholerae WT and T2S mutant strains were grown for 8, 24, and 48 h at 30°C in
microtiter plates, and biofilm formation by the adherent cells was quantified
by crystal violet staining. (A) WT V. cholerae N16961 with vector only (WT/p)
and a mutant with the whole eps operon deleted, with vector only (Aeps/p). (B)
V. cholerae TRH7000 with vector only (WT/p), epsD and epsG mutants with
vector only (AepsD/p and AepsG/p), and their complemented strains (AepsD/
pEpsD and AepsG/pEpsG). There were statistically significant differences (P =
0.0001) between the WT and mutant strains at all time points tested. The
ODg, of the mutant planktonic cultures did not differ significantly from that
of the WT culture (data not shown).

made but cannot be secreted in this strain. We were unable to
detect RbmC in cell fractions of the T2S mutant, suggesting that it
may be degraded or its expression level may be reduced when it is
not secreted from the cell (32). These results indicate that the
biofilm matrix proteins are predominantly secreted in WT V. chol-
erae and require the T2S system for extracellular secretion.

Role of the T2S system in biofilm formation. The dependency
of the biofilm matrix proteins RbmA, RbmC, and Bap1 on the T2S
system for extracellular secretion implies that the T2S system con-
tributes to biofilm development and/or maintenance. To test this
hypothesis, we analyzed the biofilm formation capacities of differ-
ent V. choleraeisolates and several isogenic T2S mutants in a quan-
titative microtiter assay and two qualitative assays that evaluate
colony morphology and pellicle formation in liquid cultures.
First, WT V. cholerae N16961 and a mutant in which the entire
T2S system was deleted (Aeps) were compared using a crystal vi-
olet staining-based biofilm assay. Biofilms were allowed to prog-
ress for 8, 24, or 48 h and were then stained with crystal violet and
quantified; biofilm mass was expressed as the absorbance at 550
nm. V. cholerae lacking the T2S system exhibited a statistically
significant defect in biofilm formation relative to the WT strain.
Figure 2A shows the dynamics of biofilm formation by these
strains over time.

We also analyzed the biofilm formation ability of a toxin-neg-
ative derivative of N16961, TRH7000, since we have constructed
single-gene deletions of all 12 eps genes in this strain background
and have shown that each eps gene is required for extracellular
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FIG 3 Colony corrugation and pellicle formation are dependent on the
T2S system. Shown are colony (top) and pellicle (bottom) phenotypes of
rugose strain RA1552 with vector only (RA1552/p), RAepsF with vector
only (RAepsF/p) or with the complementing plasmid (RAepsF/pEpsF), and
RArbmA Abapl ArbmC with vector only (RAABC/p). Colonies were incu-
bated for 4 days (bars, 1 mm), while pellicles were incubated for 3 days.

secretion (28, 33-36). While we observed some differences be-
tween the single T2S gene deletion strains, the mutant strains con-
sistently displayed significantly less biofilm formation than the
WT strain. The results for two representative mutants, TRHAepsD
and TRHAepsG, are shown in Fig. 2B. The reason for the differ-
ence between mutants is not known, but it may result from a low
level of nonspecific leakage of biofilm matrix proteins in some of
the mutants. More importantly, complementation of the T2S mu-
tants restored the ability of these strains to form biofilms. While
the T2S mutants had a distinctly smaller amount of stained bio-
film mass over the entire 48-h period, the complemented strains
closely mimicked the profile of the WT strain. These results indi-
cate that the T2S system is required for biofilm formation in V.
cholerae.

The T2S system contributes to rugosity. To further determine
the involvement of T2S in biofilm formation, we analyzed the
impact of inactivating the T2S system in a rugose variant of V.
cholerae. Rugose strains have an enhanced capacity to produce
biofilm matrix materials, and consequently, their biofilm-forming
ability can additionally be observed by the development of corru-
gated colonies and pellicles (37-39). The rugose parental strain
RA1552 and an RAepsF strain were incubated on LB agar plates in
order to follow the development of colony corrugation and in LB
broth in glass culture tubes in order to analyze pellicle formation
at the air-liquid interface. Compared to the parental rugose strain,
the T2S mutant formed a smooth-looking colony (Fig. 3, top) and
exhibited a drastic reduction in the level of pellicle formation (Fig.
3, bottom). The T2S mutant strain was phenotypically similar to
the strain with mutations in rbmA, rbmC, and bapl. Increased
colony corrugation and pellicle formation were observed when
the T2S secretion mutant was complemented in trans, indicating
that extracellular components secreted by the T2S system contrib-
ute to colony corrugation and pellicle formation.

DNase secretion is not T2S dependent. In addition to the
biofilm matrix proteins RbmA, RbmC, and Bapl, other extra-
cellular proteins also have the capacity to control biofilms. V.
cholerae has been shown to produce two secreted DNases, Xds and
Dns (40-42), and recent work has demonstrated a role for these

4248 jb.asm.org

AepsD
SA1552
SAdns

'_
=

FIG 4 The T2S system does not secrete the DNase Dns. DNA zymography of
culture supernatants from the WT V. cholerae strain N16961 and V. cholerae
AepsD was performed. DNase activity is detected by the clearing of DNA from
the SDS-PAGE gel. As controls, a strain with a mutation in dns and its isogenic
parental strain (SA1552) were included. Molecular weight markers (in thou-
sands) are indicated.

DNases in the development of normal 3-dimensional (3-D) bio-
film architecture and biofilm dispersal on abiotic surfaces (42). In
order to determine if the T2S system is also responsible for the
secretion of these extracellular proteins, we performed DNase zy-
mography on culture supernatants of N16961 and the AepsD mu-
tant. As controls, a strain with a deletion of dns and its isogenic
parental strain (SA1552) were included. As seen in Fig. 4, Dns was
secreted and active in N16961 and T2S mutant samples, suggest-
ing that Dns is not a T2S substrate. Xds activity, on the other hand,
was low and variable, preventing us from determining conclu-
sively whether Xds is secreted by the T2S system (not shown).

VPS production is not dependent on T2S. A hallmark of V.
cholerae biofilms is the production of VPS (Vibrio exopolysaccha-
ride), and many of the phenotypic properties of rugose variants
have been directly attributed to this exopolysaccharide. It was
concluded previously that the T2S system is involved in VPS pro-
duction, since inactivation of the T2S genes epsD and epsE in a
rugose variant of N16961 resulted in a smooth colony morphol-
ogy (43). In order to evaluate the contribution of the T2S system
to VPS secretion, we isolated VPS from cells grown on LB agar and
performed VPS dot blot analysis (Fig. 5). A strain lacking VPS
(RAVPS) was included as a control. Soluble and cell-associated
VPSs were detected in the nonrugose WT strain N16961 and its
isogenic T2S mutants (the AepsD and Aeps mutants), as well as in
the rugose WT strain RA1552, its isogenic T2S mutant (RAepsF),
and the strain with all three secreted biofilm matrix protein genes
deleted (RAABC). Although more VPS was detected in the rugose
strains than in the nonrugose strains, no difference in VPS pro-
duction was observed between the T2S mutants and their isogenic
WT strains in either background, suggesting that VPS does not
depend on the T2S system for extracellular transport. The pres-
ence of VPS in the released, soluble fraction was not due to lysis of
the cells, since fluorescence from the cytoplasmic marker GFP was
detected only in the cell pellet, not in the fraction containing sol-
uble VPS (Fig. 6B).

As a control to ensure that the T2S system is functional in cells
grown on agar, we performed immunoblot analyses of the same
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FIG 5 VPSis produced and secreted independently of the T2S system. VPS immunodot blot analysis was conducted with the WT strain N16961, the AepsD and
Aeps mutants, the WT rugose strain RA1552, RAepsF, RArbmA Abapl ArbmC (RAABC), and a strain lacking VPS (RAVPS). Dot blotting was carried out by
spotting the soluble VPS fraction and cells onto nitrocellulose membranes. Undiluted samples (U) and dilutions are indicated. (Left) Incubation with anti-VPS
(1:1,000) and HRP-conjugated goat anti-rabbit IgG (1:7,500). (Right) Secondary-antibody control.

fractions using antibodies against a well-characterized T2S-de- DISCUSSION
pendent protein, hemagglutinin-protease (HA/P). HA/P was de-
tected in the soluble fractions only for strains containing a func-
tional T2S system, while the protein accumulated in the cells of
T2S mutants (Fig. 6A). Collectively, these data suggest that the
biofilm defects observed in the T2S mutants are not due to inter-
ference with VPS production or secretion.

The T2S system supports bacterial persistence in many environ-
ments by secreting enzymes and toxins. Here we demonstrate that
proteins with well-known roles in V. cholerae biofilm formation
rely on the T2S system for extracellular secretion. We reported
previously that RbmC likely relies on the T2S apparatus for extra-
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FIG 6 Growth on LB agar does not interfere with the function of the T2S system, and no leakage of a cytoplasmic marker is observed. Shown are data for soluble
VPS fractions and cells from the WT V. cholerae strain N16961, the AepsD and Aeps mutants, the WT rugose strain RA1552, and the RAepsF, RAABC, and RAVPS
strains, with plasmids encoding either HA/P (pHA/P) or GFP (pGFP), grown on LB agar plates. (A) All samples were normalized to equivalent optical densities.
Primary detection was performed with anti-HA/P (1:5,000) antiserum. Secondary detection was performed with HRP-conjugated goat anti-rabbit IgG (1:
15,000). (B) GFP fluorescence was measured using excitation and emission wavelengths of 485 nm and 530 nm, respectively. Filled and open bars indicate
fluorescence detected in cells and soluble VPS fractions, respectively. Results from three independent experiments are presented as average fluorescence units
(FU)/ODyg unit * standard errors.
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cellular transport (17), so we tested the hypothesis that like RbmC,
Bapl and RbmA would also require the T2S system for export into
the biofilm matrix. Indeed, immunoblot analyses using PRMM-
precipitated V. cholerae culture supernatants and whole-cell ly-
sates showed the presence of RbmC, RbmaA, and Bapl in the su-
pernatant fractions of the WT and complemented deletion strains,
while they were absent in the supernatant of the T2S mutant (Fig.
1). Cell-associated RbmA and Bapl instead accumulated in the
T2S mutant. RbmC, on the other hand, was not detected in T2S
mutant cells, suggesting that it may be degraded or its expression
level may be reduced when it is not secreted via the T2S system.

Previously, a P. aeruginosa mini-Tn5-lux mutant library screen
identified a T2S mutant with reduced biofilm-forming ability
(44). Similarly, Baldi et al. (45) observed less biofilm in a T2S
mutant of enteropathogenic Escherichia coli after 96 h in a contin-
uous-culture flow cell system than in the wild type. Thus, we com-
pared the biofilm formation capacities of WT V. cholerae and T2S
mutants, including the AepsG, AepsD, and Aeps mutants. Com-
parisons of the relative densities of the adherent cells by crystal
violet staining showed that V. cholerae lacking a functional T2S
system had a statistically significant defect in biofilm formation
relative to that by the WT at all time points tested (Fig. 2). Com-
plementation of the T2S genes restored the abilities of these strains
to form biofilms to near-WT levels, indicating that the T2S system
is required for biofilm production by V. cholerae.

The biofilm-forming capacities of strains with single muta-
tions in rbmA, rbmC, or bapl are not significantly different from
that of the rugose variant (15, 20). However, mutations in rbmA
do cause cells to form biofilms that are less structured, more frag-
ile, and more sensitive to sodium dodecyl sulfate than WT bio-
films (15), suggesting that changing the profile of extracellular
proteins in the biofilms can alter their integrity. A double deletion
mutant (ArbmC Abapl) and a triple deletion mutant (ArbmA
ArbmC Abap]l) have significantly reduced biofilm-forming capa-
bilities (15, 20). Here we show that T2S mutants, unable to secrete
RbmA, RbmC, Bapl, and possibly additional contributing pro-
teins, are severely deficient in biofilm formation (Fig. 2).

In response to stress, V. cholerae undergoes phenotypic varia-
tion that results in a morphologically distinct variant termed the
rugose variant (37, 38, 46, 47). Rugose variants form rough/wrin-
kled colonies, show increased resistance to stresses, and have an
enhanced ability to form biofilms and pellicles (30, 37, 38).
Genomic expression profiling of rugose variants indicated that the
regulation of =100 genes differs from that for smooth variants
and, in particular, that several genes encoding T2S system proteins
are upregulated (48). These findings are supported by our obser-
vation that a deletion of the T2S gene epsF results in both loss of
rugosity and loss of pellicle formation (Fig. 3), and they agree with
the report by Ali et al. (43) showing that two other T2S proteins,
EpsD and EpsE, are needed for the formation of the rugose phe-
notype.

The strong connection between VPS and biofilm formation led
us to compare the VPS levels of the T2S mutants. We observed no
difference in VPS levels between the WT and a T2S mutant (Fig.
4).Nor did we observe a deficiency in VPS secretion in the strain in
which all three biofilm matrix proteins were deleted. It is therefore
unlikely that the loss of rugosity and/or biofilm production in T2S
mutants is due to involvement of the T2S pathway in VPS secre-
tion. It is also unlikely that any of the proteins required for VPS
synthesis are dependent on the T2S system for localization. It was
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concluded previously that the T2S system is involved in VPS pro-
duction (43); however, this conclusion was made prior to the
knowledge of the important role of matrix proteins in biofilm
formation. While VPS may make up the majority of the mass of
the V. cholerae biofilm matrix (49), it is clear that the presence of
VPS alone is not enough to form a functional, productive biofilm.

While it is possible that the primary step of biofilm formation
affected by the T2S system in V. cholerae is the building of a biofilm
matrix, it is conceivable that other stages of biofilm maturation in
V. cholerae and/or other organisms could also be dependent on
this secretion system. For instance, extracellular enzymes, such as
proteases and lipases, that are secreted by the T2S system may
increase the longevity of the biofilm by digesting lysed cells or
biofilm matrix components for nutrient acquisition and recycling.
Additionally, extracellular enzymes can degrade structural matrix
components to promote the detachment of resident bacteria,
thereby allowing new biofilms to be formed. It is clear, however,
that the T2S system does not support the extracellular transport of
all proteins that participate in the formation, stability, and disper-
sion of biofilms, since our data suggest that the secretion of the
DNase Dns does not require the T2S system. While the mecha-
nism by which Dns translocates the outer membrane of V. cholerae
has yet to be determined, it is apparent that biofilms are affected by
a variety of extracellular components, and these components are
transported by different secretion pathways, some of which may
be coregulated.

In many bacteria, signaling by the second messenger 3',5'-
cyclic diguanylic acid (c-di-GMP) determines the timing of com-
plex biological processes such as biofilm formation and matura-
tion. High intracellular levels of c-di-GMP lead to an increase in
the production of matrix components, including exopolysaccha-
rides and extracellular DNA, and an increase in the level of biofilm
formation (50-52). Interestingly, the level of transcription of T2S
genes increased 2-fold after c-di-GMP levels were elevated by
overexpression of the diguanylate cyclase VCA0956 (53). The cor-
relation between the expression of T2S components and that of
genes involved in biofilm formation, including the vps genes, sug-
gests that these systems may be coregulated by c-di-GMP signal-
ing; however, the mechanism through which c-di-GMP activates
T2S gene expression remains to be determined.

Since biofilm formation is a key step in environmental persis-
tence and a source of infections, understanding the mechanisms
by which the widely distributed, highly conserved T2S system is
regulated and contributes to biofilm formation and maintenance
is of great medical importance and may identify ways to eradicate
and prevent the development of biofilms.
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