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Bacillus subtilis forms structured communities of biofilms encased in an exopolysaccharide matrix on solid
surfaces and at the air-liquid interface. It is postulated that nonoptimal growth conditions induce this
multicellular behavior. We showed that under laboratory conditions a strain deleted for sigB was unable to
form a floating pellicle on the surface of a liquid medium. However, overexpression of yxaB, encoding a putative
exopolysaccharide synthase, from a pg,,. promoter in a sigB-deleted strain resulted in partial recovery of the
wild-type phenotype, indicating the participation of the YxaB protein in this multicellular process. We present
data concerning the regulation of transcription of genes yxaB and yxaA4, encoding a putative glycerate kinase.
Both genes are cotranscribed as a single transcription unit from a o*-dependent promoter during vegetative
growth of a liquid bacterial culture. The promoter driving transcription of the yxaAB operon is regulated by
AbrB. In addition, the second gene in the operon, yxaB, possesses its own promoter, which is recognized by RNA
polymerase containing the ¢® subunit. This transcription start site is used under general stress conditions,

resulting in increased expression.

Since bacteria in their natural setting face widely fluctuating
conditions, including changes in pH, temperature, or limitation
of nutrients, biofilms appear to be an excellent adaptive strat-
egy to protect the inhabitants from diverse stress factors (11).
Indeed, it is commonly known that the biofilm mode of growth
is the major bacterial life-style in nature (9). In order to adapt
to a wide diversity of stresses, Bacillus subtilis uses an alterna-
tive sigma factor, o®, to express a large set of genes in the o®
regulon. The o® factor is estimated to control at least 5% of
the coding capacity of the genome (36).

In B. subtilis, 17 sigma factors have been described, showing
a wide range of recognition sequences. The major vegetative
sigma factor is required for expression of so-called housekeep-
ing genes, whereas exposure of bacteria to a wide variety of
growth-limiting conditions requires the alternative sigma fac-
tor, ¢® (17, 19, 36). On the other hand, changes in gene ex-
pression that occur during the transition from a planktonic
state to a biofilm mode of growth depend on several sigma
factors associated mainly with sporulation (4, 15, 38, 39). De-
spite the fact that a large number of sporulation genes are
induced in the wild-type biofilm, the forespore sigma factor ¢*
and its counterpart o, which is activated in the mother cell,
seem not to play any role in biofilm formation (4, 15, 38).
Surprisingly, the absence of o™, which is involved in the early
stages of sporulation, nevertheless does affect this process. The
most characteristic defect associated with the lack of o™ is the
absence of fruiting-body structures typical of mature biofilms
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of natural isolates of B. subtilis (4). Recent data showed that a
strain with inactivated sigma factors ¢, o™, and % displayed
a complete loss of the pellicle formation (26). According to
Kobayashi (24) a mutation in the gene encoding o™ is likely to
affect cell envelope structure, which influences biofilm formation.

Biofilms are often formed under nonopitmal growth condi-
tions, and this encouraged us to examine whether the general
stress response factor ¢® plays an important role in this pro-
cess. In this report we provide evidence that o® is crucial for
biofilm formation by B. subtilis (strain 168), since a strain with
an impaired general stress response was unable to form float-
ing pellicles. Moreover, we showed that overexpression of
yxaB, encoding a putative exopolysaccharide (EPS) synthase
(28, 40), in a strain deleted for o® resulted in partial recovery
of the wild-type phenotype, suggesting the participation of the
YxaB protein in this multicellular phenomenon.

The results presented here indicated that yxaB possesses its
own promoter which is recognized by RNA polymerase con-
taining the o® subunit. This transcription start site is used in
response to stress conditions (e.g., high salt or alcohol), result-
ing in increased expression of that gene. However, during
vegetative growth, yxaB is expressed together with yxa4, en-
coding a putative glycerate kinase. Both genes are transcribed
as a single transcription unit and are under the control of a
o”-dependent promoter. The global regulator AbrB was
shown previously to repress other genes participating in biofilm
formation (15, 16), and we found that the yxa4B operon is
negatively controlled by AbrB. We found no influence of other
important proteins known to regulate EPS synthesis.

MATERIALS AND METHODS

Strain and plasmid construction. The Bacillus subtilis strains used in this study
are listed in Table 1. For the cloning of selected B. subtilis genome fragments,



VoL. 190, 2008 INFLUENCE OF o® AND yxaB ON BIOFILM FORMATION 3547
TABLE 1. Bacterial strains®

Strain Genotype or description Source
M trpC2 Asinl::kan R. Kort
168 trpC2 BGSC
1A147 trpC2 ccpAl alsR1 ilvBD1 BGSC
1S5 trpC2 spo0A3 BGSC
BAL373 trpC2 AabrB::cat pheAl Grossman Strain Collection
MM233 trpC2 AsigB S. Séror
MM1701 trpC2 yxaB::pKN3 erm 168<—pKN3
MM1704 trpC2 sigH::kan yxaB::pKN3 erm MM1701<-MO1615
MM1702 trpC2 AsigB yxaB::pKN3 erm MM233<—pKN3
MM1705 trpC2 spo0A3 yxaB::pKN3 erm 1S5<-MM1701
MM1707 trpC2 AabrB::cat yxaB::pKN3 erm MM1717<-MM1701
MM1709 trpC2 amyE::p,,,ap-lacZ spc 168<—pKN1
MM1710 trpC2 amyE::p,,, g-lacZ spc 168<—pKN2
MM1712 trpC2 sigH::kan amyE::p,,,ap-lacZ spc MM1709<-MO1615
MM1713 trpC2 spo0A3 amyE::p,,, 45-lacZ erm 1S5<-MM1709
MM1715 trpC2 AabrB::cat amyE::p,, 45-lacZ spc MM1717<-MM1709
MM1717 trpC2 AabrB::cat 168<-BAL373
MM1718 trpC2 ccpAl alsR1 ilvBD1 amyE::p,,,.p-lacZ spc 1A147<-MM1709
MM1719 trpC2 ccpAl alsR1 ilvBD1 amyE::p,,,45.5-lacZ spc 1A147<-MM1803
MM1721 irpC2 amyE::pg,,,-yxaB cat 168<—pKN6
MM1722 trpC2 AsigB amyE::pg,,,.-yxaB cat MM233<—pKN6
MM1801 trpC2 amyE::py,up.~lacZ spc 168<—pKNI1-1
MM1802 trpC2 amyE::p,,, 4p.5-lacZ spc 168<—pKN1-2
MM1803 trpC2 amyE::p,,ap.5lacZ spc 168<—pKN1-3
MM1804 trpC2 amyE::p,,, 45 4-lacZ spc 168<—pKN1-4
MM1805 trpC2 AabrB::cat amyE::p,,, 4p.,-lacZ spc MM1717<~MM1801
MM1806 trpC2 AabrB::cat amyE::p,, 45 >lacZ spc MM1717<-MM1802
MM1807 trpC2 A abrB::cat amyE::p,,, 4p.5-lacZ spc MM1717<~MM1803
MM1808 trpC2 A abrB::cat amyE::p,, 15 ,lacZ spc MM1717<-MM1804
MM1809 trpC2 Asinl::kan amyE::py,, 4p-lacZ spc Asinl::kan<—MM1709
MM1811 trpC2 AyxaB::spc 168<—pKN7
MM1821 trpC2 Asinl::kan yxaB::pKN3 erm Asinl::kan<~MM1701
MM1823 trpC2 ccpAl alsR1 ilvBD1 yxaB::pKN3 erm 1A147<-MM1701
MO1615 trpC2 sigH::kan P. Stragier

“ For detailed information on fragments and restriction sites used for cloning, see Table 2.

DNA from strain 168 was used as a template in PCRs. The reactions were
performed with Walk polymerase (A&A Biotechnology) and appropriate prim-
ers (Table 2).

Construction of transcriptional fusions with the reporter gene lacZ. For the
construction of transcriptional fusions of lacZ to the promoter regions of yxaA
and yxaB, a fragment of B. subtilis DNA containing the putative promoter region
was amplified by PCR and cloned into the integration vector pDG1728 (14).
First, the fragment containing a putative promoter region of yxaA4 (pyx..45) (569
bp), amplified using primers pAG-up and pAG-dn (Table 2), was inserted into
the Sall/BamHI restriction sites of pDG1728. The resulting plasmid, pKN1, was
linearized with Xhol and used to transform B. subtilis 168, with selection for
spectinomycin resistance, generating strain MM1709. Additionally, four deriva-
tives of the pKN1 plasmid, differing in the length of the upstream regulatory
region, were constructed similarly (see Fig. 5A). The strains obtained after
transformation of B. subtilis with those plasmids were designated MM1801,
MM1802, MM1803, and MM1804. The inserted fragments contain the following
regulatory sequences: the py,, (s promoter with an upstream cre site (231 bp) in
the case of pKNI1-1, the p,,,.4z promoter with the up element (UP) (212 bp) in
the case of pKN1-2, the p,,, 4z promoter with 16 nucleotides of the UP (199 bp)
in the case of pKN1-3, and the core of the p,,,.5 promoter (183 bp) in the case
of pKN1-4. All listed fragments were generated by PCR with appropriate pairs
of primers (Table 2): pAG3-up and pAG2 (pKN1-1), pAG2 and pAGS5-dn
(pKN1-2), pAG2-up and pAG2 (pKN1-3), and pAG4-up and pAG4-dn (pKN1-
4). The PCR products obtained were then integrated into the EcoRI/BamHI
restriction sites of pDG1728.

To obtain plasmid pKN2, a fragment containing the putative promoter region
of yxaB (p,..), was amplified by PCR using the pAB-up and pAB-dn primers
(Table 2) and chromosomal DNA. The amplified fragment was digested with
appropriate enzymes and ligated into the pDG1728 vector (14). Next, DNA of
pKN2, after linearization, was inserted into the amyE locus on the chromosome
of B. subtilis 168, generating strain MM1710.

To monitor expression levels of yxaB, another transcriptional fusion, pKN3,
was made. In this case, an internal fragment of the yxaB gene (508 bp), amplified
with BZ-up and BZ-dn primers (Table 2) and then digested with HindIIT and
BamHI, was inserted into the pMutin4 integrative vector (42). The DNA of
pKN3 was used to transform the wild-type B. subtilis (strain 168), with selection
for erythromycin resistance, to generate strain MM1701.

Construction of plasmid pKN4 used in DNase I footprinting. The pKN4
plasmid, used for footprinting experiments, was constructed by insertion of a
452-bp fragment containing the p,,45 promoter into the EcoRI/BamHI restric-
tion sites of the high-copy-number pUC19 vector (45). The cloned fragment was
amplified with the pAR-up and pAR-dn primers (Table 2).

Construction of plasmids for overexpression and deletion of yxaB. To over-
express yxaB, we amplified a 1,200-bp fragment with primers YxaB-up and
YxaB-dn (Table 2) from the chromosome of 168. The product obtained was
ligated into the Sall/Sall sites of the pDR66 vector (20), generating plasmid
pKNG6. This construct has yxaB under the control of the IPTG (isopropyl-B-p-
thiogalactopyranoside)-inducible pg,,. promoter. The DNA of the pKN6 plas-
mid, after linearization with Eam1105I (Fermentas), was used for transformation
of wild-type B. subtilis (strain 168), selecting for chloramphenicol resistance, to
generate strain MM1720.

The pKN7 plasmid used for yxaB deletion was constructed as follows. The
fragment containing the spectinomycin resistance gene was amplified from plas-
mid pDG1728 (14) by PCR with primers spc-up and spc-dn (Table 2). The PCR
product (881 bp) was inserted into the BamHI/Sall restriction sites of pUC19
(45), generating pKN7A. Then, a distal part of yxaC (677 bp) was produced by
PCR with the forward primer containing an EcoRI sequence at its 5’ end
(delC-up) and a reverse primer containing a Sacl sequence at its 5’ end (delC-
dn). This PCR product was introduced in the pKN7A vector digested with Sacl
and EcoRI to generate pKN7B. As a last step in pKN7 construction, a 293-bp
fragment containing the distal part of yxa4 was amplified from the strain 168
chromosome with the forward primer containing a PstI sequence at its 5’ end
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TABLE 2. Primers used for cloning, RT-PCR, and RACE PCR

Position in B. subtilis

Primer” Gene Primer sequence (5'—3")" Orientation
chromosome

BZ-up GTC CAG GAT CCC CAT AAA ATG C Forward 4110249
BZ-dn waB GAA CTG GTG AAG CTIT ATC ATT CGT Reverse 4110776
B-up yxaB CTT CGT CAG TCA CTT TCT CC Forward 4110377
B-dn waB CCT TCA ACT CCA ATG TGA TC Reverse 4110502
A-up yxaA CTC TGT ATC TCG GAA GGT TG Forward 4111511
A-dn yxaA CCG TTA ACA GGA CCA AAG Reverse 4111657
yxaB-2 yxaB GAT AAA TTT CTC TTC CGC ATA CG Forward 4110840
pAB-dn yxaA GAC GGA TCC ACA GCC AAA CG Reverse 4111368
PAG-up TTT TCT GTC GAC AGC ACC CGG Forward 4112132
pAG-dn CAT AAG GAT CCG CGA TTT TCT TCT C Reverse 4112717
pAB-up CAT TTA GTC GAC CTT CCG GCT C Forward 4110926
pAR-up yxaA CTG TGG GAT CCT GCT CTA TGA Forward 4112047
pAR-dn gntR GTA TGC GAA TTC AAC TCC GGT Reverse 4112515
YxaB-up yxaC GCT CGT CGA CTG GCT GTIT TC Forward 4109906
YxaB-dn CGA AGT CGA CGT TTC TGA TAT AGC Reverse 4111119
pAG3-up ATT GAA TTC ATG CAA ACA C 4112375
PAG2 yxaA TAA TCA GGA TCC GGA AAG 4112139
PAGS-dn CAC TTT GAA TTC TAA TTT TTA TTT 4112368
pAG2-up TTT GAA TTC AAT TTT TAC C 4112352
pAG2-dn yxaA TAA TCA GGA TCC GGA AAG 4112139
pAG4-up yxaA TAA TCA GGA TCC GGA AAG ACC 4112139
pAG4-dn CCG AAT TCC ATG GTA TGT ATT TC 4112335
delC-up waC CAT TAG AAT TCT TTT AAC AGT TGC C Forward 4109264
delC-dn waC CCG GGG AGCTCTTTICTIT G Reverse 4109952
delA-up yxaA GGC ATC TGC AGC GGC TAT ATC AG Forward 4111083
delA-dn yxaA GAT GCA AAG CTIT GTG ATT ACC GG Reverse 4111396
spc-up CTG GAT CCA AAA TTT AGA AG

spc-dn GTG TGT CGA CCA TTT TTT C

“ Primers AAP and AUAP were provided with the RACE system by Invitrogen.

? Restriction sites are underlined.

(delA-up) and a reverse primer containing a HindIII sequence at its 5’ end
(delA-dn). This PCR product was introduced in the pKN7B vector digested with
Pstl and HindIII to generate pKN7. The DNA of the pKN7 plasmid, after
linearization with Eam11051, was used for transformation of wild-type B. subtilis
(strain 168), selecting for spectinomycin resistance, to generate strain MM1811.

B-Galactosidase measurements. Cultures were grown at 37°C with shaking.
Samples were taken from different phases of growth and stored at —20°C until
enzyme assays were carried out. After thawing, bacterial pellets were suspended
in buffer Z (60 mM Na,HPO,, 40 mM NaH,PO,, 10 mM KCI, 1 mM MgSO,)
containing 1 mM dithiothreitol (DTT), and 1/100 volume of lysis solution (1
mg/ml DNase, 10 mg/ml lysozyme) was added. The mixture containing lysed cells
was incubated for 20 min at 37°C and then centrifuged for 10 min at 10,000 X g
and 4°C to remove the cell debris. The supernatant was used for measurement of
protein concentration and B-galactosidase activity. Protein concentrations were
measured using the Bradford reagent (Bio-Rad) as recommended by the man-
ufacturer. Supernatants (200 pl) were mixed with 600 wl of buffer Z containing
1 mM DTT. Samples were placed in a 37°C water bath, and 200 ul of o-nitro-
phenyl-B-p-galactopyranoside (4 mg/ml) was added. After 60 min of incubation,
the reaction was stopped by addition of 500 pl of 1 M Na,COj;, and the absor-
bance was measured at 420 nm. B-Galactosidase activity, in nmol of o-nitrophe-
nol produced min~! mg ™!, was calculated using the following formula: (absor-
bance at 420 nm X 1.5)/(concentration of protein in mg/ml X volume of sample
in ml X reaction time in min X 0.00486).

B-Galactosidase measurements with 4-methylumbelliferyl-B-p-galactoside
were performed as follows. After thawing, bacterial pellets were suspended in
reaction buffer (25 mM Tris [pH 7.5], 125 mM NaCl, 2 mM MgCl,, 12 mM
2-mercaptoethanol) with 1 mM DTT and 1/100 volume of lysis solution (1 mg/ml
DNase, 10 mg/ml lysozyme). Samples (40 pl) were placed in an Eppendorf tube,
and 160 .l reaction buffer with 0.3 mM 4-methylumbelliferyl-B-p-galactoside was
added. After 30 min of incubation, the reaction was stopped by addition of 50 .l
of 25% TCA, and the solution was cooled on ice and clarified by centrifugation.
Next, 0.1 ml of supernatant was added to 1.9 ml glycine-carbonate reagent (133
mM glycine, 83 mM Na,CO;, pH 10.7). Fluorescence was measured in a DyNA
Quant 200 fluorometer (Amersham). The concentration of 4-methylumbellifer-

one was determined according to a standard concentration curve of 0 to 400 nM
4-methylumbelliferone.

RNA isolation and 5’ rapid amplification of cDNA ends (RACE) PCR. RNA
was isolated from strain 168 cultivated in rich medium (nutrient broth; Difco)
until stationary phase. The cells were harvested by centrifugation at 4°C (10 min,
5,000 X g). To lyse the cells, 1 ml of Trizol (Roche) and 0.2 ml of 0.1-mm
zirconium/silica beads were added to the 2-ml tubes containing the pellet. The
tubes were beat for 45 s at maximum speed in a Mini-Bead-Beater (Biospec
Products). Total RNA was isolated by following the protocol of A&A Biotech-
nology (total RNA isolation kit).

RACE is a procedure for amplification of nucleic acid sequences from an
mRNA template inserted between a defined internal site and an unknown 5’ end.
For such an analysis, we used the RACE system produced by Invitrogen (version
2.0), and experiments were performed according to the manufacturer’s manual.
The specific primers for ¢cDNA synthesis (RevTl) and PCR amplification
(cDAMP and AAP; 9d and AUAP) are listed in Table 2.

DNase I footprinting. The 452-bp EcoRI/BamHI fragment of pKN4, which
was end labeled using [a-*?P]dATP (Amersham) and the Klenow enzyme, was
used in the DNase I footprinting reactions. The protein binding buffer compo-
sition (1X) was 50 mM Tris (pH 8.0), 10 mM MgCl,, 100 mM KCI, 10 mM
2-mercaptoethanol, and 100 wg/ml bovine serum albumin. AbrB binding (10
min) and DNase I cleavage reactions (30 pg/ml DNase I for 10 s) were per-
formed at room temperature (22°C) as previously described (41, 44). Maxam-
Gilbert purine and pyrimidine reactions were performed on the labeled frag-
ments (27) and used for sequence orientation.

Pellicle formation. Pellicle formation experiments were performed in either
MSgg or B-medium, which differ in the main source of carbon. In the case of
B-medium (50 mM Tris-HCI [pH 7.5], 27 mM KCl, 7 mM sodium citrate, § mM
MgSO, 2 mM CaCl, 1 uM FeSO,4 10 pM MnSO, 0.6 mM KH,PO,, 0.5%
glucose, 4.5 uM glutamic acid, 860 pM lysine, 780 wM tryptophan) (1), the
wild-type and mutant strains were grown overnight at 37°C with shaking in
medium containing antibiotics when required (first-day culture). The overnight
culture was diluted to an optical density at 575 nm (ODs;5) of 0.2 and incubated
for 24 h under stationary conditions at room temperature (second-day culture).
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FIG. 1. Biofilm formation. Strains 168, MM233 (AsigB), and
MM1722 (AsigB amyE::pg,,,.-yxaB) were analyzed for biofilm forma-
tion on synthetic medium at 30°C. (A to C) Overview of the pellicles
at 24 to 26 h after inoculation. (D to F) Structure of 24- to 26-h-old
biofilm as seen by confocal laser scanning microscopy at a magnifica-
tion of X600. Bacteria were visualized using the Live/Dead BacLight
kit (Molecular Probes). The IPTG concentration was 1 mM.

Next, bacteria (100 pl of a second-day culture for each 2 ml of fresh medium)
were transferred to either sterile glass beakers (for visual observation) or 24-well
plates (for microtiter plate assay of pellicle formation) and incubated at 30°C
without shaking for the appropriate period of time.

For MSgg medium, the following procedure was used. An overnight culture of
bacteria was diluted in fresh LB medium. After reaching an ODs5 of 1, bacteria
were diluted 350-fold in minimal MSgg medium (5 mM potassium phosphate,
100 mM MOPS [morpholinepropanesulfonic acid] [pH 7], 2 mM MgCl, 700 .M
CaCl, 50 uM MnCl, 50 pM FeCl; 1 wM ZnSO, 2 uM thiamine, 0.5% glycerol,
0.5% glutamate, 50 ug ml~! tryptophan, 50 wg ml~! phenylalanine, and 50 pg
ml~! threonine) (4) supplemented with 200 pM NaCl. Cells were incubated
without shaking in 24-well plates for 70 h at 37°C to estimate the relative amount
of biofilm according to the microtiter plate assay described below.

Microtiter plate assay of pellicle formation. At appropriate times the medium
was carefully removed from the wells in which the pellicle was formed (see
“Pellicle formation” above), and the wells were rinsed with water. The plate
containing biofilm was allowed to dry at 37°C for 15 min. Next, methanol was
added to fix the biofilm to the walls of the wells. After removing methanol and
rinsing the wells with water, the plates were allowed to dry again at 37°C for 20
min, and then 1% crystal violet (CV) solution was added to stain the cells that
had adhered to the wells. Excess CV was then removed, and the wells were rinsed
with water. The CV that had bound the pellicle was then solubilized in an
ethanol-acetone solution (4:1, vol/vol). Biofilm formation was quantified by mea-
suring the ODj5, for each well using a plate reader.

Confocal scanning laser microscopy. For observation of B. subtilis biofilms by
confocal scanning laser microscopy, pellicles were grown using a modification of
the method described above (see “Pellicle formation”). The bacteria from a
second-day culture growing on B-medium were transferred to sterile petri dishes
with a glass slide at the bottom, immersed in 25 ml of medium. The slides had a
cavity in the middle to prevent damage of the three-dimensional structure of the
biofilm during observation. Biofilms were allowed to develop at the air-liquid
interface at 30°C under stationary conditions for the appropriate period of time.
Then, the medium was carefully removed from the plate, enabling the biofilm to
settle on the microscope slide. Samples were observed using an Olympus BX51
confocal laser microscope after staining with a Live/Dead BacLight bacterial
viability kit (Molecular Probes). Images were analyzed using the EZ2000
program, and individual scans through the Z section were obtained with this
software.
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FIG. 2. Transcription of yxa4 and yxaB during biofilm formation.
Biofilm pellicles were collected at appropriate times, disrupted by
vigorous shaking with glass beads, and analyzed for B-galactosidase
activity as described in Materials and Methods. Black bars, 168; open
bars, MM1701 (yxaB::pKN3); gray bars, MM1709 (amyE::p,.,4p-lacZ).
ONP, o-nitrophenol. Error bars indicate standard deviations.

RESULTS

General stress response factor ¢® plays a crucial role in
pellicle formation. The synthesis of ¢® is activated by diverse
environmental and energy stresses and governs the transcrip-
tion of a large set of general stress response genes (for a
review, see reference 16). There are reports showing a direct
contribution of o® to the formation of adherent biofilms by
Staphylococcus epidermidis and Staphylococcus aureus (22, 23,
37, 43). Given these results, it was of interest to determine
whether a B. subtilis sigB mutant (MM233) was able to form a
biofilm under laboratory conditions. As seen in Fig. 1B,
MM233 was unable to form a pellicle at an air-liquid interface.
The cells formed structures which looked like strands of cotton
wool accumulating at the bottom of the cultivation beaker.

Overexpression of the putative EPS synthase yxaB partially
suppresses the defect in formation of biofilm by a sigB mutant.
There are some data indicating that yxaB is activated under
stress conditions as detected by microarray experiments (33,
35). However, the cellular role of yxaB and the mechanism of
regulation remain unknown. The product of the yxaB gene
shows similarity to enzymes involved in EPS production. The
closest described homologs are EpsL from Streptococcus ther-
mophilus and PssK from Rhizobium leguminosarum bv. trifolii
(28, 40), which show 59% and 47% similarity, respectively.
Moreover, we found two paralogs of YxaB among other pro-
teins of B. subtilis: YveS (Epsl) and YVfF (EpsO), both of
which are part of the eps operon, which is necessary for EPS
production (4, 21).

Since the product of yxaB has similarity to enzymes involved
in EPS synthesis, it was possible that the inability of a sigB
mutant (MM233) to form a robust pellicle was due to a lack of
this enzyme. To test this, we first analyzed the transcription of
a yxaB-lacZ fusion in the biofilm by measuring B-galactosidase
activity in strain MM1701. The results showed that the tran-
scription of yxaB increased significantly in biofilm cells, reach-
ing the maximum level in biofilms grown for an extended time
(Fig. 2). We deleted yxaB from the chromosome and searched
for phenotypic effects associated with pellicle formation (data
not shown). The yxaB-deleted strain (MM1811) also grew nor-
mally under all tested laboratory conditions both in liquid
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FIG. 3. Analysis of cotranscription of yxa4 and yxaB. (A) The identified promoter in the analyzed region is marked by arrows. Fragments
amplified by RT-PCR analysis are marked by boxes. (B) RT-PCR amplification. MW, DNA molecular mass marker (Fermentas); F3, inside of
waB; F1, inside of yxaA; F2, distal part of yxa4 and proximal part of yxaB.

culture and on plates. To our surprise, this strain showed
normal biofilm formation and structure in MSgg and B-me-
dium (which differ in the main source of carbon), as estimated
by CV staining and by confocal microcopy (data not shown). A
possible explanation for the lack of a specific phenotypic effect
observed for MM 1811 may be the presence of the two paralogs
of yxaB, epsI and epsO, in the large eps operon. These paralogs
may be capable of taking over the function of yxaB.

Our next step was to analyze the effect of overexpression of
yxaB in a strain (MM233 AsigB) unable to induce the general
stress response. To achieve this, we constructed a 168 deriva-
tive carrying the yxaB gene under the control of an IPTG-
inducible promoter, pg,,. (MM1722). The results obtained
with this strain showed that IPTG (1 mM)-dependent tran-
scription of yxaB in MM1722 partially restored the ability to
form a floating pellicle on the surface of the medium (Fig. 1).
Moreover, detailed analysis of the biofilm by confocal micros-
copy revealed that induction of expression of yxaB largely re-
stored the ability of B. subtilis 168 cells to form long chains in
the biofilm (Fig. 1F). While the sigB mutant strain (MM233)
formed a nonstructured mass of cells, the overexpression of
yxaB in this strain background largely restored the wild-type
organization of the biofilm (Fig. 1D and E). Nevertheless, the
pellicle formed by strain MM1722 was more fragile than that
formed by strain 168 but still was able to remain on the liquid
surface, in contrast to the case for the mutant strain deleted
for sigB.

Genes yxaA and yxaB form an operon. In order to obtain
more information about the cellular function and regulation of
yxaB transcription, we decided to determine whether yxaB

forms an independent transcriptional unit or is cotranscribed
as a member of a larger operon. We focused on the yxa4 gene,
which encodes a putative glycerate kinase and is the only gene
in the neighborhood of yxaB that is transcribed in the same
direction (counterclockwise) relative to other genes in that
region of the B. subtilis chromosome. To determine whether
yxaA and yxaB might be cotranscribed from a promoter local-
ized upstream of yxaA, we designed three pairs of primers for
reverse transcription-PCR (RT-PCR) analysis. The first pair
was used to amplify a 125-bp fragment inside the yxaA4 gene
(designated F1); the second, a 145-bp fragment from the in-
ternal part of yxaB (designated F3); and the third, a 545-bp
fragment containing the distal part of yxa4 together with the
proximal part of yxaB (Fig. 3A). The results of RT-PCR anal-
ysis revealed amplification of cDNA in reactions with all pairs
of primers (Fig. 3B). The RT-PCR product with primers for
fragment F3 suggested that the transcript originating from the
Pyxaap Promoter extended into the yxaB gene. However, under
stress conditions the p,,, s promoter becomes activated, result-
ing in increased transcription of the yxaB gene (33, 35). To
confirm the results indicating that yxa4 and yxaB are cotrans-
cribed, we also performed a negative control experiment, run-
ning the RT-PCR in the absence of reverse transcriptase, and
no product was obtained.

This operon organization of yxa4 and yxaB appears to be
specific to B. subtilis, as confirmed by analysis of available
bacterial databases (http:/www.ebi.ac.uk/Databases/genomes
.html).

A o*-dependent promoter is localized upstream of the yxa4
gene. There are no available data describing the enzymatic
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FIG. 4. Transcriptional activity of the p,,, s promoter and its de-
rivatives in the presence and absence of AbrB in the bacterial cell.
B-Galactosidase activity in strains carrying a lacZ transcriptional fusion
to the p,,,45 promoter and its derivatives during planktonic growth in
NB medium supplemented with 0.5% glucose with shaking at 37°C is
shown. Black bars, 168; open bars, MM1709 (amyE::p,..,4p-lacZ); gray
bars, MM1715 (AabrB::cat amyE::p,,,5-lacZ); open bars with hori-
zontal lines, MM1804 (amyE::p,.,4p.+-lacZ); open bars with diagonal
lines, MM1808 (AabrB::cat amyE::p,,,45 ,lacZ). The transition state
of growth was reached between 4 h and 4.5 h. ONP, o-nitrophenol.
Error bars indicate standard deviations.

activity or the transcriptional regulation of the yxaA gene prod-
uct in B. subtilis. However, some information was acquired
from sequence comparisons. The YxaA protein shows high
similarity to the GarK and GIxK proteins from Escherichia coli
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(72% and 65% similarity, respectively), which were character-
ized as glycerate kinases (EC 2.7.1.31) (10, 31). Glycerate ki-
nases are highly conserved enzymes playing a variety of roles in
different organisms but with an unidentified role in many bac-
teria, including B. subtilis.

To determine the transcriptional start site for the yxaA gene,
we constructed strain MM1709 (amyE::p,,,45-lacZ). The B-ga-
lactosidase activity analysis for strain MM1709 showed that the
cloned region indeed contains an active promoter (Fig. 4). For
precise mapping of the transcription start site, we employed
the 5" RACE method. This approach resulted in identification
of the +1 nucleotide (position 4112285 in the B. subtilis chro-
mosome) of the yxad transcript (Fig. 5B). Analysis of the
sequence upstream of the +1 nucleotide allowed us to find a
strong match (TGGTACALT), seven of nine bases, to a canon-
ical extended —10 sequence (TGNTATAAT) and a partial
match (aTGta) to a canonical —35 sequence (TTGACA) of a
o*-dependent promoter. The —10 and —35 sequences were
separated from each other by an appropriate spacing of 17 bp
(18). Examination revealed the presence of an AT-rich UP
immediately upstream of the p,, ., promoter (at positions
—43 to —64), identical to analogous motifs in E. coli, repre-
senting 20 out of 22 consensus bases (6). UP elements have
been shown to stabilize binding of RNA polymerase to DNA
through direct interaction with the C-terminal domain of the «
subunit of this enzyme (6). The function of such a UP in B.
subtilis was previously demonstrated for promoters of phage
$29 (29). Our finding that the promoter for yxaA is recognized

A
AbrB binding site
TACCA TGGTA TTCCA
cre sites
aGAtAAAGTgAAtA TGCAAACaCTTTCA
TAtTTAAATTTTTACCATATTG
=10 gnt promoter -35 -35 yxaA promoter -10
ATgATAACg atgCAA aTGata TGGTACALT
pKN1-4 [ ]
pKN1-3 [ ]
PKN1-2][ |
PKN1-1[ ]
agtatgataacgtgaatatttcttttatgcaaacactttcatttctaatttttatttaaatttttaccatattgcatggtatgtatttccagatcaattatggtacattggagatcaa
A A A A A A A A A A A A
-110 -100 -90 -80 =70 -60 -50 -40 -30 -20 -10 +1
B
yxaA
gcatggtatgtatttccagatcaattatggtacattggagatcAataggttaagtqaatcatgttttgatttggATGaaaa
tTGaca TGnTAtAaT
-35 -10 +1 SD
Cc
yxaB
gatgcacatgccaatgcatagccatccttctttttgggtagagacagtTaacacacaatgaggaattcatcccacgcagatATG
rGGwTTra GGgtAt
-35 -10 +1 SD

r —Aor G, w - Aor T

FIG. 5. (A) Detailed structure of part of the region present in plasmid pKN1. All sites are listed above the sequence with appropriate
descriptions. Upper- and lowercase letters in descriptions denote consensus and nonconsensus bases, respectively. Boxes show part of the region
present in clones pKN1-1, pKN1-2, and pKN1-3, respectively. Numbering of motifs is according to the mapped transcription start site of the py,,45
promoter. (B and C) Mapping of the transcription start sites of yxa4 (B) and yxaB (C) with the 5" RACE method. Conserved bases from the
promoter region are in bold, and the +1 nucleotide is in uppercase. Ribosome binding sites are boxed, and the ATG start codon is indicated by
uppercase letters. The most important bases in the consensus sequence are capitalized. R, A or G; W, A or T.
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FIG. 6. Analysis of p,,,; promoter activity during ethanol stress. (A) B-Galactosidase activity during ethanol (EtOH) stress in strain MM1701
(yxaB::pKN3). (B) B-Galactosidase activity during ethanol stress in strain MM1710 (amyE::p,,,z-lacZ). Black bars, B-galactosidase activity of the
analyzed strains in the absence of ethanol; open bars B-galactosidase activity upon addition of ethanol (4%) to the medium (LB); gray bars,
B-galactosidase activity upon addition of ethanol (4%) in the strain deleted for the sigB gene (strain MM1702). ONP, o-nitrophenol; 4MU,

4-methylumbelliferone. Error bars indicate standard deviations.

by the housekeeping o factor is consistent with a postulated
role of YxaA as a glycerate kinase in central metabolism. The
results based on monitoring B-galactosidase activity in strain
MM1709 showed also that the transcription of yxa4 remained
unchanged during biofilm development, contrasting with the
pattern of yxaB expression (Fig. 2).

yxaB possesses its own ¢"-dependent promoter. To confirm
that the transcription of yxaB increases during ethanol stress,
as postulated previously form microarray experiments by
Petersohn et al. (33) and Price et al. (35), we constructed strain
MM1701 (yxaB::pKN3), which allowed us to monitor the level
of yxaB transcription. Indeed, we observed an increase in -ga-
lactosidase activity after addition to the medium of either 4%
ethanol (Fig. 6A) or 4% NaCl (data not shown). However,
taking into consideration the fact that the activity of the p,,., 45
promoter was stress independent in our study (data not shown)
and that we did not observe any ethanol induction of B-galac-
tosidase activity in the strain deleted for sigB (MM1703) (Fig.
6A), we hypothesized that yxaB transcription under stress con-
ditions may occur due to the presence of promoter in addition
to that upstream of yxaA. To investigate this, we constructed a
transcriptional fusion of the lacZ gene with the putative pro-
moter region (p,,z), generating strain MM1710 (amyE::p,,,. ;-
lacZ). Analysis of B-galactosidase activity in this strain showed
that this region contains a promoter which is activated under
stress conditions (Fig. 6B). We next used the 5" RACE tech-
nique to map the 5" end of the putative transcript. The results
indicated that the transcript start site (+1 nucleotide) is local-
ized at position 4111046 in the chromosome. Analysis of the
sequence upstream of the +1 nucleotide identified a strong
match (GGGTAg) to an extended canonical —10 sequence
(GGGTAT) and a partial match (tGcATaGc) to a canonical
—35 sequence (rGGwWTTrA) of a a®-dependent promoter (32).
As shown in Fig. 5C, the —10 and —35 sequences were sepa-
rated from each other by an appropriate spacing of 13 bp (19).

Northern blotting analysis confirmed the presence of an ap-
proximately 1,100-bp band that corresponds exactly to the ex-
pected size of the yxaB transcript, indicating the presence of an
active promoter region upstream of this gene (data not shown).

We also observed that yxaB transcription in a shaking liquid
culture is maintained at a low level (data not shown). We
interpret this as basal transcription from the o*-dependent
Pyaap Promoter. The transcription of many general stress
genes is known to depend upon o**-dependent promoters dur-
ing nonstress conditions (1a, 33).

AbrB inhibits yxa4B transcription. The finding that yxaB
was involved in pellicle formation in the o®-deficient strain
raised the question whether the yxa4B operon is under the
control of the global transcriptional regulator AbrB, as in the
case of many other biofilm associated genes (15, 16). As a
preliminary test of this hypothesis, we performed -galactosi-
dase activity analysis of the p,,, .z promoter in the strain de-
leted for abrB (MM1715). The results obtained showed a
threefold increase in B-galactosidase activity at the transition
phase, which was reached at between 5 and 5.5 h of bacterial
growth (Fig. 4). This indicated that AbrB is a negative regula-
tor of yxaAB. The binding of AbrB in the proximity of the
Pyxaap Promoter was confirmed by footprint analysis (Fig. 7).
The region protected by the AbrB protein extends from —21 to
—68 relative to the transcription start site. The protected re-
gion contains also the postulated UP, together with the —35
region, of the p,,, 45 promoter.

We also decided to examine the effect of the absence of the
UP region on yxaAB expression in the presence or absence of
AbrB. In order to estimate the influence of UP on the tran-
scription of yxa4B, we assayed derivatives of the p,,,.z pro-
moter which contained different lengths of the upstream reg-
ulatory sequences: the promoter region with the UP (pKN1-2,
strain MM1802), the promoter region with a fragment of UP
(pKN1-3, strain MM1803), and only a core of the p,,, 45 With-
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FIG. 7. AbrB footprint on the yxa4B promoter. The results were
obtained when the template strand was labeled at its 3’ end. Lanes: 1,
25 uM AbrB; 2, 8 M AbrB; 3, 2.5 uM AbrB; 4 and 5: no AbrB.
Maxam-Gilbert purine (R) and pyrimidine (Y) sequencing ladders are
shown for reference.

out UP (pKN1-4, strain MM1804). We introduced all these
truncated promoter fusions into an abrB background, con-
structing strains MM 1805 to MM1808. We found in fact that
lacZ expression in the absence of functional AbrB was signif-
icantly increased, in particular as more upstream region was
deleted, compared to that in strains carrying the same fusions
in the 168 abrB™ background (MM1801 to MM1804) (Table 3
and Fig. 4). These data suggest that the presence of AbrB also
facilitates the binding of other negative regulators to the UP
region. Alternatively, we cannot exclude the possibility that
AbrB itself controls the synthesis of such a negative regulator.
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FIG. 8. Transcriptional activity of the p,,, 45 promoter and its de-
rivatives in the presence and absence of CcpA. B-Galactosidase activity
in strains carrying a lacZ transcriptional fusion to the p,,,4z promoter
and its derivatives was measured during planktonic growth in NB
medium supplemented with 0.5% glucose with shaking at 37°C. Black
bars, MM1709 (amyE::p,,,5-lacZ); open bars, MMI1718 (ccpAl
amyE::p,, p-lacZ); gray bars, MM1803 (amyE::p,.,4p.5-lacZ); bars
with horizontal lines, MM1719 (ccpAl amyE::p,,, 45 5-lacZ). ONP, o-
nitrophenol. Error bars indicate standard deviations.

This also could explain the lack of a positive effect of UP on
transcription of the yxa4B operon under the tested conditions
(Fig. 4). However, an equally plausible hypothesis is that the
lack of a UP in the abrB™ background could increase tran-
scription of yxa4B due to a reduction of the binding of AbrB to
DNA, since the footprint analysis showed that AbrB binds to
the DNA sequence overlapping the AT-rich UP element.
Searching for other regulators of the yxa4B operon. We
found that the transcription of the yxa4B operon increased
when the medium was supplemented with 0.5% glucose. The
gene ccpA is known to encode the catabolite control protein A,
which plays a central role in sugar metabolism in B. subtilis (for
a review, see reference 12). In fact, we found that transcrip-
tional activity of the p,, 45 promoter was decreased twofold in
the strain (MM1718) lacking ccp4 when grown in the presence
of glucose (Fig. 8). No effect was observed in the absence of
glucose (data not shown). These data suggested that CcpA can
act as an activator of yxaAB transcription. Since CcpA can
function as a catabolite repressor or activator depending on
relative position of cre sites (catabolite-responsive elements), it
was of interest to determine if such a binding sequence is
present in close proximity to the p,,, s promoter (for a review,
see reference 12). Indeed, two cre sites are located just up-

TABLE 3. Transcriptional activities of derivatives of the p,,, s promoter in different genetic backgrounds*

Mean B-galactosidase activity (nmol of
produced ONP mg~! min~') = SD” in:

Plasmid Description
Wild type AabrB mutant
pKN1 waAB gene promoter with all surrounding sequences 0.8 0.3 3.1+0.8
pKN1-1 waAB gene promoter with all surrounding sequences; gnt operon 1.6 = 0.3 51*11
promoter inactivated by deletion of —10 region

pKN1-2 waAB gene promoter with predicted UP 44+09 10.1 = 1.8
pKN1-3 waAB gene promoter with shortened predicted UP 6.1 1.1 121 1.7
pKN1-4 Core of yxaAB gene promoter 82*1.5 17.8 =3.2

“ For details concerning the p,,, 45 derivatives, see Fig. 3 and the text.

® Data were collected at the transition stage of growth from three independent experiments.
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stream of yxaA at positions —76 to —89 and —99 to —112 in the
gnt promoter (Fig. 5). Miwa and coworkers have shown that
only the cre sequence located at position —76/—89 functions as
an active regulatory site leading to repression of the gntR
operon upon binding of CcpA (30). When we carried out a
footprint experiment, we found that RNA polymerase pro-
tected the promoter region up to position —78 (data not
shown); consequently, we cannot exclude a possible interaction
between CepA and RNA polymerase on the p,,, 45 promoter.

In order to confirm that the indicated effect of CcpA on
wxaAB expression is directly dependent upon interaction of
CcpA with RNA polymerase, we examined the activity of the
promoter region lacking the cre site (pKN1-3 construct) in a
strain deleted for ccpA and in the 168 background. Surpris-
ingly, we noted a decrease in [-galactosidase activity
(MM1719) compared to the ccpA™ background (MM1803)
(Fig. 8). This effect was observed only in the presence of
glucose (data not shown). From these data we cannot conclude
what is the role of CcpA concerning transcription in the yxaAB
operon. However, it is still plausible that the CcpA protein
does play a direct role in the regulation of transcription of the
yxaAB operon, but this will require further experiments.

We finally determined whether yxa4B expression was sub-
ject to control by other important regulators of the eps operon,
including the o™, Spo0A, and Sinl proteins (4, 15, 21). The
results obtained with a strain deleted for sigH showed that
expression of both yxa4 and yxaB was independent of this
regulator (data not shown). Surprisingly, we observed no effect
of mutations in spo0A or sinl on expression of yxaAB in the
tested conditions (data not shown). However, it should be
emphasized that we performed these B-galactosidase measure-
ments in a rich medium, which is not conducive for efficient
sporulation, and the samples were collected mainly from the
exponential and early stationary phases of growth. These con-
ditions are associated with a low level of phosphorylated
Spo0A in the cell. Consequently, the absence of an effect of a
spo0A mutation on an AbrB-dependent promoter (such as
yxaAB) may simply reflect the sampling conditions.

DISCUSSION

Biofilm communities are able to withstand harsh environ-
mental conditions, as shown by the fact that the bacteria
therein are often much more resistant to antimicrobial com-
pounds or mechanical injury than planktonic cells (9) Forma-
tion of these communities is often perceived as an answer to
stress conditions (39). In order to better understand this con-
nection, we searched for an influence of the o® stress factor
and yxaB, encoding a putative EPS synthase under ¢® control,
on biofilm formation in B. subtilis.

Entry into the stationary phase of growth as well as diverse
environmental stresses cause activation of o®. Nevertheless,
the precise function and physiological roles of ¢® remain de-
batable (33). There are some reports showing a direct contri-
bution of ¢® to the formation of adherent biofilms by human
pathogens or to the virulence of Bacillus anthracis (13, 22, 37).
We found that deletion of the o® gene has a severe effect on
biofilm formation, leading to production of very fragile pieces
of pellicle which accumulate at the bottom of the container
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(Fig. 1). These results indicate that o® makes a significant
contribution to this multicellular process.

Among genes with unknown function belonging to the o®
regulon (33, 35), we searched for possible genes connected to
the synthesis of one of the major components of biofilm matrix,
EPS (21). We focused on the yxaB gene, encoding a putative
EPS synthase. This protein shares homology with EpsL from
Streptococcus thermophilus and PssK from Rhizobium legu-
minosarum bv. trifolii (28, 40). Analysis of the region immedi-
ately upstream of yxaB revealed the consensus sequence of a
oB-dependent promoter, whose presence has also been sug-
gested by other authors (33). As expected for many general
stress genes, whose basal expression depends upon o under
nonstress conditions (1a), we were able to map a o** regulatory
sequence close to the 3’ end of yxaA, the gene upstream of
yxaB. Transcription initiating at the o*-dependent promoter
under nonstress conditions produced a bicistronic mRNA en-
coding both genes.

In contrast to yxaA, yxaB was highly induced during biofilm
formation (Fig. 2). Nevertheless, a strain deleted for yxaB
showed relatively normal biofilm formation and structure. One
of the most interesting findings of this study was that expres-
sion of yxaB from the pg,,. promoter in a strain deleted for
sigB was able to partially restore formation of a floating biofilm
pellicle (Fig. 1). Therefore, we conclude that YxaB is involved
in formation and/or maintenance of the biofilm structure in B.
subtilis; however, its function may be redundant since the cell
possesses two paralogs. Another hypothesis is that YxaB may
play a role in the stress resistance of the biofilm but is not
required for biofilm formation itself. Further investigations are
planned to test whether yxaB plays a role in biofilm-specific
enhancement of resistance to antimicrobial agents and stresses.

The yxaA gene, which has not been reported to be stress
inducible, encodes a putative glycerate kinase. This type of
enzyme is widely present in all kingdoms of living organisms
and plays an important function in cell metabolism. Correct
functioning of such enzymes is necessary for the C, respiratory
cycle in Arabidopsis thaliana (2) and has a role in serine
metabolism in Methylobacterium extorquens (8). In humans,
a deficiency of glycerate kinase leads to p-glyceric aciduria,
which is characterized by massive amounts of D-glyceric acid
in urine (3).

It has been reported that a wide range of genes participating
in different metabolic pathways, not directly associated with
EPS synthesis, are specifically required for biofilm formation,
biofilm maintenance, and/or the resistant properties of biofilm.
For example, in B. subtilis, in addition to the eps4 to -O and
yqxM-sipW-tasA genes required for matrix formation (5), a
number of genes such as ampS, glitAB, yoaW, and pgcA, which
seemingly fulfill other crucial, often unknown, functions, some-
how participate in biofilm development (7, 16, 25). We ob-
served that transcription starting at p,,, 4 is unchanged during
biofilm formation, suggesting that the gene is not required for
this process. However, a constant level of expression of the
pgcA or gtaB gene, crucial for biofilm development, has been
reported (25). Thus, we cannot rule out a possible role for yxaA
in biofilm formation.

Detailed analysis of the p,., 4 promoter region using foot-
printing and genetic analysis revealed an AbrB binding region.
AbrB has been shown to influence the transcription of genes
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encoding enzymes participating in EPS synthesis in addition to
extracellular degradative processes, nitrogen and carbon utili-
zation, amino acid metabolism, and antibiotic resistance under
biofilm formation conditions (16, 34). Further investigation of
transcription originating from the p,,., 45 promoter showed that
this is induced by the presence of 0.5% glucose in NB medium
and that the maximal activity occurs at the transition into the
stationary phase. The stimulatory effect of glucose on biofilm
formation is in agreement with the observation that the ab-
sence of UDP-Glc in cells affects biofilm formation in B. sub-
tilis. Therefore, it has been postulated that UDP-Glc might act
as a metabolic signal regulating this multicellular process (25).
The influence of glucose on biofilm formation is complex and
depends on other conditions. Whereas Stanley and coworkers
(39) showed that addition of glucose (1%) to rich media sup-
presses biofilm formation, Chagneau and Saier (7), using the
same concentration of glucose, showed that it has also a stim-
ulatory effect on this process when added to minimal medium
(39).

Although we are not yet able to answer the question con-
cerning the precise function of the yxaAB operon, our obser-
vations indicate that it plays a crucial role in the analyzed social
behavior. Our future investigations will be directed toward
elucidating the specific roles played by the two gene products
during biofilm formation in attempts to further unravel the
complexities of this multicellular phenomenon.
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