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Biofilm is a complex aggregate of cells that adhere to each other and produce an extracellular matrix. In Bacillus subtilis, an ex-
tracellular polysaccharide (EPS) and amyloid fiber (TasA), synthesized by the epsA-epsO and tapA-sipW-tasA operons, respec-
tively, are the primary components of the extracellular matrix. In the current study, we investigated the functional role of the
previously uncharacterized veg gene in B. subtilis. Overproduction of Veg, a small protein highly conserved among Gram-posi-
tive bacteria, stimulated biofilm formation via inducing transcription of the tapA-sipW-tasA operon. Moreover, overproduced
Veg restored the impairment of biofilm formation in mutants carrying a deletion of of sinl, slrA, or sIrR, encoding an antirepres-
sor of SinR that acts as the master regulator of biofilm formation, while biofilm morphology in the absence of SinR was not af-
fected by either additional veg deletion or overproduction, indicating that Veg negatively regulates SinR activity independently
of the known antirepressors. Expression of sinR was not affected in Veg-overproducing cells, and amounts of SinR were similar
in cells expressing different levels of Veg, strongly suggesting that Veg modulates the repressor activity of SinR. Interestingly, the
results of in vivo pulldown assays of the SinR complex indicate that Veg inhibits the interactions between SinR and SIrR. Based
on these findings, we propose that Veg or a Veg-induced protein acts as an antirepressor of SinR to regulate biofilm formation.

Bacillus subtilis is able to differentiate into a variety of cellular
states in response to environmental changes. When nutrients
are abundant, cells grow as a free-floating planktonic form. Under
nutrient-limiting conditions, developmental cellular differentia-
tion processes, such as competence of DNA uptake, sporulation,
and biofilm formation, proceed appropriately in response to dif-
ferent environments. These processes are accompanied by dra-
matic changes in gene expression, i.e., a new set of genes is turned
on and nonessential genes for differentiation are turned off. Thus,
B. subtilis presents a good model organism to study these physio-
logical mechanisms in complex lifestyles.

Biofilm formation is a developmental process in which bacteria
switch from a free-living to a surface-associated multicellular
state, and subsequent growth results in three-dimensional struc-
tured communities composed of different cell types (1-3). This
complex structure is supported by a self-produced extracellular
matrix that surrounds the cells (4). The matrix is not only respon-
sible for adhesion of planktonic cells to solid environmental sur-
faces, adhesion of cells in the biofilm, and stabilization of the
three-dimensional biofilm architecture but also serves as a nutri-
ent source to provide carbon-, nitrogen-, and phosphorus-con-
taining compounds for utilization by the biofilm community (5,
6). Biofilm formation is a serious problem during infection by
pathogenic bacteria, because the matrix plays a central role in
protection from host defenses and various antimicrobial agents
(7-9). The matrix additionally functions as a signal to trigger spo-
rulation in B. subtilis, allowing matrix-producing cells to continue
sporulation development at the tips of aerial structures in mature
biofilms (10).

In B. subtilis, an extracellular polysaccharide (EPS) synthesized
from the epsA-epsO (epsA-O) 15-gene operon (eps operon) and
amyloid fiber formed by the TasA protein, encoded by the tapA-
sipW-tasA operon (tasA operon), bind cells together in biofilm
and constitute the primary components of the extracellular matrix
(11). B. subtilis matrix production during biofilm formation is
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governed by multiple physiological and population signals. AbrB
and SinR, the main repressors, bind promoters of the eps and tasA
operons independently to block biofilm formation (12-14)
(Fig. 1). These repressors are under the negative control of phos-
phorylated Spo0A, the key factor in the decision-making process
for spore formation or biofilm formation (15, 16). Activation of
Spo0A via phosphorylation (SpoOA~P) suppresses expression of
abrB and induces the antirepressor, AbbA, which binds to AbrB
and prevents interactions with DNA (17, 18). On the other hand,
the small protein antagonist of SinR, Sinl, which lacks the N-ter-
minal DNA binding domain but contains a C-terminal oligomer-
ization domain similar to that of SinR, binds directly to SinR via
protein-protein interactions to derepress the SinR regulon, and its
transcription is directly switched on by Spo0OA~P. In addition to
the Spo0A/Sinl pathway, YwcC/SIrA, another pathway of SinR
regulation, has been identified (19-21). YwcC is a TetR-type re-
pressor that suppresses the divergently transcribed slrA gene,
while SIrA is a Sinl paralog that functions as another antirepressor
of SinR. Based on observation that mutations of late flagellar
genes, such as motA, affect expression of SIrR/SlrA-regulated
genes, the pathway is proposed to be related to flagellum-associ-
ated regulation (21), although the precise underlying mechanisms
remain to be clarified.

Furthermore, SinR activity is regulated by SIrR (Fig. 1). SIrR is
a SinR homolog composed of both the C-terminal oligomeriza-
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FIG 1 Regulatory pathways for biofilm formation in B. subtilis. The arrows
indicate activation, and T bars indicate repression. Contributions of AbrB and
SinR to transcriptional repression of the eps and fasA operons are indicated
with T bars. Transcriptional regulators and antirepressors are presented in
ellipses and squares, respectively.

tion domain and the N-terminal DNA-binding domain. Its tran-
scription is repressed by SinR (12, 21, 22). Importantly, when slIrR
expression is derepressed via inactivation of SinR by SinI and/or
SIrA, induced SIrR binds to SinR and inhibits the ability of SinR to
bind to the control region of sirR. Thus, SinR, sIrR, and SIrR form
a self-reinforcing, double-negative feedback loop in which SIrR
antagonizes SinR, thereby stimulating derepression of sIrR (Fig. 1)
(23). SlrR is additionally involved in the regulation of motility and
cell separation as a repressor via direct interactions with regula-
tory regions of the hag, lytABC operon, and IlytF genes, although
these interactions are substantially stimulated by the presence of
SinR (23).

The B. subtilis veg gene, encoding a small, conserved protein, is
transcribed at high levels during both exponential growth and
sporulation and thus widely applied for investigation of the tran-
scription mechanism (24, 25). A previous study showed that the
Veg protein localizes on the entire nucleoid, and its disruption
results in delayed spore germination, although the exact function
is yet to be elucidated (26). Interestingly, according to the MBGD
database (27), veg is highly conserved in two phyla, Firmicutes
(low-GC Gram-positive bacteria) and Synergistetes (anaerobic
Gram-negative bacteria), as well as a family of Actinobacteria (Co-
riobacteridae), indicating that conservation of veg is not restricted
to spore-forming bacteria (such as Bacillus and Clostridium) but
also extends to non-spore-forming bacteria (Lactobacillus and
Synergistetes). This finding further suggests an important role of
Veg during growth phases other than sporulation.

In the present study, we demonstrated that Veg acts as an ad-
ditional regulatory protein that contributes to the control of ma-
trix production. Our results indicate that Veg stimulates biofilm
development via transcriptional activation of matrix genes
through repression of SinR activity independently of the Sinl,
SIrA, and SIrR pathways.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The B. subtilis strains used in
the present study, specifically, the laboratory strain 168 BFA, undomesti-
cated wild-type strain NCIB3610, and derivatives, are listed in Table S1 in
the supplemental material. The procedures used to construct mutant
strains are described in Methods in the supplemental material. Plasmids
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and primers used in the present study are listed in Tables S2 and S3,
respectively. The Escherichia coli strains DH5a and C600 were used for
plasmid construction. All bacterial strains were grown in Luria-Bertani
(LB), MSgg (11), or Spizizen’s minimal medium (SMM) (28) at 37°C or
30°C, as indicated. Antibiotics were used at the following concentrations:
ampicillin, 50 wg ml~"; chloramphenicol, 5 pg ml™'; kanamycin, 10 g
ml™'; spectinomycin, 100 wg ml~'; tetracycline, 10 wg ml™'; erythromy-
cin plus lincomycin, 0.5 pg ml~ ' and 25 pg ml ™', respectively.

Assay of colony and pellicle formation. Strains were grown in LB to
an optical density at 600 nm (ODy,) of 1.0. For the colony assay, 3 pl of
culture was spotted onto LB, SMM, or MSgg agar (1.5% agar), and plates
were incubated at 30°C for various times. For the pellicle assay, 9 pl of
culture was added to 9 ml of MSgg medium contained within a well of a
6-well microtiter dish (BD Falcon), and the dishes were incubated without
agitation at 30°C for indicated times. Photographs were obtained using a
Nikon camera (D70S).

[3-Galactosidase assay. To monitor (3-galactosidase activity in liquid
medium, cells were grown in LB at 37°C with shaking, and 1 ml of culture
was collected to the determine specific 3-galactosidase activity, as de-
scribed previously (29). To monitor 3-galactosidase activity on solid me-
dium, colonies were grown on MSgg plates containing 40 wg ml~' X-Gal
(5-bromo-4-chloro-3indolyl-B-p-galactopyranoside) at 30°C. Images
were obtained using an Epson scanner (GT-X900) or a Nikon camera
(D708S).

Antibody production. Anti-Veg antibody was raised in rabbits via
injection of purified Veg-12XHis (Veg protein fused to 12 histidine resi-
dues) prepared from E. coli DH5a cells harboring pO-vegl2His, as de-
scribed in a previous report (13).

Western blot analysis. Cells were grown in SMM to an OD, of 0.4 to
0.5, and 10 ml culture was harvested by centrifugation at 6,000 X g for 5
min. Cells were washed once with 1 ml chilled killing buffer (30), resus-
pended in lysis buffer (25 mM Tris-HCI [pH 8.0], 10 mM EDTA, 50 mM
glucose, 0.1 mg ml ™' lysozyme, and 1 mM phenylmethylsulfonyl fluoride
[PMSF]), and incubated for 10 min at 37°C. The cell lysate was separated
ona precast polyacrylamide gel, specifically, a 16% (wt/vol) Novex Tricine
gel (Life Technologies) for SinR/SIrR detection and 10 to 20% (wt/vol)
SuperSep Ace gel (Wako) for Veg detection and transferred to Immo-
bilon-PS? membranes (Millipore) for 1 h at 10 V in a semidry transfer
apparatus (Bio-Rad). Transferred proteins were examined by incubation
with anti-SinR antiserum (a generous gift from R. Losick [20]) ata 1/8,000
dilution or anti-Veg antibody (1/20,000 dilution) as the primary anti-
body, followed by secondary anti-rabbit (1/8,000 dilution) conjugated to
horseradish peroxidase. Detection of proteins was performed using the
ECL-Plus system (Amersham), followed by exposure to X-ray film.

In vivo pulldown assay of protein complexes. To cross-link proteins,
cells were treated with formaldehyde (0.1%, final concentration) for 30
minatan OD,, 0f 0.4 to 0.5 and stored at —80°C after washing twice with
Tris-buffered saline (50 mM Tris-HCI [pH 7.5] and 0.15 M NaCl). Cells
were disrupted by sonication on ice using an Astrason ultrasonic proces-
sor XL (Misonix) for 10 min (4 s “ON” and 10 s “OFF” at an output level
0f 5.0) in 3 ml of UT buffer (0.1 M HEPES, 0.5 M NaCl, 10 mM imidazole
[pH 7.5], 8 M urea, 1% [vol/vol] Triton X-100, and 1 mM PMSF). After
centrifugation at 6,000 X g for 15 min at 4°C, 100 wl of MagneHis beads
(Promega) were added to the supernatant, followed by overnight incuba-
tion at room temperature with gentle rotating. MagneHis beads were
washed five times with 1.5 ml UT buffer. Bound proteins were eluted with
elution buffer (0.1 M Tris-HCI [pH 7.5], 0.5 M imidazole [pH 7.5], 1%
[wt/vol] SDS, and 10 mM dithiothreitol [DTT]). Cross-linked proteins
were dissociated by heating for 40 min at 90°C and separated on a 16%
(wt/vol) Tricine gel, followed by Western blotting as described above.

RESULTS

Biofilm formation is stimulated by overproduction of Veg and
inhibited in its absence. To explore the function of Veg, we cre-
ated its deletion mutant using B. subtilis strain 168 BFA (31),
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FIG 2 Effects of Veg inactivation and overproduction on the architecture of
colonies and pellicles. Wild-type (WT) (168 BFA or NCIB3610), Aveg (LY011
[168 BFA harboring Aveg] or LY048 [NCIB3610 harboring Aveg]), pO-veg
(LYO16 [168 BFA harboring pO-veg] or LY058 [NCIB3610 harboring pO-
veg]) and pO-MCS (LYO015 [168 BFA harboring pO-MCS] or LY057
[NCIB3610 harboring pO-MCS]) strains were grown in the indicated media
for 72 h (168 background strains) or 48 h (NCIB3610 background strains) at
30°C. The LY015,LY016,LY057,and LY058 strains were grown in the presence
of 1 mM IPTG. Scale bar, 0.5 cm.

which has been used as a wild-type strain in our laboratory. The
growth rate and cell morphology of the veg deletion mutant (Aveg)
were similar to those of the parent strain. Interestingly, although
veg is highly transcribed, the translated protein in wild-type cells
was barely detectable with Western blot analysis owing to rapid
degradation (see Fig. S1A in the supplemental material see also
Fig. 6). Accordingly, we constructed a Veg-overexpressing strain
harboring the multicopy plasmid pO-veg, in which expression is
inducible by isopropyl-B-p-thiogalactopyranoside (IPTG). The
Veg protein became detectable in Veg-overexpressing cells grown
in rich (LB), minimum (SMM), or biofilm-forming (MSgg) me-
dium containing IPTG (see Fig. S1B). Interestingly, the colony
morphology of this strain was distinguishable from that of the
parent strain. Thus, we speculated that Veg might be involved in
biofilm formation.

Assessment of colony morphology revealed for the first time a
clear phenotype of the Aveg mutant, deficient in steric structure
on agar plates containing LB, SMM, or MSgg medium compared
to that of the parent strain (Fig. 2). On the other hand, overpro-
duction of Veg seemed to enhance biofilm formation on the agar
plates compared to those of the parent and a strain harboring a
control plasmid without the veg gene insert (pO-MCS), although
the effect was not clear compared to that of veg deletion.

We additionally investigated the formation of pellicle, another
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biofilm form that develops at the liquid-air interface of standing
cultures (32). Pellicle formation at the surface of a standing MSgg
culture was severely impaired in the Aveg strain, while the effect of
Veg overexpression on pellicle formation was again not clear (Fig.
2). It is possible that expression levels of biofilm formation genes
are already elevated under the biofilm-forming condition and
thus their further increase was not induced by Veg overproduc-
tion.

Some laboratory 168 strains have been reported to lose the
ability to form clear biofilm architecture compared to findings for
the undomesticated wild-type NCIB3610 strain (31-33). There-
fore, we examined biofilm formation using strains derived from
the NCIB3610 strain (Fig. 2). In the NCIB3610 genetic back-
ground, the Aveg mutant strain also showed reduced biofilm for-
mation on MSgg plates and pellicle formation in standing culture,
albeit to a moderate extent compared to that of the 168 BFA-
derived strain. These results demonstrate that Veg impacts biofilm
formation, even in the NCIB3610 genetic background. However,
the clear inhibition of biofilm formation observed in the 168 BFA-
derived Aveg strain appeared to be partly masked by strong bio-
film formation ability in the NCIB3610 genetic background. In
addition, introduction of the control plasmid (pO-MCS) resulted
in reduced pellicle formation, and thus, the precise effects of Veg
overproduction could not be examined (Fig. 2). Although the ex-
act reason is unclear at present, it is proposed that the pO-MCS
plasmid acts negatively on the 80-kb plasmid harboring a gene
related to colony morphology in the NCIB3610 strain (31). Thus,
in subsequent experiments, we used derivatives of the 168 BFA
strain.

Transcription of the tapA-sipW-tasA operon is reduced in
the absence of Veg and induced by its overproduction. To deter-
mine the mechanisms of involvement of Veg in biofilm formation,
transcriptional activities of the promoters of biofilm extracellular
matrix operons, epsA-O (eps) and tapA-sipW-tasA (tasA), were
examined on solid MSgg medium containing X-Gal (Fig. 3A). We
introduced into the 168 BFA strain the lacZ gene under the control
of P, or Py, at the amyE locus (amyE::P,,-lacZ or amyE::P ., -
lacZ) to monitor expression of eps and fasA operon promoters and
epsH deletion mutation to suppress the aerial structure that inter-
feres with color comparison in the colonies (34). The Aveg muta-
tion, Veg overexpression (pO-veg), and control plasmid (pO-
MCS) were introduced into the resultant strains. For comparison,
LacZ activities in deletion mutants of known biofilm regulators,
abrB, sinR, sinl, slrA, and slrR, were examined.

Since the master repressors, AbrB and SinR, act in an additive
manner to repress matrix operons (12), intensity of the blue color
of colonies containing the P,,,,-lacZ and P, ,-lacZ reporters in the
AsinR and AabrB strains increased, indicating derepression of eps
and tasA in the absence of SinR or AbrB (Fig. 3A). In addition,
colonies containing either of the reporters were not colored in the
mutant carrying a deletion of sinl, encoding an antagonist of SinR.
Thus, it appears that deletion leads to constitutive repression of
these operons (14, 35, 36). The AslrA strain color for the P, ,4-lacZ
reporter was slightly weaker (Fig. 3A), indicating that SIrA plays a
minor role in suppressing the expression of matrix genes, as ob-
served in the NCIB3610 strain (20). SIrR has been shown to induce
transcription of tasA but not the eps operon (12). Consistently, the
AslrR strain containing the P,,-lacZ reporter was faint blue in
color, similar to the wild-type background, while P,,,,-lacZ ex-
pression was markedly impaired. Thus, effects of transcriptional
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FIG 3 Overproduction and deletion of Veg induces and suppresses transcription of the tasA operon. (A) Expression of P,,-lacZ and that of P, ,-lacZ were
compared after cultivation for 72 h (168 BFA background strains) or 24 h (NCIB3610 background strains) at 30°C on solid MSgg medium containing X-Gal and
1 mM IPTG, for strains with a mutation(s) and/or plasmid, indicated at the top of each picture. All strains contain an epsH mutation to abolish cell aggregation,
and strains in the top and bottom panels have insertion of P,,-lacZ and P, ,-lacZ at the amyE loci, respectively. Scale bar, 0.2 cm. (B) Growth and expression
of P,,,4-lacZ in wild-type (LY032, diamonds), Aveg (LY041, circles), pO-veg (LY039, squares) and pO-MCS (LY038, triangles) strains in LB liquid medium,
indicated with open and closed symbols, respectively, were measured. The LY036, LY037, LY038, and LY039 strains were grown in the presence of 1 mM IPTG.

regulators on the eps and fasA operons appear to be essentially
similar in both 168 BFA and NCIB3610 strains. Consistent with
the finding that the inactivation of Veg impairs biofilm formation,
its deletion resulted in severe blockage of P,,,4-lacZ expression,
although that of P,,,-lacZ was not clearly detected (Fig. 3A). Con-
versely, its overexpression enhanced the expression of P,,,,-lacZ
to some extent (Fig. 3A; see also Fig. S3 in the supplemental ma-
terial).

To quantitatively evaluate the effects of Veg on transcriptional
activity of the fasA operon from exponential phase to stationary
phase, expression levels of P,,,,-lacZ were measured in the Veg-
overproducing and deletion strains. Liquid LB medium was se-
lected, since tasA is not highly induced in LB, and the effect was
thus expected to be clearly detectable (16). Consistent with the
LacZ plate assay data, transcriptional activity of fasA in LB liquid
medium was dramatically increased upon overproduction of Veg
from the exponential growth phase (Fig. 3B). On the other hand,
tasA expression in the Aveg mutant was decreased, but only to a
slight extent, since tasA is induced at a very low level in LB liquid
medium (Fig. 3B). Based on these results, we conclude that Veg
promotes biofilm formation on MSgg plates through transcrip-
tional activation of the fasA operon, while prevention of biofilm
formation in the Aveg strain is caused mainly by a transcriptional
block of the tasA operon.
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We additionally examined the involvement of Veg in regula-
tion of expression of matrix genes in the NCIB3610 strain. We
found that expression levels of both P,,-lacZ and P, ,-lacZ were
reduced by the veg deletion (Fig. 3A). It should be noted that
although expression of P,,.-lacZ was not affected in the 168 BFA
strain by veg deletion or overexpression, it is reduced by the veg
deletion in the NCIB3610 strain.

Veg induces biofilm formation independently of AbrB. Bio-
film formation is governed by two master repressors, AbrB and
SinR. Accordingly, we investigated whether Veg regulates biofilm
formation via inhibition of either of these repressors. To this end,
we examined effects of veg deletion and overexpression on colony
architecture and P,,-lacZ and P, ,-lacZ expression in mutants of
regulators for biofilm formation (Fig. 4). In addition, effects on
pellicle formation were also examined (see Fig. S2 in the supple-
mental material).

On biofilm-forming medium, expression of P,,-lacZ and
P,.pa-lacZ was increased in the AabrB strain (Fig. 4B). Also, the
center of the colony showed more complicated structure than was
seen with the parent strain (Fig. 4A), although modulation of pel-
licle formation was not clearly observed (see Fig. S2 in the supple-
mental material). In contrast, both transcription of the eps and
tasA operons and biofilm formation on solid and liquid media
were suppressed upon additional deletion of veg (Fig. 4; see also
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FIG 4 Comparison of the architecture of colonies formed by mutants of regulators for biofilm formation and the transcription of the tasA and eps genes. (A)
Colonies of strains with a mutation(s) and/or plasmid, indicated at the top and the left side of each picture, were formed on solid MSgg medium for 48 h at 30°C.

Strains harboring a plasmid were cultured in the presence of 1 mM IPTG. Scale bar, 0.5 cm. (B) Expression of P

ps-lacZ and that of P, ,-lacZ were compared after

cultivation for 48 h at 30°C on solid MSgg medium containing X-Gal and 1 mM IPTG. All strains contain an epsH mutation, and strains in the left and right panels
have insertion of P,,-lacZ and P,,,s-lacZ at the amyE loci, respectively. Scale bar, 0.2 cm.

Fig. S2). These results are similar to the genetic relationship pre-
viously reported in the AabrB-Asinl double mutant (36). They
strongly suggest that Veg induces biofilm formation through up-
regulation of matrix genes independently of AbrB. The effect of
Veg on P,,-lacZ expression was not detected in the presence of
AbrB, suggesting that Veg function in regulation of the eps pro-
moter was masked by AbrB in the Aveg strain.

The effect of Veg overproduction was examined by comparing
mutants harboring the control plasmid (pO-MCS) to mutants
carrying the Veg-overexpressing plasmid (pO-Veg) (Fig. 4; see
also Fig. S2 in the supplemental material). For unknown reasons,
the AabrB strain harboring the control plasmid showed a different
colony morphology and a decrease in P,,,,-lacZ expression com-
pared to the parent strain. When a Veg-overexpressing plasmid
was introduced into the AabrB strain, its colony size doubled and
the surface of the colony was colored compared to findings for the
AabrB strain harboring the control plasmid (Fig. 4A). However,
the effect of Veg overproduction on expression of matrix genes
was not evident (Fig. 4B). It is possible that slightly increased
matrix gene expression undetectable by the LacZ assay leads to the
alteration of colony morphology. However, it seems more plausi-
ble that in the absence of AbrB, expression levels of matrix genes
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are already elevated close to the maximum level on the biofilm-
forming medium and thus their further increase was not induced
by Veg overproduction. If this hypothesis is correct, Veg might
affect colony morphology in the absence of AbrB through direct
regulation of an unknown gene(s), as discussed later.

We additionally examined the effects of Veg overexpression on
other AbrB-regulated genes by comparing genome-wide tran-
scriptional profiles in both overexpressing and control strains
during the mid-exponential phase using the Affymetrix tiling ar-
ray as described in Methods in the supplemental material. Tran-
scriptome analysis revealed that transcription of the eps and tasA
operons, which is not induced in the control strain, was induced
(see Table S4), while other AbrB regulons were not affected by Veg
overexpression in exponentially growing cells (see Table S5).
These results further indicate that Veg has an ability to induce
matrix genes independently of AbrB.

Veg induces biofilm formation through inhibition of SinR
activity. Next, we examined the possibility that Veg inhibits the
ability of SinR to suppress expression of the eps and fasA operons,
either directly or indirectly. In the absence of SinR, transcriptional
levels of the eps and tasA operons were increased, leading to highly
structured colonies and pellicles in the NCIB3610 genetic back-
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FIG 5 Induction of SIrR upon overproduction of Veg. WT (168 BFA), Aveg
(LYO11), pO-veg (LYO016), pO-MCS (LYO015) and AslrR (LY013) strains were
grown to mid-logarithmic phase in SMM at 37°C, and SinR in cells equivalent
to 0.1 ODg, units was detected by Western blotting with an anti-SinR anti-
body that cross-reacts with SIrR (20). The LY015 and LYO016 strains were
grown in the presence of 1 mM IPTG. The signal intensities of SinR bands on
X-ray films were quantified using the NIH-Imagine software program, and the
signal intensities relative to that of WT cells are shown below the bands.

ground (36). In the 168 BFA background, the AsinR deletion also
enhanced expression of these matrix genes (Fig. 4B). However,
unexpectedly, the induction of matrix gene expression by the
AsinR deletion did not enhance the biofilm formation in the 168
BFA background. Instead, the AsinR strain formed a smaller col-
ony than the parent strain, having a smaller structured periphery
and being covered by transparent mucoid on the central area (Fig.
4A). Furthermore, pellicle formation was impaired (see Fig. S2 in
the supplemental material). While the precise reason for this phe-
notype of the AsinR mutant in the 168 BFA background is unclear,
it is possible that this phenotype is related to mutations of sfp,
swrA, and degQ in the 168 strain that impair not only biofilm
formation but also swarming motility (31). For example, the phe-
notype may be caused by further impairment of motility enhanced
by sinR deletion even in the presence of increased matrix materials
(36, 37). Downsizing of the colony was also observed in the re-
porter strains and affected intensities of the blue color of the col-
onies. To avoid this problem, we compared the color intensities of
AsinR strains after cultivation for 24 h before the time of the ap-
parent morphological change among the strains (see Fig. S3).

Next, we compared the phenotypes of the AsinR and AsinR-
Aveg double mutants. Colony morphology of the double mutant
was similar to that of the AsinR mutant (Fig. 4A), indicating that
the deficiency of biofilm formation in the absence of Veg is par-
tially restored by the additional deletion of sinR through derepres-
sion of transcription of eps and tasA operons (Fig. 4). Conversely,
expression levels of eps and tasA operons and colony morphology
in the AsinR mutant were not affected by additional inactivation
or overproduction of Veg (Fig. 4). Additional inactivation or
overproduction of Veg had no impact on the pellicle formation of
the AsinR mutant, although pellicle formation was stimulated by
introduction of the control plasmid (see Fig. S2 in the supplemen-
tal material). These results strongly suggest that Veg is involved in
negative control of the SinR activity.

Our transcriptome results showed that sinR expression is not
affected in Veg-overproducing cells (see Table S6 in the supple-
mental material). Furthermore, wild-type, Aveg, Veg-overex-
pressing, and control strain cells displayed similar protein levels
during the exponential growth phase (Fig. 5). Interestingly, SIrR,
whose transcription is blocked by SinR under these conditions,
was induced only upon overproduction of Veg (Fig. 5). Consis-
tently, sIrR expression was elevated in Veg-overexpressing cells
(see Table S6). Thus, all biofilm-associated genes repressed by
SinR (not only the eps and tasA operons but also slrR) were dere-
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pressed upon overexpression of Veg, with no corresponding alter-
ations in the SinR levels, strongly suggesting that Veg inhibits the
repressor activity of SinR either directly or indirectly.

Veg inhibits SinR activity independently of known antire-
pressors. Sinl, SlrA, and SIrR are antirepressors of SinR which
exert their activities via protein-protein interactions (12, 20, 21,
36). To determine the relationship between Veg and known anti-
repressors, we next determined whether the Veg-induced increase
in transcription of sIrR is responsible for inhibition of SinR activ-
ity. Deletion of slrR led to partial biofilm-deficient phenotypes,
formation of weak structured colonies, and thin and flat pellicles,
possibly owing to the remaining inhibitory activities of Sinl and
SIrA on SinR (Fig. 4A; see also Fig. S2 in the supplemental mate-
rial). Similar to the Aveg mutant, a double mutant carrying AslrR
and Aveg showed reduced expression of P,,,,-lacZ and exhibited a
more severe biofilm-deficient colony morphology than the AslrR
mutant (Fig. 4). Conversely, overexpression of Veg induced ex-
pression of P,,-lacZ and P,,,,-lacZ and rescued the biofilm-defi-
cient phenotype of the AsIrR strain, forming a more complicated
colony structure and hyperwrinkled pellicles (Fig. 4; see also Fig.
S2). These results indicate that Veg inhibits SinR activity indepen-
dently of SIrR.

Deletion of Sinl leads to a more severe biofilm-deficient phe-
notype than single deletion of other antirepressors of SinR (34,
36). Consistently, the Asin] mutant strain showed the most severe
biofilm-deficient phenotype, i.e., transcription of the eps and tasA
operons was almost completely blocked (Fig. 4B), thus forming
smooth and featureless colonies and no pellicles (Fig. 4A; see also
Fig. S2 in the supplemental material). Overproduction of Veg de-
repressed the expression of P,-lacZ and P,,,4-lacZ (Fig. 4B) and
partially restored biofilm deficiency of the Asinl mutant, leading
to the formation of a complicated structure in the peripheral
zones of colonies and thin pellicles (Fig. 4A; see also Fig. S2). These
results imply that Veg functions independently of Sinl.

Consistent with the results of the LacZ assay for matrix genes
(Fig. 4B), deletion of slrA impaired biofilm formation mildly to
form a colony with moderate structure and thick but less wrinkled
pellicles (Fig. 4A; see also Fig. S2). The AslrA Aveg double mutant
showed severely reduced expression of P,,,,-lacZ (Fig. 4B) and
displayed severely impaired colony and pellicle morphology, sim-
ilar to the Aveg mutant (Fig. 4A; see also Fig. S2). Overexpression
of Veg derepressed the expression of P,,,4-lacZ (Fig. 4B) and by-
passed the biofilm formation deficiency in AslrA cells (Fig. 4A),
indicating that Veg inhibits SinR activity independently of SIrA.

Based on the collective results, we conclude that Veg controls
SinR activity not through effects on the known antirepressor SIrR,
Sinl, or SIrA but via a novel, unknown pathway.

Examination of physical interactions between Veg and SinR.
While our results showed that SinR-repressed genes, including
tapA-sipW-tasA and slrR, are induced by Veg independently of
antirepressors on MSgg medium, it was unclear whether SinR
activity is directly or indirectly inhibited by Veg. To resolve this
issue, proteins interacting with SinR in Veg-overproducing and
control cells were examined. In brief, cells expressing SinR-2HC
(SinR C-terminally tagged with 12 histidines plus a chitin-binding
domain [8.2 kDa, total]) were grown to mid-exponential phase in
minimal medium and treated with formaldehyde to stabilize com-
plexes among proteins, followed by affinity purification of SinR
complexes, as described previously (38). Notably, the expression
level of SIrR seemed to be higher in SinR-2HC-expressing cells
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(Fig. 6) than in 168 BFA cells (Fig. 5), suggesting that repressor
activity of SinR is partly impaired by the C-terminal 2HC-tag fu-
sion. However, the SinR-2HC-expressing strain showed a colony
morphology intermediate between those observed for the wild-
type and AsinR strains (see Fig. S4 in the supplemental material),
indicating that SinR-2HC retained the repressor activity, albeit
partially. Upon examination of SinR complexes with the anti-Veg
antibody, Veg was not detected despite its clear presence in the
Veg-overexpressing cells (Fig. 6), suggesting that Veg does not
interact directly with SinR. Interestingly, SIrR was clearly detected
in the SinR complex purified from the control cells but not in the
complex purified from the Veg-overexpressing cells, suggesting
that Veg prevents SIrR binding to SinR directly or indirectly
(Fig. 6).

DISCUSSION

In the present investigation, comprehensive analysis of the genetic
interactions of regulators of biofilm formation in B. subtilis re-
vealed that Veg stimulates biofilm formation by inhibiting SinR
repressor activity to induce gene expression for matrix synthesis.
Additionally, SinR activity is inhibited by Veg through a novel
pathway that is independent of the three known antirepressors,
SItR, Sinl, and SIrA.

Biofilm morphology in the absence of SinR was not affected by
either veg deletion or overproduction, whereas the biofilm-defi-
cient phenotype of the sinl, slrA, or slrR deletion mutant was par-
tially restored by Veg overproduction, supporting the theory that
Veg controls the ability of SinR to induce biofilm formation inde-
pendently of the antirepressors. This conclusion was further sup-
ported by transcriptome analysis showing that transcription of the
SpoOA regulon, including not only sinl and abrB but also other
genes, such as spolIGA-sigE, spollE, and spolIAA-spollAB-sigF, in-
volved in sporulation (39), was not affected by overexpression of
Veg (see Table S5 in the supplemental material). Earlier studies
have reported that transcription of slrA is regulated by YwcC (20,
21), and increased transcription induces the genes required for
biofilm formation and reduces the entire o regulon (40). How-
ever, in our experiments, Veg overproduction did not alter ex-
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pression of ywcC, slrA, or the o® regulon (see Tables S5 and S6)
(41). These results collectively suggest that Veg controls SinR ac-
tivity through a novel mechanism independent of the SpoOA-sinl-
Sinl and YwcC-slrA-SIrA pathways (Fig. 1).

We found that not only deletion of veg but also single deletion
of slrR and slrA specifically reduce transcription of the tasA operon
but not that of the eps operon (Fig. 3A and 4B). Thus, the differ-
ential effect on the expression of matrix genes will be common for
antirepressors of SinR. On the other hand, transcriptome analysis
demonstrated that Veg overexpression induces transcription of
the eps and tasA operons in cells exponentially growing in SMM
medium. Furthermore, we found that veg deletion decreases both
Ps-lacZand P,,-lacZ expression in the AabrB mutant. These re-
sults may suggest that transcriptional regulation of biofilm extra-
cellular matrix genes is modulated by the expression levels of reg-
ulators. Further systematic and quantitative expression analysis of
regulators involved in biofilm formation is necessary to under-
stand the complex regulatory system for biofilm formation.

Expression of sinR was not affected in Veg-overproducing cells
(see Table S6 in the supplemental material), and SinR levels were
similar in cells expressing different levels of Veg (Fig. 5), strongly
suggesting that Veg modulates the repressor activity of SinR. In-
terestingly, although Veg was not detected in the SinR complex
purified from Veg-overproducing cells, interactions between SinR
and SIrR were inhibited upon overexpression of Veg. These results
suggest that an unknown antirepression factor for SinR that com-
petes with SIrR via direct binding to SinR is induced or activated
by Veg. However, considering that Veg is extremely unstable, it is
possible that the protein interacts directly with SinR and is de-
graded due to proteolysis during the purification process.

The veg gene is constitutively transcribed at a high level, during
not only the exponential phase but also the stationary phase, in
rich (LB) and minimum (SMM) media (42). Our experiments
showed that although the Veg protein is extremely unstable (see
Fig. S1 in the supplemental material) and undetectable on a West-
ern blot (Fig. 6) at the exponential phase, increasing Veg expres-
sion to a detectable level leads to induction of biofilm matrix genes
(Fig. 3; see also Fig. S1B). The results suggest that rather than
transcriptional induction of the veg gene, stabilization of the Veg
protein leads to activation of genes that promote biofilm develop-
ment. However, experimental demonstration of this idea is un-
successful at the moment. The Veg protein has not been specifi-
cally detected as a band distinguishable from nonspecific proteins
for stationary-phase cells grown in LB, SMM, and MSgg media.

Thus, it is expected that activity of the protease(s) responsible
for Veg degradation is decreased during the biofilm development
process to regulate biofilm formation in response to an unknown
signal(s). In B. subtilis, protease-dependent regulation of activity
has been identified for the Spx protein. Spx, a known global reg-
ulator that controls transcription through interactions with the
C-terminal domain of the RNA polymerase o subunit (a-CTD), is
maintained at very low levels by activity of the ClpXP protease
(43). However, under disulfide stress conditions, the Spx concen-
tration increases, partly due to a reduction in ClpXP-catalyzed
proteolysis, to activate genes for detoxification of stress and in-
duce Spx-dependent transcriptional repression. Although the
protease(s) involved in proteolysis of Veg are yet to be identified,
one possible explanation is that in order to survive stress condi-
tions, an unknown signal stabilizes the Veg protein to stimulate
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biofilm formation. The specific protease(s) contributing to Veg
instability and times of Veg stabilization are under investigation.

Transcriptome analysis results showed that in addition to bio-
film matrix genes (the eps and tasA operons), several genes in the
prophage regions of PBSX and SP are induced by Veg (see Table
S4 in the supplemental material). Interestingly, the same gene
clusters on PBSX are highly expressed in biofilm-forming cells
(44) but are not induced in sinR deletion mutant cells (34). Our
results suggest that during biofilm formation, the gene cluster on
PBSX may be induced in a Veg-dependent, SinR-independent
manner. Earlier reports have demonstrated that phage genes are
induced in a Pseudomonas aeruginosa biofilm and have proposed
that phage induction participates in gene transfer or exclusion of
other strains (45). Although the exact biological roles of phage-
related genes in B. subtilis cells have not been established yet, one
possibility is a function similar to that reported for P. aeruginosa.
Another proposal is that restricted phage-related genes are in-
duced to develop a defense machinery to protect against phage
infection for survival. Furthermore, Veg has been shown to play
an important role during the sporulation phase in mature spore
development for normal germination (26). Thus, Veg appears to
function in the regulation of other genes in addition to SinR.

Finally, the fundamental question of whether Veg activates
target proteins through induction of expression or modulates
activities through protein-protein interactions remains to be
answered. Our preliminary chromatin immunoprecipitation
(ChIP)-chip analysis failed to detect specific Veg binding sites on
the genome. Thus, interactions of Veg with DNA, if any, are pos-
sibly nonspecific. Proteome analyses to identify the proteins inter-
acting with Veg have not been successful to date.

In summary, in addition to the two known pathways, Spo0A-
sinl-Sinl and YwcC-slrA-SIrA, we have identified a novel third
pathway triggered by Veg to induce biofilm formation (Fig. 1). All
three pathways act in parallel, leading to inhibition of SinR to
stimulate a self-reinforcing double-negative feedback loop of
SinR-slrR-SIrR and derepress the SinR-repressed eps and tasA
operons, which facilitates biofilm development. Moreover, we
suggest that Veg is involved in the regulation of genes other than
SinR during biofilm and spore formation, although further stud-
ies are necessary to elucidate the entire spectrum of Veg-induced
gene activities.
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