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Rok Regulates yuaB Expression during Architecturally Complex
Colony Development of Bacillus subtilis 168�#
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Transcriptome analysis of a Bacillus subtilis rok strain that showed reduced complex colony structure
formation revealed significant downregulation of the yuaB gene. Overexpression of yuaB restored structure
formation in the rok strain. We show that transcription of yuaB is indirectly regulated by Rok, independently
from its previously described AbrB-dependent regulation.

The Gram-positive model organism Bacillus subtilis is capa-
ble of forming surface-associated communities of cells in a
matrix of extracellular polymers organized in complex struc-
tures (3). The main structural components of B. subtilis bio-
films, i.e., a protein component (TasA in the yqxM-sipW-tasA
operon) and an exopolysaccharide (EPS; produced by proteins
encoded by the epsA-epsO operon), are produced by only a
small proportion of cells (5). The aerial extensions formed in
mature biofilms, often described as “fruiting body-like” struc-
tures, present preferential sites for sporulation (3, 23). B. sub-
tilis biofilm development involves many regulators that deter-
mine the cell fate and therefore the composition of the biofilm.
Repression of biofilm genes by the master regulator SinR is
relieved upon Spo0A-dependent expression of SinI (5). Simi-
larly, Spo0A-regulated AbrB represses the yqxM operon (7).
Besides the yqxM and eps operons, several genes/operons have
been described to be involved in the proper development of
biofilms (4, 6, 13). The genes yuaB and yvcA were identified
through analysis of the role of phosphorylated DegU in biofilm
development (14, 24). YuaB is a small secreted protein regu-
lated by AbrB, and its expression depends on the biosynthesis
of the polysaccharide component of the biofilm in B. subtilis
NCIB3610 (25).

Most studies of B. subtilis biofilm development have been
performed in wild isolates (e.g., NCIB3610) that produce wrin-
kled structures during architecturally complex colony develop-
ment on solid surfaces or during pellicle formation at the
air-liquid interface (3). It has been shown that certain labora-
tory strains of B. subtilis (e.g., 168 1A700) are capable of
forming architecturally complex colonies with vein-like struc-
tures formed by elevated bundles of cells (23). Domesticated
strains of B. subtilis (e.g., PY79) have been shown to contain
mutations in genes important for swarming motility as well as
colony architecture formation (12, 22). Unlike 168 1A700,

PY79 produces flat colonies with no apparent bundle forma-
tion (3, 23). Sequencing of the degQ, sfp, and swrA loci of strain
168 1A700 revealed that these genes contain mutations iden-
tical to those found in the PY79 strain, indicating that 168
1A700 must differ from PY79 at at least one other genetic
locus.

Here, we examine the role of the transcription factor Rok in
architecturally complex colony development by B. subtilis 168
1A700 (Table 1). Rok was previously identified as a repressor
of comK (11), the master regulator of competence, but Rok
also reduces the transcription of a family of genes that specify
membrane-localized and secreted proteins, including a number
of genes that encode products with antibiotic activity (1).
Strains (Table 1) were grown in TY medium (1% Bacto tryp-
tone, 0.5% Bacto yeast, 0.5% NaCl, and 0.1 mM Mncl2), and
colonies were obtained by spotting 2 �l of an overnight Bacillus
culture on 2� SG medium (13) solidified by 1.5% agar. Mu-
tation in rok resulted in the reduction of the B. subtilis colony
structures (Fig. 1A), without disturbing the expression of genes
important for the production of biofilm matrix, as was ob-
served in sinI or eps mutant strains (Fig. 2). Mutation in rok
also tempers pellicle formation (see Fig. S1 in the supplemen-
tal material). The transcription factor Rok therefore raises the
number of known transcription factors in B. subtilis that influ-
ence architecturally complex colony formation in addition to
regulating various processes within the cells. Examination of
genes that are affected by rok during complex colony develop-
ment would therefore likely reveal factors necessary for the
formation of structures but not matrix production.

Transcriptome analysis of colonies of the rok mutant in
comparison with those of 168 1A700 revealed the upregulation
of previously identified genes (1) regulated directly by Rok or
indirectly by ComK in liquid cultures (Table 2). The yuaB,
yobB, and yoqLM genes were found to be significantly down-
regulated in the rok strain. Even though many ComK-regu-
lated genes were differentially expressed in the rok mutant,
colony structure formation was not affected by a comK muta-
tion (Fig. 1A). Although the list of upregulated genes (See
Table 2) excludes the previously identified ComK-regulated
genes in transcriptome analysis when colonies of a comK single
mutant and a comK rok double mutant are compared, it con-
tains the same downregulated genes (data not shown).
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To examine the genes that were downregulated in the rok
strain under architecturally complex colony development, mu-
tations were introduced into the yuaB, yobB, and yoqM genes.
Only a mutation in yuaB resulted in a reduction in colony
structure, identical to that of the rok mutant, while the yobB
and yoqM mutant strains had a colony structure similar to that
of 168 1A700 (Fig. 1A). The BFA239 mutant of the yuaB gene,
constructed previously by the Bacillus subtilis gene Functional
Analysis Project (15), was used in our experiments, since the
deletion mutant of yuaB (14) produced similar results (Fig.
1A). The phenotypic similarity of yuaB and rok strains with
regard to colony structure suggests that Rok affects colony
development through alteration of the transcription of yuaB.

To test whether yuaB is the sole gene regulated by Rok that
is required for complex colony architecture, we overexpressed
yuaB in the rok mutant using 1 mM isopropyl-�-D-1-thiogalacto-
pyranoside (IPTG). High expression of yuaB from the hy-
perspank promoter in pDR111 restored complex colony struc-
ture in both yuaB and rok strains, while expression of yuaB
from the spank promoter in pDR110 did not complement
mutation in either yuaB or rok (Fig. 1B). Expression levels
from the hyperspank promoter are around 7 times higher than
those from the spank promoter when induced with IPTG (20).
This suggests that a high level of expression is necessary for the

proper function of YuaB. Furthermore, the complementation
of the rok mutation by expression of yuaB suggests that Rok
affects the development of B. subtilis colony structure solely by
regulating the transcription of yuaB.

To address whether Rok regulates yuaB expression directly,
gel mobility shift assays were performed using various amounts
of purified Rok protein (1) and the promoter regions of comK
and yuaB (for details, see the supplemental material). While
Rok bound to its previously identified target promoter of
comK, no DNA binding was observed in in vitro gel mobility
shift assays when Rok was incubated with the promoter region
of yuaB (see Fig. S2 in the supplemental material). In vivo
binding of Rok to the yuaB promoter was also not observed in
chromatin immunoprecipitation experiments (W. K. Smits, per-
sonal communication). Therefore, Rok likely regulates yuaB in-
directly through a transcription factor that still needs to be
identified. Extensive investigation of the differentially regu-
lated genes in our transcriptome analysis did not reveal a

FIG. 1. B. subtilis complex colony structure depends on Rok-regu-
lated yuaB transcription. Strains were spotted on 2� SG plates and
incubated for 3 days. The scale bar in the lower right corner represents
10 mm. (A) Colony morphology of various B. subtilis strains. (B) B.
subtilis yuaB and rok mutants transformed with pDRyuaB1 (Pspank-
yuaB) and pDRyuaB2 (Phyperspank-yuaB) constructs in the absence (up-
per panels) or presence (lower panels) of 1 mM IPTG.

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Relevant genotype or
descriptiona

Reference or
source

B. subtilis strainsb

168 1A700 trpC2/parental strain in this
study

Bacillus Genetic
Stock Center

rok mutant 168 rok::Kmr 1
rok Sp mutant 168 rok::Spr 1
comK mutant 168 comK::Spr 10
rok comK mutant 168 rok::Kmr comK::Spr This study
yuaB mutant 168 BFA239 yuaB::Eryr 15
yoqM mutant 168 yoqM::Eryr This study
yobB mutant 168 yobB::Eryr This study
�yuaB mutant 168 �yuaB::Cmr 14
abrB mutant 168 abrB::Eryr 21
abrB rok mutant 168 abrB::Eryr rok::Kmr This study
degSU mutant 168 �degSU::aphA3 Kmr 19
degU146 mutant 168 degU146 Kmr 8
degU32 mutant 168 degU(Hy)32 Kmr 16
degU32 rok mutant 168 degU(Hy)32 Kmr rok::Spr This study
sinI mutant 168 sinI::Spr 9
sinI rok mutant 168 sinI::Spr rok::Kmr This study
sinR mutant 168 sinR::Spr 21
epsG mutant 168 epsG::pBL601 Spr 25
epsG rok mutant 168 epsG::pBL601 Spr rok::Kmr This study

Plasmids
pSG1151 Ampr Cmr gfpmut1 17
pSGyuaB PyuaB cloned into pSG1151

Ampr Cmr
This study

pDR110 Ampr Spr lacI �amyE amyE�
Pspank

Gift from D.
Rudner

pDR111 Ampr Spr lacI �amyE amyE�
Phyperspank

Gift from D.
Rudner

pDRyuaB1 yuaB cloned into pDR110
Ampr Spr

This study

pDRyuaB2 yuaB cloned into pDR111
Ampr Spr

This study

a Kmr, kanamycin resistant; Spr, spectinomycin resistant; Eryr, erythromycin
resistant; Cmr, chloramphenicol resistant, Ampr, ampicillin resistant.

b B. subtilis strains were obtained by transforming genomic DNA of various
strains into parental strain 168 1A700.
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candidate transcription factor that could play a role in the
regulation of yuaB transcription.

The transcriptional regulation of yuaB was studied using
strains harboring a yuaB promoter-green fluorescent protein
(GFP) fusion. Fluorescence was detected at both the colony
level using a macrozoom fluorescence microscope and at the
single-cell level using a cytometer (Fig. 2). Expression of yuaB
was reduced in the rok strain, as observed in the array exper-
iments (Fig. 2). Similarly, yuaB expression was diminished in
the pellicles of the rok mutant compared to the pellicles of
strain 168 1A700 (see Fig. S1 in the supplemental material). In
agreement with previous reports (14, 24, 25), a mutation in
abrB enhanced, while deletion of the degSU genes reduced,
the expression of yuaB in complex colonies (Fig. 2). Abol-
ishing (degU146) or increasing (degU32) the phosphoryla-
tion of DegU resulted in reduction or elevation of yuaB tran-
scription, respectively. When a rok mutation was introduced
into either the abrB or degU32 background, minor changes in
colony structure were observed. However, the expression of
yuaB was reduced in the abrB rok and degU32 rok double
mutants to the same extent as when rok alone was mutated.
Thus, the transcriptional regulation of yuaB by Rok is inde-
pendent of the previously described regulatory pathways (14,
25). When the promoter-reporter fusion was introduced into a
sinR background, the reporter activity driven by the yuaB pro-
moter region was comparable to that of the 168 1A700 strain.
Previously, SinR was found to negatively affect yuaB regulation
in B. subtilis NCIB3610 through the reduction of EPS produc-
tion (25). In contrast, here we find that mutation of epsG,
causing disruption of EPS production, increased expression of
yuaB in B. subtilis 168 1A700 (Fig. 2). Similarly, deletion of
sinI, which results in a colony morphology comparable to that
of the epsG strain, increased yuaB expression. Thus, in B.
subtilis 168 1A700, the absence of EPS has a positive rather
than a negative effect on the transcription of yuaB. Domesti-
cated strains and undomesticated isolates were found previ-
ously to differ in gene regulation during biofilm development;
e.g., heterogeneity of srfAA expression differs between strains
NCIB3610 and 168 1A700 (18), while colony morphology de-
pends on distinct polymers in various wild isolates, indicating
that EPS has an important role in strain NCIB3610 (2) and
poly-�-DL-glutamate in strain RO-FF-1 (22). How the absence
or presence of EPS regulates the expression of yuaB in differ-

FIG. 2. Expression of yuaB is altered in B. subtilis by Rok, AbrB,
DegU, SinI, and EPS. Strains were spotted on 2� SG plates and

incubated for 3 days. Fluorescence was detected in complex colonies
using an Olympus MVX10 macrozoom fluorescence microscope
equipped with a PreciseExcite LED fluorescence illuminator (470 nm),
a GFP filter set (excitation at 460/480 nm and emission at 495/540 nm),
and an Olympus XM10 monochrome camera. For the single-cell anal-
ysis of complex colonies, a colony was scraped from the plate using a
scalpel and homogenized for 1 min using a mini-beadbeater-8 (Bio-
spec, Bartlesville, OK), and fluorescence was measured using a Coulter
Epics XL-MCL flow cytometer (Beckman Coulter, Mijdrecht, Neth-
erlands) operating an argon laser (488 nm). For each sample, at least
20,000 cells were analyzed using WinMDI 2.8 (http://facs.scripps.edu
/software.html). The relative numbers of cells (0 to 75) are indicated
on the y axis of the graphs, and their relative fluorescence levels (0 to
104) are indicated on the x axis on a logarithmic scale. “Gmean”
indicates the mean fluorescence of PyuaB-GFP-containing cells at the
single-cell level. The scale bar in the lower left corner represents 10 mm.
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ent strains is not yet understood (25) and remains to be inves-
tigated. However, deletion of rok abolishes the high yuaB ex-
pression in epsG or sinI mutants, demonstrating that the
regulation of yuaB by Rok depicted here is distinct from the
ones previously described.

In summary, we have shown that yuaB transcription is influ-
enced by the transcription factor Rok during architecturally
complex colony development of B. subtilis independently from
the previously described regulators.

Microarray data accession number. Microarray data have
been deposited in the Gene Expression Omnibus database
(GSE22370).
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