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Phase variation between smooth and rugose colony variants of Vibrio cholerae is predicted to be important
for the pathogen’s survival in its natural aquatic ecosystems. The rugose variant forms corrugated colonies,
exhibits increased levels of resistance to osmotic, acid, and oxidative stresses, and has an enhanced capacity
to form biofilms. Many of these phenotypes are mediated in part by increased production of an exopolysac-
charide termed VPS. In this study, we compared total protein profiles of the smooth and rugose variants using
two-dimensional gel electrophoresis and identified one protein that is present at a higher level in the rugose
variant. A mutation in the gene encoding this protein, which does not have any known homologs in the protein
databases, causes cells to form biofilms that are more fragile and sensitive to sodium dodecyl sulfate than
wild-type biofilms. The results indicate that the gene, termed rbmA (rugosity and biofilm structure modulator
A), is required for rugose colony formation and biofilm structure integrity in V. cholerae. Transcription of rbmA
is positively regulated by the response regulator VpsR but not VpsT.

The etiologic agent of the diarrheal disease cholera (28),
Vibrio cholerae, is a facultative human pathogen. It is naturally
found in environmental aquatic habitats both as a free-living
organism in the water column and in a biofilm state attached to
different surfaces, including mucilaginous surfaces of phyto-
plankton, chitinous surfaces of zooplankton, and abiotic sur-
faces (16). V. cholerae causes periodic, seasonal outbreaks of
disease in regions where it is an established member of the
aquatic ecosystem (10, 16, 32). The occurrence of these out-
breaks is likely to be linked to survival strategies used by V.
cholerae in various aquatic habitats. In other words, enhanced
survival of the organism in the environment increases the num-
bers of V. cholerae cells, thereby increasing the likelihood of
disease. It has been proposed that the organism uses biofilm
formation on surfaces and phase variation as survival strategies
(57, 58, 62).

Biofilms are surface-attached microbial communities com-
posed of microorganisms and the extrapolymeric substances
they produce (12, 40, 43). Biofilm formation begins with the
transport and attachment of the bacterium to surfaces. After
the initial attachment, colonization of a surface is mediated by
the movement and growth of attached bacteria. Surface colo-
nization then leads to the formation of microcolonies, which
are often surrounded by extrapolymeric substances. Further
growth of bacteria and continued production of exopolysac-
charides lead to the development of mature biofilm structures
characterized by pillars and channels. It has been shown that
development of these structures depends on biomass growth

rate, twitching motility, signaling molecules, and exopolysac-
charide production (12, 40, 43).

The sequence of events leading to the initiation of V. chol-
erae biofilm on abiotic surfaces under laboratory conditions
and the genes required for these steps have been reported (57).
The mannose-sensitive hemagglutinin type IV pilus and flagel-
lum facilitate attachment to abiotic surfaces. The flagellum is
also required for the spreading of bacteria along the surface.
Under laboratory conditions, mannose-sensitive hemaggluti-
nin is also required for efficient colonization of biotic surfaces,
such as the chitinous exoskeleton of zooplankton (9) and cel-
lulose fibers (56). Chitin-regulated pilus and toxin-coregulated
pilus also facilitate attachment to chitinous surfaces (34, 44).
Vibrio polysaccharide, VPS, is required for the development of
mature biofilms (57, 62), which are characterized by macro-
colonies separated by water channels. In addition, MbaA, a
protein belonging to the family of GGDEF- and EAL-domain
proteins that modulate levels of the second messenger c-di-
GMP in cells, is also critical for maintenance of biofilm archi-
tecture in V. cholerae (5).

In response to environmental stresses, V. cholerae undergoes
phase variation, which results in two morphologically distinct
colonial variants, called smooth and rugose (36, 55, 58, 62),
that differ greatly at the phenotypic level. The presence of
phenotypic variants has also been reported for Vibrio vulnificus
(19) and Vibrio parahaemolyticus (33), indicating that this pro-
cess is common among clinically important Vibrio species. The
rugose variant of V. cholerae forms corrugated colonies and
well-developed biofilms and shows a higher level of resistance
to osmotic and oxidative stresses than the smooth variant.
Increased production of VPS in the rugose variant is largely
responsible for these phenotypes (36, 45, 55, 62). In V. chol-
erae, VPS production is mediated by proteins encoded by genes
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located in the vpsI (vpsA-K, VC0917-27) and vpsII (vpsL-Q,
VC0934-9) regions. Mutations in any of the vps genes cause
smooth colonial morphology and reduced capacity to form
biofilms (62). Two known positive regulators of vps gene ex-
pression, VpsR and VpsT, exhibit homology to response reg-
ulators of the two-component regulatory system. Disruption of
either gene in the rugose genetic background prevents expres-
sion of vpsA and vpsL, blocks production of VPS, yields a
smooth colonial morphology, and abolishes typical three-di-
mensional biofilm structure formation (8, 60).

The molecular consequences of smooth-to-rugose phase
variations were determined by whole-genome expression pro-
filing of the two variants during the exponential growth phase
in nutrient broth (61). The study showed that 124 genes are
differentially regulated between the phase variants. Among
these, the expression of 77 genes was induced and that of 47
was repressed in the rugose compared to the smooth variant.
To gain a better understanding of the consequences of phase
variation, we identified changes in the proteome that accom-
pany the smooth-to-rugose phase variation using two-dimen-
sional gel electrophoresis on whole-cell extracts of V. cholerae
cultures grown to exponential and stationary phase. We iden-
tified a protein (RbmA) that is produced at a higher level in
the rugose variant. Using mutational analysis, we determined
that RbmA is required for the full development of corrugated
rugose colonial morphology and of “typical” pillar structures of
biofilms. In addition, we established that RbmA production is
regulated by VpsR.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The bacterial strains and
plasmids used are listed in Table 1. All V. cholerae and Escherichia coli strains
were routinely grown aerobically, in Luria-Bertani (LB) medium, at 30°C and
37°C, respectively, unless otherwise specified. The agar medium contained 1.5%
(wt/vol) granulated agar (Difco), except for the motility studies, where the agar
concentration was 0.3% (wt/vol). Concentrations of antibiotics used are as fol-
lows: for ampicillin, 100 �g/ml; for rifampin, 100 �g/ml; and for gentamicin, 30
�g/ml. Pellicle formation experiments were carried out in glass culture tubes (18
by 150 mm) containing 5 ml of LB medium inoculated with 200-fold dilutions of
overnight cultures. The tubes were incubated at 30°C under static conditions.

Recombinant DNA techniques. DNA manipulations were carried out by stan-
dard molecular techniques (46). Restriction enzymes and DNA modification
enzymes were obtained from New England Biolabs. PCRs were carried out with
primers purchased from Operon Technologies and with a High-Fidelity PCR kit
(Roche).

2D SDS-PAGE. Rugose and smooth V. cholerae wild-type cells were harvested
during exponential and stationary growth phases and resuspended in 125 to 250
�l of lysis buffer containing 0.3% sodium dodecyl sulfate (SDS), 10 mM Tris (pH
7.4), 100 �g/ml DNase I (DNase I type II from bovine pancreas), and 50 �g/ml
RNase A (RNase A type IIIA from bovine pancreas) in 5 mM MgCl2, 10 mM
Tris-Cl (pH 7.0), and 1% protease inhibitor stock [20 mM 4-(2-aminoethyl)ben-
zenesulfonyl fluoride hydrochloride (AEBSF), 1 mg/ml leupeptin, 0.36 mg/ml
E-64, 500 mM EDTA, and 5.6 mg/ml benzamidine]. The cells were then vortexed
and incubated on ice for 5 min. An equal volume of SDS boiling buffer, com-
posed of 5% SDS, 10% glycerol, and 60 mM Tris (pH 6.8), was added, and
protein concentrations were determined using a bicinchoninic acid assay
(Pierce). Before loading the samples for SDS-polyacrylamide gel electrophoresis
(SDS-PAGE), �-mercaptoethanol was added to a final concentration of 5%
(vol/vol). Labeling of exponentially grown cultures (1 ml) was carried out with 40
�Ci of [35S]methionine (Du Pont NEN, Wilmington, Del.) for 3 min followed by
a 1-min chase with 0.2 mM unlabeled methionine. Labeling time was increased
to 15 min for stationary-phase cultures, followed by a 5-min chase with unlabeled

TABLE 1. Plasmids and strains used

Plasmid or strain Relevant properties Reference or source

Plasmids
pGP704-sacB28 Used for sucrose-based selection, Apr Gary Schoolnik
pGPVC0928 pGP704-sacB28 containing the SOEing PCR product of rbmA This study
pACYC177 Low-copy-number cloning vector, Apr New England Biolabs
prbmA pACYC177 harboring wild-type copy of rbmA This study
pBAD/Myc-His B Arabinose-inducible expression vector with C-terminal Myc epitope

and six-His tags
Invitrogen

prbmA-myc pBAD/Myc-His B containing the coding region of rbmA This study
pRS415 lacZ-based cloning vector for transcriptional fusion studies, Apr 50
prbmA::lacZ pRS415 containing rbmA upstream regulatory fragment fused to lacZ This study
pCC11 pRS415 containing vpsA upstream regulatory fragment fused to lacZ 8
pCC12 pRS415 containing vpsL upstream regulatory fragment fused to lacZ 8
pGP704::Tn7-GFP Mini-Tn7 vector harboring a constitutively expressed gfp cassette Gary Schoolnik
pUX-BF13 Helper plasmid containing transposase gene for mini-Tn7 Gary Schoolnik

Strains
V. cholerae 92A1552

FY_Vc_0001 O1 E1 Tor, Inaba, smooth, Rifr 60
FY_Vc_0002 O1 E1 Tor, Inaba, rugose, Rifr 60
FY_Vc_0004 Rugose �lacZ 8
FY_Vc_0005 R�vpsT �lacZ 8
FY_Vc_0006 R�vpsR �lacZ 8
FY_Vc_0007 R�vpsR �vpsT �lacZ 8
FY_Vc_102 S�rbmA This study
FY_Vc_105 R�rbmA This study
FY_Vc_222 Rugose-gfp This study
FY_Vc_224 R�rbmA-gfp This study

E. coli
DH5� F� endA1 hsdR17 supE44 thi-1 recA1 gyrA96 relA1 �(argF-lacZYA)

U169 (�80dlac�M15)
Promega

CC118 (� pir) D(ara-leu) araD DlacX74 galE galK phoA20 thi-1 rpsE rpoB argE(Am)
recA1 � pir

21

S17-1 (� pir) Tpr Smr recA thi pro rK
	 mK

� RP4:2-Tc:MuKm Tn7 � pir 15
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methionine. The samples were washed twice with phosphate-buffered saline
(PBS). The amount of [35S]methionine incorporated was determined by liquid
scintillation counting of a small portion of the cell lysate precipitated with 10%
trichloroacetic acid (TCA). Protein samples were loaded at 2,200,000 cpm, and
two-dimensional (2D) gel electrophoresis was carried out with a Protean II
(Bio-Rad) device as described by the manufacturer. Labeled proteins were vi-
sualized by autoradiography. The following 14C molecular weight markers (Am-
ersham) were added to a well in the agarose that sealed the tube gel to the slab
gel: myosin (220 kDa), phosphorylase B (97 kDa), bovine serum albumin (66
kDa), ovalbumin (45 kDa), carbonic anhydrase (30 kDa), and lysozyme (14 kDa).
These markers appeared as faint bands at the basic end of the X-ray films. For
Coomassie blue-stained gels (Fig. 1), 250 �g of each protein sample was loaded.
The following proteins (Sigma) were added as molecular weight standards to a
well in the agarose that sealed the tube gel to the slab gel: myosin (220 kDa),
phosphorylase A (94 kDa), catalase (60 kDa), actin (43 kDa), carbonic anhydrase
(29 kDa), and lysozyme (14 kDa). These standards appear as horizontal lines on
the Coomassie brilliant blue R-250-stained 10% acrylamide slab gels. 2D protein
electrophoresis was conducted according to the method of O’Farrell (39) by

Kendrick Labs, Inc. (Madison, WI). Briefly, isoelectric focusing (IEF) was car-
ried out in glass tubes with an inner diameter of 2.0 mm using 2.0%, pH 4 to 8
ampholines (BDH from Hoefer Scientific Instruments) at 9,600 V · h. One
microgram of an IEF internal standard, tropomyosin protein, with a molecular
weight of 33 kDa and pI 5.2, was added to the samples. The positions of the
standard are indicated by arrowheads on the stained 2D gels (Fig. 1). After
equilibration for 10 min in buffer O (10% glycerol, 50 mM dithiothreitol, 2.3%
SDS, and 0.0625 M Tris, pH 6.8), the tube gels were sealed to the top of the
stacking gels, which were above the 10% acrylamide slab gels (0.75 mm thick).
SDS slab gel electrophoresis was carried out for about 4 h at 12.5 mA/gel. Protein
spot 1 was excised from the Coomassie blue-stained gels and subjected to enzy-
matic digestion and internal sequencing. Following 2D SDS-PAGE analysis on
two different biological replicates, proteins differentially produced in rugose and
smooth cells were identified visually.

Generation of in-frame rbmA deletion mutants in smooth and rugose variants
of V. cholerae. The 5� (560 bp) and 3� (417 bp) regions of the rbmA gene, which
encodes VC0928, were amplified by PCR with primers VC0928_del_A (GATC
TCTAGACTGTTTGTGGCGATCACATC) and VC0928_del_B (CAGAAAC

FIG. 1. Protein profiles of smooth and rugose variants are different. Two-dimensional gel electrophoretic analyses of proteins in whole-cell
lysates from rugose and smooth variants of V. cholerae during exponential and stationary growth phases are shown. The arrowheads indicate the
IEF internal standard, tropomyosin protein (33 kDa), whereas protein spots that were differentially produced between the two variants are circled
and numbered. Protein spot 1 corresponds to the protein RbmA. The arrows in panel C indicate protein spots that are present in larger amounts
in rugose whole-cell lysates than in those from the smooth variant during stationary growth phase. Sizes (in thousands) of molecular weight markers
are indicated on the right side of each panel.
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AATACAACTGGCGCTAAGGCTAA) and primers VC0928_del_C (CGCCA
GTTGTATTGTTTCTGGTGAGCGAGT) and VC0928_del_D (GATCCCAT
GGTCGTTTCTTTCGAACATGTCA), respectively. The two PCR products
generated (termed AB and CD) were then joined via SOEing (splicing by overlap
extension) PCR (23, 24, 31) with primers VC0928_del_A and VC0928_del_D.
Overlapping nucleotide sequences (20 bp) were incorporated into primers
VC0928_del_B and VC0928_del_C to facilitate SOEing PCR. The amplified,
997-bp deletion fragment was cloned into pGP704-sacB28 via XbaI and NcoI
restriction enzyme sites, which were incorporated into primers VC0928_del_A
and VC0928_del_D, respectively. The accuracy of the deletion fragment was
verified by DNA sequencing. The deletion recombinant plasmid (pGPVC0928)
was used to transform the cloning strain E. coli CC118 (� pir), purified, and then
used to transform the conjugative strain E. coli S17-1 (� pir). S17-1 (� pir) was
then conjugated with V. cholerae smooth and rugose variants separately.
Transconjugants were selected on LB agar medium containing 100 �g/ml of
ampicillin and rifampin. Sucrose-based selection, similar to that described by
Fullner and Mekalanos (18), was used to select V. cholerae deletion clones that
had undergone homologous recombination between the wild-type chromosomal
copy of rbmA and the 997-bp deletion fragment. Briefly, 16 independent ampi-
cillin- and rifampin-resistant transconjugants were randomly selected, streaked
on LB agar plates containing 100 �g/ml of ampicillin and rifampin, and incu-
bated at 37°C. Single colonies were then streaked on LB agar plates containing
100 �g/ml of ampicillin and 6% (wt/vol) sucrose without NaCl or 100 �g/ml of
ampicillin alone to test for sucrose sensitivity and ampicillin resistance. Culture
plates were incubated at 37°C, except for those containing sucrose, which were
incubated at room temperature. Six ampicillin-resistant and sucrose-sensitive
clones were selected, inoculated into 5 ml of LB medium, and incubated at 37°C
with shaking at 200 rpm for 6 h. A loopful (1 �l) of the liquid culture grown for
6 h was then streaked on LB agar plates containing 6% (wt/vol) sucrose without
NaCl and incubated at room temperature for 2 days. Deletion mutants growing
on the sucrose-based medium were selected and streaked for single colonies on
LB agar medium. Presence of the deletion was verified by PCR. Deletion mu-
tants of rbmA generated in smooth and rugose backgrounds were designated as
S�rbmA and R�rbmA, respectively.

Generation of complementation strains in R�rbmA. The complementation
plasmid prbmA was constructed by cloning an amplified 1,113-bp fragment of
rbmA (including 174 bp upstream to 123 bp downstream of the predicted rbmA
open reading frame [ORF]), using primers VC0928_com F (GATCAAGCTTT
TTGGTTTATTTTTGCTTTCTGG) and VC0928_com R (GATCCTCGAGTG
AGGAAAGCGGTAAACTCC), into pACYC177 via HindIII and XhoI sites,
which were incorporated into the primers. Following electroporation of prbmA
into electrocompetent R�rbmA cells, complemented clones were selected on LB
agar medium containing ampicillin (100 �g/ml).

Generation of R�rbmA expressing Myc-tagged RbmA. The 813-bp coding
region of rbmA (including the start codon but excluding the stop codon) was
amplified with primers VC0928myc F (GATCCTCGAGGTTGTCTAACTTTA
AAGGATCTATCA) and VC0928myc R (GATCTCTAGATTTTTTTTTACC
ACTGTCATTGACTG) and directionally cloned into plasmid pBAD/Myc-His B
(Invitrogen) via XhoI and XbaI sites in frame with the downstream Myc epitope
and six histidine codons. The resulting C-terminal Myc-tagged expression vector
prbmA-myc was electroporated into electrocompetent R�rbmA cells, and recom-
binant clones were selected on LB agar medium containing ampicillin (100 �g/ml).

Generation of rbmA-lacZ fusion strains in the V. cholerae rugose variant. A
292-bp DNA fragment immediately upstream of the predicted rbmA ORF was
amplified with primers P0928 F1 (GATCGAATTCGTTACAAGAACCCGGA
AGAATG) and P0928 R1 (GATCGGATCCCCATTTGTTTTTACAACTGGC
GCTAA). The amplified product was cloned into the promoterless lacZ vector
pRS415 (50) via EcoRI and BamHI sites, generating the rbmA-lacZ fusion
construct prbmA::lacZ, which was used to transform E. coli DH5�. In construct-
ing V. cholerae rbmA-lacZ fusion strains, prbmA::lacZ was electroporated into
electrocompetent rugose V. cholerae strains harboring a lacZ deletion
(Rugose�lacZ); vpsT and lacZ deletions (R�vpsT �lacZ); vpsR and lacZ dele-
tions (R�vpsR �lacZ); and vpsR, vpsT, and lacZ deletions (R�vpsR �vpsT
�lacZ). Recombinant clones were selected on LB agar medium containing 100
�g/ml ampicillin.

�-Galactosidase assays. �-Galactosidase activity was determined using a pro-
tocol similar to that described by Miller (35). Briefly, overnight cultures of V.
cholerae were diluted 200-fold and inoculated into fresh LB medium. Cells in the
exponential growth phase were harvested when the optical density at 600 nm
(OD600) reached 0.4. Different dilutions of 100 �l of cell culture were pipetted
into wells of a MultiScreen-HA 96-well microtiter plate fitted onto a MultiScreen
filtration system (Millipore). Culture medium was removed by applying a vacuum
to the filtration system. The cells were then washed with 200 �l of buffer Z (16.1

g/liter Na2HPO4 · 7H2O, 5.5 g/liter NaH2PO4 · H2O, 0.75 g/liter KCl, 0.246 g/liter
MgSO4 · 7H2O) at pH 7.0. Cell lysis was carried out by adding 100 �l of buffer
Z containing 0.69% (vol/vol) �-mercaptoethanol, 0.02% (wt/vol) cetyltrimethyl-
ammonium bromide, and 0.01% (wt/vol) deoxycholic acid sodium salt, followed
by incubation at room temperature for 5 min. ONPG (o-nitrophenyl-�-D-galac-
topyranoside) solution (20 �l of 4 mg/ml) was added to the lysed cell suspensions,
and these were further incubated at 30°C until sufficient color development was
observed. The duration of color development was noted for each culture. The
reaction was stopped by adding 50 �l of 1 M Na2CO3. The intensities of color
were measured at ODs of 420 nm and 550 nm after transferring the samples to
a new flat-bottom 96-well microtiter plate. Miller units for �-galactosidase ac-
tivity were calculated using the following formula: Miller units 
 1,000 � (OD420

	 1.75 � OD550)/(t � v � OD600), where t is the reaction time in minutes and
v is the assay volume in milliliters. The data were presented as average values of
at least three technical replicates from one representative experiment, which was
repeated three times with different biological replicates showing similar data.

Quantitative biofilm assays. Biofilm formation assays were carried out in
polyvinyl chloride microtiter plates following a method previously described (60).
Briefly, 100 �l of 200-fold-diluted overnight cultures were pipetted into the wells
of 96-well microtiter plates. The plates were incubated at 30°C for 8 h. Liquid
medium in each well was discarded, and the plates were washed once gently with
water. Crystal violet staining and ethanol solubilization were carried out, as
previously described, to quantify biofilm formation (41). The data are presented
as average values of at least 15 technical replicates from one representative
experiment, which was repeated three times with different biological replicates
showing similar data.

Generation of GFP-tagged strains of V. cholerae wild-type variants and rbmA
deletion mutants. Green fluorescent protein (GFP)-tagged wild-type rugose and
rbmA deletion mutants were generated by triparental conjugation with donor E.
coli S17-1 (� pir) cells carrying pGP704::Tn7-GFP (a mini-Tn7 transposon con-
taining the gfpmut3 gene under the control of a constitutive ribosomal promoter)
and helper E. coli S17-1 (� pir) cells harboring pUX-BF13 containing the Tn7
transposase gene. The mini-Tn7 transposon targets the chromosomal region
between loci VC0487 and VC0488. Transconjugants were selected on thiosul-
fate-citrate-bile salts-sucrose (Difco) agar medium containing 30 �g/ml genta-
micin at 30°C. GFP-tagged strains were verified by PCR analysis and fluores-
cence microscopy.

Flow cells and confocal scanning laser microscopy (CSLM). Overnight cul-
tures, grown in LB liquid medium at 30°C with shaking at 200 rpm, were diluted
to an OD600 of 0.02, and 200-�l aliquots were inoculated by injection into flow
cell chambers. Before inoculation, the chambers were sterilized and equilibrated
with 1 liter of 0.5% (vol/vol) hypochlorite, followed by 1 liter of sterile MilliQ
water and 200 ml of 2% LB (0.2 g/liter tryptone, 0.1 g/liter yeast extract, 9 g/liter
NaCl) at a flow rate of 0.26 ml/min. After inoculation, the chambers were
allowed to stand inverted, with no flow, for 1 h. Flow was resumed at a rate of
0.26 ml/min with chambers standing upright for 30 min. Flow cell experiments
were carried out at room temperature. Confocal images of biofilms that formed
in flow cell chambers were captured with an LSM 5 PASCAL system (Zeiss) at
488-nm excitation and 543-nm emission wavelengths. Three-dimensional images
of the biofilms were reconstructed using Imaris software (Bitplane) and quanti-
fied using COMSTAT (22). For the biofilm structure integrity studies, 0.2%
(wt/vol) SDS was used.

Cellular fractionation. Overnight cultures were diluted 100-fold and inocu-
lated into fresh LB medium containing ampicillin. Cells in the exponential
growth phase (OD600 
 0.3) were then induced with 0.1% (wt/vol) arabinose for
1 h. Cultures (30 ml) were harvested by centrifugation (10,000 � g), and cellular
fractionation was carried out similarly to a procedure previously described (7).
Briefly, the cell pellet was resuspended in PBS containing polymyxin B sulfate
(10,000 U) and incubated on ice for 10 min. The soluble periplasmic fraction was
collected after centrifugation (10,000 � g) at 4°C for 10 min. The spheroplast
pellet was resuspended in 10 mM Tris-Cl (pH 8.0), and cells were lysed by
sonication (10-s pulses repeated five times). Unlysed cells were removed by
repeated centrifugations (10,000 � g) at 4°C for 15 min each. The soluble
cytoplasmic fraction was separated from total membranes by centrifugation of
the lysate (100,000 � g) at 4°C for 1 h. The inner and outer membranes were
differentially solubilized by resuspending the total membrane pellet in 10 mM
Tris-Cl containing 100 mM NaCl and 2.5% (wt/vol) Sarkosyl and incubated at
room temperature with shaking for 30 min. The soluble inner membrane fraction
was separated from the outer membrane pellet by centrifugation at 200,000 � g
at 4°C for 1 h. The outer membrane was resuspended in 200 �l of 10 mM Tris-Cl
(pH 8.0).

Proteins in the culture supernatant were precipitated using TCA (4). Briefly,
2 ml of 0.15% (wt/vol) deoxycholic acid sodium salt was added to 20 ml of culture
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supernatant, vortexed, and incubated at room temperature for 10 min. Then, 2
ml TCA was added, and the samples were vortexed and incubated on ice for 30
min. The protein precipitate was pelleted by centrifugation at 10,000 � g for 10
min at 4°C. The pellet was washed twice with ice-cold acetone and resuspended
in 200 �l of 10 mM Tris-Cl (pH 8.0). Protein concentrations were estimated
using a bicinchoninic acid protein assay kit (Pierce) with bovine serum albumin
as the standard. Protein samples were loaded at 5 and 1 �g for immunoblot
analysis of RbmA and OmpU, respectively.

Immunoblot analysis. Proteins from various cellular and culture supernatant
fractions were separated on a 10% SDS-polyacrylamide gel and electroblotted
onto a nitrocellulose membrane with a Mini Trans-Blot Cell (Bio-Rad) appara-
tus in transfer buffer containing 25 mM Tris (pH 8.3), 192 mM glycine, 20%
(vol/vol) methanol, and 0.1% (wt/vol) SDS. The blot was blocked with 2%
(wt/vol) skim milk and washed with PBS buffer containing 250 mM NaCl and
0.1% (vol/vol) Tween 20. Rabbit polyclonal antiserum against V. cholerae OmpU
(provided by K. Klose) was used at a dilution of 1:100,000, while mouse mono-
clonal antibody against the Myc epitope (Santa Cruz Biotechnology) was used at
a dilution of 1:1,000. Horseradish peroxidase-conjugated goat anti-rabbit and
anti-mouse secondary antibodies (Santa Cruz Biotechnology) were used at a
dilution of 1:2,500. Immunoblots were developed with a SuperSignal West Pico
chemiluminescent kit (Pierce). Immunoblot analyses were conducted using two
biological replicates and two technical replicates.

RESULTS

Protein profiles of the rugose and smooth variants are dif-
ferent. To identify changes in total protein production patterns
resulting from phase variation, smooth and rugose cultures
were labeled with [35S]methionine during both exponential and
stationary phases of growth, and labeled proteins were then
identified by 2D gel electrophoresis. Results of such analyses
(data not shown) show differences in total protein profiles
between the two variants, whereby phase variation negatively
and positively regulates production of multiple proteins.

To determine the identities of the proteins that are differ-
entially produced, crude protein extracts from whole-cell ly-
sates were separated by 2D gel electrophoresis, and the gels
were stained with Coomassie blue. Analysis of the proteins
produced by smooth and rugose variants during exponential
and stationary growth phases revealed that at least four protein
spots (indicated by circles and numbered in Fig. 1) were dif-
ferentially produced. Protein spot 1 was produced at higher
levels in cell lysates from the rugose variant than in those from
the smooth one (Fig. 1). Similarly, protein spots 2 and 3 were
present in larger amounts in crude protein extract from the
rugose variant grown to exponential phase than in that from
the smooth variant (Fig. 1A and B). Protein spot 4 was present
in smaller amounts in lysates from the rugose variant grown to
stationary phase than in lysates from the smooth variant (Fig.
1C and 1D). In addition, two other protein spots (indicated by
arrows in Fig. 1C) appear to be present in slightly larger
amounts in the protein sample from the rugose variant grown
to stationary phase than the smooth one.

We focused our studies on protein spot 1 and determined
the sequence of 12 amino acids corresponding to the internal
part of the protein, which aligned to the amino acid sequence
of the hypothetical protein annotated as VC0928 in the V.
cholerae El Tor N16961 genome (Fig. 2A). We named the gene
locus VC0928 rbmA (for rugosity and biofilm structure modu-
lator A) because of evidence that it is involved in rugose colony
and biofilm structure formation (discussed below). There are
two possible start codons encoding methionine (M1 and M9)
in rbmA (Fig. 2A). BLAST searches of the nonredundant pro-
tein database (NCBI) using the predicted polypeptide se-

quences beginning with either methionine did not reveal any
significant homologs, suggesting that this protein may be
present only in V. cholerae. The closest hit had an E value of
0.19 for a Mesorhizobium loti sequence of unknown function.
More-sensitive searches using the Sequence Alignment and
Modeling software system (SAM-T2K and SAM-T04 methods)
(29, 30) were also unsuccessful in finding any similar se-
quences. Using the TMHMM (transmembrane helices predic-
tion), SignalP (signal peptide cleavage sites prediction), and
LipoP (lipoproteins and signal peptides prediction) programs,
a strong prediction was given for a signal peptide with cleavage
between A30 and E31 (probability 0.922 and 0.998 for the two
SignalP methods) (27, 38, 51). We next attempted to under-
stand the function of this protein using structure prediction
programs; their outputs are presented in the Discussion.

rbmA is located in the vps region between the vpsI and vpsII
clusters (Fig. 2B), which contain the genes required for VPS
production (62). Putative regulatory elements (	10 and 	35
regions and terminator sequences) have been predicted up-
and downstream of the rbmA ORF (data not shown), suggest-
ing that it is expressed as a monocistronic transcript and not
part of an operon structure. Immediately upstream of rbmA is
the last gene of the vpsI cluster (vpsK, VC0927), predicted to
encode a UDP-N-acetyl-D-mannosamine transferase. Directly
downstream of rbmA is the locus VC0929, predicted to code
for a hypothetical protein 408 amino acids in length, and then
several ORFs predicted to code for a hemolysin-related pro-
tein (VC0930), three hypothetical proteins (VC0931-3), and

FIG. 2. Amino acid sequence of protein spot 1 corresponds to that
of VC0928. (A) Alignment of the 12-amino-acid sequence from pro-
tein spot 1 with a peptide sequence encoded by rbmA (locus VC0928),
as obtained from TIGR. (B) The genetic organization of rbmA (open
arrow) on the V. Cholerae chromosome is depicted with locus annota-
tions under each ORF. The vpsI and vpsII gene clusters, as well as the
first and last genes of each cluster (vpsA and vpsK; vpsL and vpsQ) are
marked and labeled. Unlinked chromosomal DNA regions within the
vps clusters are also indicated (�). (Illustration is not to scale.)
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the first gene of the vpsII cluster (vpsL, VC0934), which en-
codes a capsular polysaccharide biosynthesis glycosyltrans-
ferase. Inactivation of locus VC0930 using transposon TnphoA
insertion resulted in a switch from rugose to smooth colonial
phenotype (2), suggesting that the genes located between the
two vps clusters play a role in maintaining rugose colony for-
mation in V. cholerae.

rbmA deletion affects rugose colonial morphology. The close
proximity of rbmA to the vps clusters prompted us to ask
whether the gene is involved in cellular processes that are
affected by the expression of vps genes (62). To identify the
function of rbmA, deletion mutants were generated in both the
rugose (R�rbmA) and smooth (S�rbmA) variants. Deletion of
rbmA in the rugose variant decreased the corrugation of rugose
colonies but did not lead to completely smooth colony forma-
tion (Fig. 3A1 and 3A3). Complementation of R�rbmA using
the plasmid prbmA, which harbors the wild-type copy of rbmA
(including 174 bp upstream and 123 bp downstream from the
predicted ORF) on a low-copy-number vector, restored the
normal rugose colonial morphology (Fig. 3A6). In contrast,
R�rbmA transformed with plasmid vector alone retained its
abnormal colonial morphology (Fig. 3A5). No obvious differ-
ences in colonial morphology were observed in the rbmA de-
letion mutant generated in the smooth variant compared to the
wild type (Fig. 3A2 and A4). Together, these results show that
RbmA is required for rugose colony formation in V. cholerae.

We also determined the abundance of transcripts corre-
sponding to the vpsA and vpsL genes in R�rbmA to investigate
whether expressions of these two genes, known to be important
to rugose colonial morphology, were altered. To this end,
vpsA- and vpsL-lacZ fusion plasmids (pCC11 and pCC12, re-
spectively) (8) were introduced into the wild-type rugose vari-
ant and R�rbmA, and �-galactosidase activities were deter-
mined. As shown in Fig. 3B, there are no significant differences
in transcriptional abundance of vpsA and vpsL between the
wild type and R�rbmA. Both wild-type and R�rbmA rugose
variants containing vector alone showed negligible background
�-galactosidase activities (data not shown). These results dem-
onstrate that vps gene expression is not altered in R�rbmA,
and therefore the less-corrugated colonial morphology of
R�rbmA is due to the loss of RbmA function.

rbmA is critical for biofilm structure and fitness. The bio-
film-forming capacity of the rugose variant is greatly enhanced
compared to that of the smooth variant. Since R�rbmA exhib-
ited an altered colonial morphology, we asked whether the
biofilm-forming property of R�rbmA was also altered relative
to the wild type. Thus, we first compared the biofilm-forming
properties of the two strains by crystal violet staining of bio-
films formed on microtiter plates after 8 h of incubation under
static conditions at 30°C. The results, shown in Fig. 4A, re-
vealed that the biofilm-forming capacity of R�rbmA was not
significantly different from that of the wild-type rugose variant.
This finding suggests that rbmA has a different role than the
genes that code for VPS biosynthesis, since vps mutants have
reduced biofilm-forming capacities.

The rugose variant also forms a pellicle, which is a biofilm
formed at air-liquid interface. When cultures are grown stati-
cally, R�rbmA forms a pellicle that appears slightly less devel-
oped (that is, less wrinkled) than that of the rugose variant.

Upon shaking, the pellicle formed by R�rbmA broke into
pieces, suggesting that it might have been more fragile (Fig.
4B). In contrast, the pellicle formed by the wild-type rugose
variant detached as an aggregate. Differences in the stabilities

FIG. 3. RbmA is critical to rugose colony formation, and the ex-
pression of vpsA and vpsL is not altered in R�rbmA. Panel A shows the
colony morphologies of the rugose variant (A1), smooth variant (A2),
R�rbmA (A3), S�rbmA (A4), R�rbmA/pACYC177 (A5), and
R�rbmA/prbmA (A6). (B) Expression of the vpsA-lacZ and vpsL-lacZ
fusion genes (carried in the pCC11 and pCC12 plasmids, respectively)
in the wild-type rugose and R�rbmA variants grown in LB at 30°C to
mid-exponential growth phase (OD600 
 0.4). Error bars represent
standard deviations.
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of pellicles prompted us to find structural differences between
the biofilms formed by R�rbmA and the wild-type rugose variant.

To understand the dynamics of biofilm development in a
flowing system, we first analyzed biofilm formation by CSLM
as a function of time using a once-through flow cell reactor and
GFP-tagged strains. After 12 h, the biofilm formed by R�rbmA
appears less developed (that is, less differentiated) than that of
the wild-type rugose variant (Fig. 4C). COMSTAT analysis of
the biofilms revealed that the R�rbmA biofilm is thicker in
height (average thickness of 61 �m compared to 14 �m for the
wild type), less organized, and more disperse (that is, loosely
packed) (Fig. 4C1 and C2). These differences were more evi-
dent after 48 h, when the average thickness of the rugose
biofilm was 200 �m compared to 312 �m for R�rbmA (Fig.
4C3 and C4). The increased thickness of the biofilm structure

of R�rbmA is not likely to be due to an increase in VPS
production, since vpsA and vpsL gene expression and total
biofilm mass (as determined by crystal violet quantification)
are similar between R�rbmA and the wild type. Treatment of
biofilms with 0.2% (wt/vol) SDS for 5 min destroyed the bio-
film formed by R�rbmA (Fig. 4C6), and after 20 min of SDS
treatment the biofilm had almost completely detached (Fig.
4C8). On the other hand, the biofilm formed by the rugose
variant remained relatively intact after the same treatment
(Fig. 4C5 and C7). The differences observed in pellicle and
biofilm formation could not be attributed to an altered growth
rate of the mutant, since there was no difference in the growth
rates of R�rbmA and the wild type. Together, these results
show that RbmA is required for the formation of structurally
mature biofilms and for biofilm fitness in V. cholerae.

FIG. 4. RbmA is required for biofilm structure. (A) Quantitative comparison of biofilm formation by the wild-type rugose variant, R�rbmA,
R�rbmA/pACYC177, and R�rbmA/prbmA after an 8-h incubation in LB medium at 30°C under static conditions. Error bars represent standard
deviations. Crystal violet-stained biofilms formed in the wells of polyvinyl chloride microtiter plates, which were used in the quantitative biofilm
assays, are shown in the inserts. (B) Pellicle formation by the wild-type rugose variant (B1 and B2) and R�rbmA (B3 and B4) after 2 days of
incubation in LB at 30°C. B2 and B4 show pellicles disturbed by shaking. (C) Confocal scanning laser microscopic images of horizontal (xy) and
vertical (xz) projections of biofilm structures formed by the rugose variant and R�rbmA in a flow cell system. Biofilm structures that developed
after 12 and 24 h of incubation are shown in panels C1 to C4. Biofilm structure integrity studies using SDS are shown in C5 to C8, and the duration
of SDS treatment is indicated on the left. In C1 and C2, bars represent 30 �m, whereas in C3 to C8, they represent 100 �m.
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RbmA is a secreted protein. To investigate the cellular lo-
calization of RbmA, a chimeric protein was generated by trans-
lational fusion of the C terminus of RbmA to a Myc epitope
and six histidine residues (in pBAD/Myc-His B). Transcription
of the fusion protein was under the control of an arabinose-
inducible promoter. R�rbmA grown to exponential phase har-
boring the translational fusion plasmid prbmA-myc was in-
duced with 0.1% (wt/vol) arabinose, harvested, and fraction-
ated into cellular components. Anti-Myc antibody (�-Myc)
detected an immunoreactive polypeptide of approximately 31
kDa (Fig. 5) in the TCA-precipitated culture supernatant (CS)
fraction. In contrast, such a band was not detected in the
uninduced CS fraction (Fig. 5) or in both induced and unin-
duced periplasmic, inner membrane, and outer membrane
(OM) fractions (data not shown). A faint band of 31 kDa was
also detected in the induced (but not in the uninduced) cyto-
plasmic fraction. As a control, immunoblot analysis of cellular
fractions and TCA-precipitated CS fractions was also carried
out with anti-OmpU antisera (�-OmpU). A strong signal cor-
responding to an immunoreactive polypeptide of the expected
size for OmpU in V. cholerae was detected in the OM fractions
from both induced and uninduced cultures (Fig. 5). Together,
these results indicate that RbmA is predominantly present in
the culture supernatant fraction of V. cholerae and thus likely
to be a secreted protein.

Expression of rbmA is regulated by VpsR. The response
regulators VpsR and VpsT regulate the expression of vps genes
and the formation of corrugated colonies. To study a possible
effect of VpsR and VpsT on the expression of rbmA, an rbmA-
lacZ transcriptional fusion (prbmA::lacZ) plasmid was con-
structed and electroporated into wild-type rugose, R�vpsR,
R�vpsT, and R�vpsR �vpsT strains (8). The chromosomal
copy of lacZ in these strains has been inactivated by an in-
frame deletion to prevent background �-galactosidase activity.
High levels of �-galactosidase activity were detected in the
wild-type rugose and R�vpsT strains harboring prbmA::lacZ
but not in R�vpsR (�-galactosidase activity was 17-fold lower
than in the wild type) or R�vpsR �vpsT (14-fold lower than the
wild type) (Fig. 6). All strains carrying the vector pRS415
showed negligible background �-galactosidase activity (data
not shown). These results indicate that expression of rbmA is
positively regulated by VpsR. Thus, rbmA is likely to be coor-
dinately expressed with the vps genes.

DISCUSSION

Phase variation between smooth and rugose variants and the
expression of associated properties are believed to be linked to

the survival of V. cholerae in many aquatic environments. To
better understand changes to the proteome that accompany
phase variation, proteomic analyses were carried out on total
cell proteins extracted from smooth and rugose variants grown
to exponential and stationary growth phases (Fig. 1 and data
not shown). The results showed that total protein profiles of
smooth and rugose variants are different during both growth
phases and that phase variation negatively and positively reg-
ulates the production of multiple proteins.

We identified a protein called RbmA that was produced at
higher levels in the rugose variant than in the smooth variant
during both exponential and stationary growth phases. This
finding is congruent with transcriptome analysis of the phase
variants, which showed that transcription of rbmA (VC0928
locus) is higher in the rugose variant (61). RbmA does not have
any homologs in protein sequence databases. Thus, to gain
insight into its possible function, we attempted to determine
the likely structure of RbmA using different structure predic-
tion programs. Because preliminary computer predictions and
experimental results suggested that RbmA is a secreted pro-
tein, structure prediction analysis was conducted based on the
assumption that RbmA is secreted and used only the portion of
the protein starting with E31. We used the SAM-T04 protocol
for structure prediction, though both local structure prediction
and fold recognition are of limited reliability for orphan ORF
sequences, as both rely heavily on signals from the sampling of
sequence space done by evolution. Five different protein folds
were found to have E values of less than 5.0, whereby the top
two appeared to be secreted proteins, though their E values
(1.48 and 2.49) indicate that the predictions are speculative at
best. The top hit was to 1qfhA, F-actin cross-linking gelation
factor (ABP-120) repeats from slime mold (Dictyostelium dis-
coideum), which the program SCOP version 1.67 classifies as
an E set domain, an immunoglobulin-like beta sandwich pos-

FIG. 5. RbmA is a secreted protein. Immunoblot analysis of pro-
teins in the CS and OM fractions from arabinose-induced (�) and
uninduced (	) cultures of R�rbmA harboring plasmid prbmA-myc.
Mouse monoclonal antibody against the Myc epitope (�-Myc) and
rabbit polyclonal antisera against V. cholerae OmpU (�-OmpU) were
used to detect RbmA-Myc and OmpU, respectively.

FIG. 6. VpsR is required for rbmA transcription. Expression of an
rbmA-lacZ fusion gene (prbmA::lacZ) in the wild type and in vpsR,
vpsT, and vpsR vpsT mutants of the rugose variant grown in LB at 30°C
to mid-exponential growth phase (OD600 
 0.4) is shown. Error bars
represent standard deviations.
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sibly related to the immunoglobulin and fibronectin type III
domain (FnIIID) superfamilies (3). This fold family, initially
characterized in fibronectin, is common among modular pro-
teins. FnIIID is present in extracellular proteins, intracellular
proteins, and the extracellular domains of membrane-receptor
proteins (6). FnIIID is also found in some carbohydrases (en-
zymes that hydrolyze polymers composed of a six-carbon sugar
backbone) from different bacteria. Structure analyses of the
chitin binding protein, CBP21, from Serratia marcescens and
chitinase A1 from Bacillus circulans WL-12 have also revealed
the presence of FnIIID in these proteins (26, 54). The second
hit was to 1jlxA, an agglutinin from Love-lies-bleeding (Ama-
ranthus caudatus), which SCOP classifies as a beta-trefoil (37).
The beta-trefoil family proteins include fibroblast growth fac-
tors, interleukin-1, mannose receptor, agglutinin, and Clostrid-
ium neurotoxins (59). The mannose receptor and agglutinin is
a particularly interesting fold, as these proteins are known to
bind sugars. Structure prediction suggests that RbmA may fold
into either the FnIIID or beta-trefoil family of tertiary struc-
tures. Both superfamilies include proteins capable of binding
carbohydrates (6, 59).

Protein localization studies revealed that RbmA is found
predominantly in culture supernatants. The size of the approx-
imately 31-kDa immunoreactive polypeptide that was detected
in the arabinose-induced CS fraction is consistent with that of
the chimeric protein RbmA-Myc without the signal peptide
(predicted to be 29 kDa). The main terminal branch pathway
of the type II general secretion pathway is involved in the
secretion of several V. cholerae proteins, including cholera
toxin (1, 14, 48), heat-labile enterotoxin (42), endochitinase
(ChiA) (11, 17), and protease(s) (42, 47). This pathway may
also be involved in the secretion of hemolysin and polysaccha-
rides in V. cholerae (1). The secretory system by which RbmA
translocates is yet to be determined, but it is possible that the
main terminal branch pathway plays a role in this process.

In this study, we showed that RbmA is required for the
maintenance of rugose colonial morphology (Fig. 3) and the
development of wild-type biofilm architecture (Fig. 4). Both
processes require the production of VPS, which is composed of
nearly equal amounts of glucose and galactose and smaller
amounts of N-acetylglucosamine and mannose. Hence, both
structure predictions and phenotypic analyses suggest that
RbmA may be a sugar-binding protein. The exact mechanism
by which this protein functions (in other words, whether it
binds carbohydrates and, if it does, what types) has yet to be
determined. It is possible that RbmA binds to carbohydrates in
the VPS matrix, thus giving rise to the tightly packed and
organized biofilm structure observed in the wild-type rugose
variant. It is also possible that RbmA acts like an agglutinin/
adhesin, binding cells together or anchoring the biofilm and/or
cells to a substratum that contains carbohydrates. Recent stud-
ies reported that agglutinin and adhesin proteins are present in
E. coli and in Pseudomonas aeruginosa (25, 49, 52). The mul-
tipurpose, nonorganelle adhesin TibA mediates cell autoaggre-
gration, binding, and invasion of E. coli to human cells and
enhances biofilm formation (49). Similarly, the two carbohy-
drate-binding proteins (lectins), LecA and LecB, from P.
aeruginosa have been shown to bind specifically to galactose
and fucose, respectively. Furthermore, LecB, which localized

on the outer membrane of the bacterium, is required for bio-
film formation (25, 52).

In addition to altering biofilm architecture, absence of
RbmA reduced the biofilm’s resistance properties. Biofilms
formed by R�rbmA were more sensitive to SDS than wild-type
biofilms. Similar findings have also been reported for the bio-
films formed by toxin-coregulated pilus mutants of V. cholerae
cultured on chitinous surfaces (44). These observations suggest
that changes to the extrapolymeric substance composition of
biofilms, at either the exopolysaccharide or the protein level,
can alter biofilm fitness.

In V. cholerae, several members of the two-component su-
perfamily of proteins are involved in regulating genes required
(either directly or indirectly) for biofilm formation. The posi-
tive regulators VpsR and VpsT, which exhibit a high degree of
homology to response regulators of the two-component super-
family, are required for the transcription of vps genes and the
formation of mature biofilms in V. cholerae (8, 60). Data in this
study show that expression of rbmA, unlike that of vps genes
vpsA and vpsL, is positively regulated by only VpsR and not
VpsT (Fig. 6). The significance of this result has yet to be
determined. A recent study reported that VieA, the response
regulator of the VieS/A/B three-component signal transduc-
tion system, represses the transcription of rbmA (VC0928 lo-
cus) and the vps genes (53). Interestingly, repression of rbmA
in the �vieA mutant is observed only in the classical biotype
and not in the El Tor biotype of V. cholerae, presumably be-
cause a functionally redundant protein in the El Tor biotype
compensates for the loss of VieA (53). HapR, a negative reg-
ulator that represses the expression of vps genes at high cell
density (20, 61, 63), also negatively regulates rbmA transcrip-
tion (61). Altogether, these findings show that genes encoding
proteins required for VPS production and biofilm architecture
(including rbmA) are coordinately regulated by VpsR and
HapR.

Biofilm formation by aquatic microorganisms is well docu-
mented (12). It has been proposed that the attachment of
bacteria to surfaces and subsequent biofilm growth exemplify a
survival strategy. This is because surfaces adsorb and concen-
trate nutrients from the surrounding liquid and provide pro-
tection from grazing predators and toxic compounds (12, 13,
43). Although the steps involved in biofilm formation and some
of the required structural and regulatory genes have been
identified, relatively little is known about the components of V.
cholerae biofilms that control structure, function, and fitness.
In this study, we identified one such protein, called RbmA,
which is required for rugose colony formation and biofilm
fitness. Its production enables cells to form more structured,
detergent-resistant biofilms.
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