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Summary

In 

 

Bacillus subtilis

 

 competence for genetic transfor-
mation develops only in a subpopulation of cells in
an isogenic culture. The molecular mechanisms
underlying this phenotypic heterogeneity are
unknown. In this study, we stepwise simplify the sig-
nal transduction cascade leading to competence,
yielding a strain devoid of all regulatory inputs for this
process that have been identified so far. We demon-
strate that auto-stimulation of ComK, the master reg-
ulator for competence development, is essential and
in itself can be sufficient to generate a bistable
expression pattern. We argue that transcriptional reg-
ulation determines the threshold of ComK to initiate
the auto-stimulatory response, and that the basal
level of ComK (in a wild-type strain governed by
MecA-mediated proteolytic control) determines the
fraction of cells that reach this threshold, and thus
develop competence.

Introduction

 

The response of bacteria to internal and external stimuli
is co-ordinated by complex arrays of sensing and regula-
tory proteins. The majority of these signal transduction
cascades are robust, but some are notorious for their
variable output, and resulting heterogeneous phenotypes.
Examples of this non-genetic population heterogeneity
include phase-variation in a number of pathogenic bacte-
ria (Kim and Weiser, 1998; Henderson 

 

et al

 

., 1999), pro-

duction of colicin K and phage-lambda induced lysis in

 

Escherichia coli

 

 (Arkin 

 

et al

 

., 1998; Mulec 

 

et al

 

., 2003),
gene expression during infection and suboptimal 

 

lac

 

-
induction in 

 

Salmonella

 

 (Tolker-Nielsen 

 

et al

 

., 1998; Hau-
tefort 

 

et al

 

., 2003), and cellular differentiation in 

 

Bacillus
subtilis

 

 (Hadden and Nester, 1968; Haseltine-Cahn and
Fox, 1968; Chung 

 

et al

 

., 1994).
Despite it being a rather common phenomenon, little is

known about the molecular mechanisms underlying the
heterogeneous outcome of the regulatory processes
involved. It may be random, and based on stochastic
fluctuations of regulatory proteins, as has been proposed
for phage-lambda lysis in 

 

E. coli

 

 (Arkin 

 

et al

 

. (1998). Alter-
natively, it is conceivable that a specific mechanism has
evolved which leads to the separation into subpopulations,
considering the assumption that phenotypic variability
contributes to the fitness of the species (Booth, 2002;
Sumner and Avery, 2002). It has been proposed, for
instance, that the presence of positive auto-regulation can
be sufficient to evoke a separation into two subpopulations
(a so-called 

 

bistable response

 

) (Ferrell Jr, 2002).
Recently, theoretical modelling has substantiated this sup-
position and biological support came from the use of
simple, well defined gene regulatory systems showing
positive feedback architecture, such as the ones derived
from bacteriophage lambda of 

 

E. coli

 

 (Hasty 

 

et al

 

., 2000),
and a tetracycline-responsive transactivator system in
yeast (Becskei 

 

et al

 

., 2001).
In 

 

B. subtilis

 

, a complex signal transduction cascade
directs the induction of genetic competence, but only a
small fraction of the cells will eventually reach this state
(Hamoen 

 

et al

 

., 2003). In the present study we investigate
the mechanisms that could be responsible for the differ-
entiation into competent and non-competent cells. Com-
petent cells express a complex DNA-binding, -uptake, and
-integration machinery, and undergo severe metabolic
changes, whereby replication and synthesis of macromol-
ecules are arrested (Dubnau, 1991). These cells are phys-
ically different from non-competent cells and can be
separated by means of density gradient centrifugation
(Hadden and Nester, 1968; Haseltine-Cahn and Fox,
1968). It is therefore not surprising that the development
of competence is a strongly controlled process. Under
laboratory conditions the fraction of cells that become
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competent is limited to 10–20% of a culture (Haijema

 

et al

 

., 2001). Only in this small subpopulation the key
regulator, ComK, is expressed. ComK activates over a
hundred genes, among which the genes encoding the
DNA-uptake and recombination systems (Berka 

 

et al

 

.,
2002; Hamoen 

 

et al

 

., 2002; Ogura 

 

et al

 

., 2002). In Fig. 1,
a simplified scheme of the competence signal transduc-
tion cascade is depicted (Hamoen 

 

et al

 

., 2003). Prema-
ture transcription of 

 

comK

 

 is prevented by three different
repressors: AbrB, CodY and Rok, which all bind to the

 

comK

 

 promoter region. In addition, ComK is captured by
the adaptor protein MecA, which targets ComK to the
ClpCP protease complex, resulting in its proteolytic deg-
radation (Turgay 

 

et al

 

., 1998). One of the reasons for this
apparent redundancy of control mechanisms is that ComK
binds to its own promoter region and strongly stimulates
its own expression (van Sinderen and Venema, 1994).
This auto-stimulatory response is a critical step in the
establishment of competence and requires the response
regulator DegU, which stabilizes the binding of ComK
(Hamoen 

 

et al

 

., 2000).
Although the regulatory pathways involved in compe-

tence development are well characterized, the molecular
mechanisms responsible for the heterogeneous induction
of ComK remain elusive. It is tempting to consider the
competence signal transduction cascade simply as a net-
work with positive feedback architecture, and thus explain
the bistability. For several reasons, however, this conclu-
sion is premature. First of all, positive feedback is no
guarantee for bistable behaviour (Becskei 

 

et al

 

., 2001;
Ozbudak 

 

et al

 

., 2004) and bistability is not limited to sys-
tems employing positive auto-regulation (Walz and
Caplan, 1995). Second, it does not take into account the
abundant negative regulatory mechanisms that are

present in the competence regulatory cascade. Third,
many of the regulators are only present, activated or deac-
tivated, during a certain period in the growth of a culture
(Hamoen 

 

et al

 

., 2003). The limited presence of one, or
maybe a few, of these regulators may ultimately be the
cause of the non-uniform synthesis of ComK in a culture.
Moreover, it is known that the absence of a functional
MecA protein results in synthesis of ComK in nearly all
cells of a culture (Haijema 

 

et al

 

., 2001), while the positive
feedback loop is still present in such a strain. This last
observation suggests that the heterogeneity of compe-
tence is specifically established at the level of MecA-
mediated proteolytic control of ComK. However, the
absence of MecA leads to such strong overproduction of
ComK that the transcription factors DegU, SinR and AbrB
are no longer required for 

 

comK

 

 expression (Hahn 

 

et al

 

.,
1996). Therefore, it is not justified to discard the possibility
that the complex regulation of the 

 

comK

 

 promoter deter-
mines the heterogeneous output of the competence signal
transduction cascade.

The abundance and intertwinement of the different reg-
ulatory pathways complicates the use of a simple genetic
mutagenesis approach to determine the role of the indi-
vidual regulatory mechanisms in the establishment heter-
ogeneity. Therefore, we decided to stepwise simplify the
signal transduction pathway leading to competence devel-
opment. First, we uncoupled the 

 

comK

 

 expression from
the transcriptional control exerted by the transcription
factors that bind to the promoter of 

 

comK

 

, leaving the
auto-stimulatory loop, and the MecA/ComS-mediated
post-translational control, intact. To this end, the 

 

comK

 

promoter region (

 

PcomK

 

) was replaced by a promoter
region which only requires ComK for its activation, i.e. the

 

comG

 

 promoter (

 

PcomG

 

) (Fig. 1). Second, we combined
the 

 

PcomG

 

-driven 

 

comK

 

 locus with a 

 

mecA

 

 mutation, thus
creating a strain devoid of all regulatory inputs of compe-
tence development identified so far. In addition, a strain
was constructed in which ComK auto-stimulation is
removed. In subsequent experiments it was shown that
the 

 

comK

 

 auto-stimulatory loop is essential, and in itself
can be sufficient to generate a bistable expression of

 

comK

 

. Finally, a schematic model for the effect of individ-
ual regulatory factors on bistability in competence is
presented.

 

Results

 

A single cell reporter for competence

 

To visualize competence development in individual cells,
we constructed a fusion between the promoter region of

 

comG

 

 and the 5

 

¢

 

- end of the gene coding for the green
fluorescent protein, GFP (

 

comG-gfp

 

). This construct was
introduced by Campbell-type integration into 

 

B. subtilis

 

,

 

Fig. 1.

 

Schematic representation of 

 

comK

 

 regulation in the wild-type 
and a 

 

PcomG-comK

 

 strain. Open arrows represent the 

 

comK

 

 gene. 
Binding of transcriptional regulators is indicated with open circles 
upstream of the gene. The negative and positive actions of these 
regulators are represented by perpendiculars and arrows, respec-
tively. The proteolytic complex is encircled.
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leaving the original 

 

comG

 

 operon intact. Fluorescence
microscopy was used to measure the expression of GFP
in individual cells. To validate the use of this system for
the analysis of competence development at the single cell
level, H-plots (see 

 

Experimental procedures

 

) were gener-
ated for a wild-type and a 

 

mecA

 

 strain containing the

 

comG-gfp

 

 reporter (Fig. 2A and B, respectively). The frac-
tion of competent cells and expression patterns are in
good agreement with previously reported expression stud-
ies (Hahn 

 

et al

 

., 1995; 1996; Haijema 

 

et al

 

., 2001). To
verify that the production of GFP reflects the production
of ComK in these experiments, Western blot analyses
were performed using ComK- and GFP-specific antibod-
ies (Fig. 3). Both in the wild-type strain and the 

 

mecA

 

mutant, the GFP signal appeared slightly later than the
ComK signal, which is in good agreement with previous
studies showing that expression of 

 

comG

 

 starts about an
hour after 

 

comK

 

 induction (van Sinderen and Venema,
1994). The strong signal observed in the Western blot for
both GFP and ComK in the 

 

mecA

 

 mutant correlates well
with the strong GFP signals observed in the H-plot in
Fig. 2B. Taken together, we can conclude that the 

 

comG-
gfp

 

 fusion provides a reliable method for monitoring ComK
production in single cells.

 

ComK auto-stimulation is functional in a 

 

PcomG-comK

 

 background

 

The first step in the removal of regulatory inputs for com-
petence development was the replacement of 

 

PcomK

 

 by

 

PcomG

 

. The 

 

comG

 

 operon codes for several proteins
which are involved in the formation of the DNA-binding
and -uptake machinery, and 

 

in vitro

 

 and 

 

in vivo

 

 transcrip-
tion experiments strongly suggest that ComK is the only
protein required for the activation of the 

 

comG

 

 promoter
(Hamoen 

 

et al

 

., 1998). A region between the transcription
start (

 

+

 

1) of the original promoter of 

 

comK

 

 and the
upstream located 

 

yhxC

 

 gene was replaced by the pro-
moter region of the 

 

comG

 

 operon, in such a way that the
transcriptional start (

 

+

 

1) of the 

 

comG

 

 promoter was fused
in frame with the transcriptional start of the original 

 

comK

 

promoter. This new fusion mutant was designated

 

PcomG-comK

 

. Theoretically, the promoter swap removes
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Fig. 2.

 

H-plot analyses of GFP intensities in single cells of strains 
containing the 

 

comG-gfp

 

 reporter.
A. Wild-type.
B. 

 

mecA

 

.
C. 

 

Pwt-comK Pxyl-comK

 

.
D. 

 

PcomG-comK Pxyl-comK

 

.
E. 

 

PcomG-comK mecA

 

.
Strains were grown in the presence of 2% xylose. Time is given in 
hours relative to the transition point between the exponential and 
stationary growth phase (T0). H-plots were generated as described 
in 

 

Experimental procedures

 

.
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the control of the transcription factors that bind to 

 

PcomK

 

,
but leaves the auto-stimulatory induction of 

 

comK

 

 and the
proteolytic control by MecA/ClpCP intact (Fig. 1).

In order to check whether the auto-stimulatory loop in
the 

 

PcomG-comK

 

 strain is still intact, we monitored the
activity of a 

 

comG-lacZ

 

 reporter fusion in this background.
This reporter has proved to be a reliable indicator for
ComK levels in the cell (van Sinderen and Venema, 1994).
To our surprise, no 

 

comG-lacZ

 

 expression could be
detected. Previous work has shown that there is almost
no detectable transcription from the 

 

comG

 

 promoter when
ComK is absent (Hamoen 

 

et al

 

., 1998). Apparently, cells
have to generate a substantial basal level of ComK, in
order to initiate the auto-stimulatory response. To achieve
this, we introduced an additional copy of 

 

comK, under the
control of a xylose-inducible promoter, in the ectopic amyE
locus (Pxyl-comK). The same construct was used by Hahn
and coworkers to study the regulation of comK expression
(Hahn et al., 1996). They showed that, to obtain wild-type
kinetics of comK expression, the presence of a native
copy of comK (indicated here as Pwt-comK) is required.
As shown in Fig. 4, the xylose induction of Pxyl-comK in

a PcomG-comK background resulted in a strong induction
of comG-lacZ expression, with b-galactosidase levels
twice as high as in a wild-type strain, and much higher
than in a Pxyl-comK strain without a native copy of comK.
In a strain harbouring both a native comK locus and the
xylose-inducible comK (Pwt-comK Pxyl-comK), the
expression of comG-lacZ began 1 h earlier and reached
an even higher level (Fig. 4). These results indicate that
the auto-stimulatory loop, as predicted, is still functional.
It is noteworthy that the mutant strains harbouring the
Pxyl-comK locus still display growth-phase dependent
expression of ComK, despite the presence of xylose in
the medium from the beginning of growth. Similar results
were obtained by Hahn and coworkers, who demonstrated
that this is resulting from MecA-dependent proteolytic
control, and that deletion of mecA leads to kinetics similar
to that of the Pxyl-promoter (Hahn et al., 1996).

PcomG-comK uncouples comK-transcription from 
transcription factors

To verify that transcription of comK became independent
of the transcription factors that act on PcomK (Fig. 1), we
looked at the effect of mutations in these genes on comG-
lacZ expression in a PcomG-comK Pxyl-comK back-
ground. As expected, a mutation in degU did not alter the
expression of comG-lacZ, when comK expression was
driven from the comG promoter. The fact that a Pwt-comK
Pxyl-comK construct still shows an influence of this tran-
scription factor (Hahn et al., 1996) indicates that the
observed uncoupling is not resulting from the presence of
xylose-inducible copy of comK. In contrast, when comS
was mutated in a PcomG-comK Pxyl-comK background,
comG-lacZ expression was abolished. ComS is required
for the inactivation of the MecA/ClpC/ClpP proteolytic
complex, and this finding is thus consistent with the fact
that the proteolytic control of ComK is still functional in a
PcomG-comK Pxyl-comK strain. In some cases (CodY,
Rok) the lacZ study did not unambiguously demonstrate
uncoupling of comK transcription, which could be resulting
from an effect of these regulators on the post-translational
control of ComK (e.g. the MecA/ClpCP complex). There-

Fig. 3. Detection of ComK and GFP protein. Equal amounts of protein were loaded in each lane. Samples were collected during the fluorescence 
microscopy experiments. Time is given in hours relative to the transition point between the exponential and stationary growth phase (T0). ON 
indicates samples taken after prolonged stationary phase growth.

Fig. 4. Effects of comK promoter replacement on comG-lacZ expres-
sion. comG-lacZ expression in wild-type (�), Pwt-comK Pxyl-comK 
in presence (�) and absence of 2% xylose (�), PcomG-comK Pxyl-
comK in presence (�) and absence of 2% xylose (�), and comK::sp 
Pxyl-comK (x). Time is given in hours relative to the transition point 
between the exponential and stationary growth phase (T0). b-
Galactosidase activity is given in nmole min-1 OD600
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fore, electrophoretic mobility shift assays (EMSAs) were
performed, which ruled out the possibility that the tran-
scription factors bind to PcomG. A detailed description of
these experiments is available as Supplementary Material
(Appendix S1 and Fig. S1). Finally, we also tested the
effect of a mutation in the comZ gene on comG-lacZ
expression in the PcomG-comK Pxyl-comK strain. comZ
is reported to affect comG-expression independent of
comK (Ogura and Tanaka, 2000), but we observed no
difference in b-galactosidase activity in our strain under
the conditions tested (data not shown). This indicates that
the comZ gene does not influence the outcome of our
experiments. Taken together, these results suggest that
replacement of the comK promoter by the comG promoter
results in a bypass of the regulatory inputs that normally
govern the activity of the comK promoter.

Heterogeneous expression of comK and Pxyl-comK

Theoretically, the PcomG-comK strain could give an indi-
cation of the importance of the transcriptional regulation
of comK for heterogeneity in competence, because the
proteolytic control of ComK and the auto-stimulatory loop
are intact, whereas the transcriptional control by a number
of transcription factors is removed. However, in order to
achieve competence, it was necessary to introduce the
Pxyl-comK locus. Although previous work (Hahn et al.,
1996) and the results from this study (Fig. 4) indicate that
the temporal regulation of comK expression is similar to
wild-type, the expression levels are significantly higher in
strains that contain the Pxyl-comK in the presence of
the ComK auto-stimulatory loop. The effect of xylose-
induction on the heterogeneous expression of comK is not
documented so far. Therefore, we introduced the comG-
GFP reporter construct in a Pwt-comK Pxyl-comK and a
PcomG-comK Pxyl-comK strain. As can be seen in the
ensuing H-plots (Fig. 2C and D), in both strains the per-
centage of cells expression comG-gfp is significantly
higher than in wild-type cells. At T5, 80% of the cells in a
PcomG-comK Pxyl-comK strain express the reporter, and
a Pwt-comK Pxyl-comK strain even resembles a mecA
mutant at later time points, with nearly all cells expressing
ComK. The increased expression of GFP and ComK in
the Pxyl-comK mutants is also observed in a Western blot
analysis (Fig. 3). It seems that the xylose-induced comK
expression almost completely abolishes the heterogeneity
that is observed in wild-type. Thus, it is impossible to
evaluate the contribution of transcriptional control on
PcomK to the heterogeneity of competence.

Stripping B. subtilis of all known external regulators 
of ComK

Above, it was shown that in a PcomG-comK strain the

ComK auto-stimulatory loop is still intact, comK trans-
cription is uncoupled from the transcription factors that
bind to PcomK, and the proteolytic control of ComK is
functional (see also Fig. 1). By combining the PcomG-
comK locus with a mecA mutation, we remove the last
known regulatory input for competence development,
leaving only the ComK auto-stimulatory loop intact. The
mutant produced normal levels of ComK in a growth-
phase dependent manner, as demonstrated by the
Western blot analysis shown in Fig. 3. The fact that a
PcomG-comK strain containing a mecA deletion is able to
initiate competence supports the idea that PcomG-driven
expression of comK is too low to escape from MecA-
mediated proteolysis, as was suggested by the previous
experiments. It should be emphasized that in the PcomG-
comK mecA strain, no xylose-inducible comK is present,
which could influence the heterogeneity. When compe-
tence was monitored at the single cell level, we found that
fluorescence of the comG-gfp reporter was still limited to
a subpopulation of cells (Fig. 2E). Even after prolonged
incubation, this fraction did not exceed 50% of the popu-
lation, despite the fact that all known regulatory inputs of
ComK activity were removed in the PcomG-comK mecA
strain.

Removal of ComK auto-stimulation

The results described above strongly suggest a critical
role for ComK auto-stimulation in establishing a bimodal
distribution in comG-expression during competence
development. To analyse the function of ComK auto-
stimulation in more detail, a strain was constructed in
which the only source of ComK is derived from the xylose-
inducible promoter (comK::sp Pxyl-comK). comG-gfp
expression in the comK::sp Pxyl-comK background was
analysed by flow cytometry. The comK::sp Pxyl-comK
strain still shows growth-phase dependent expression
(data not shown), which was found to be dependent on
MecA in a similar study using a lacZ-reporter fusion (Hahn
et al., 1996). However, from Fig. 5A, it can be seen that
removal of the auto-stimulatory loop leads to a mono-
modal distribution in fluorescence. In contrast, the refer-
ence strain comG-gfp, with normal regulation of ComK
activity, displays a bimodal distribution with a non-
fluorescent and a fluorescent population, corroborating
the H-plot data (Fig. 2A). Similar results were obtained
using a range of inductions (data not shown). Fluores-
cence in the comK::sp Pxyl-comK background does not
reach the levels observed in strains where the auto-
stimulatory loop is present. Most likely, this is caused by
the limited strength of Pxyl compared to PcomK, because
inductions with up to 0.5% xylose yield a graded response
(Fig. 5B). Together, these results demonstrate that the
ComK auto-stimulatory loop is essential, and can in itself
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be sufficient to obtain phenotypic heterogeneity in a com-
petent B. subtilis culture.

Discussion

Competence development as a bistable response

During competence for genetic transformation, a wild-type
B. subtilis culture clearly displays a bistable pattern of
comK expression (Figs 2A and 5A). In this study, we set
out to investigate which factors of the competence signal
transduction cascade could be responsible for the pheno-
typic variability. In order to do so, we stepwise simplified
the signal transduction cascade for competence develop-

ment, by replacing PcomK with PcomG, and subsequently
deleting the mecA gene. Interestingly, in the resulting
strain, which is stripped of all its normal regulatory inputs,
comK is still expressed in only a subpopulation of cells
(Fig. 2E). Apparently, the expression of comK, in conjunc-
tion with the auto-stimulatory loop, is sufficient to generate
phenotypic heterogeneity. Moreover, simple induction of
comK in the absence of the auto-stimulation resulted in a
monomodal distribution of fluorescence (Fig. 5), demon-
strating that the positive feedback-loop is essential for
bistability. In addition, it demonstrates that MecA-
mediated proteolysis (which is intact in this strain) is not
the major determinant for bistability, which is consistent
with the data obtained from the PcomG-comK mecA
strain. ComK auto-stimulation thus represents the key-
determinant for the heterogeneity in competence. We pos-
tulate that the stochastic fluctuations (noise) in comK
transcription and translation together with ComK auto-
stimulation are sufficient to generate the bistable distribu-
tion of comK expression. This finding is in good agreement
with recent modelling and studies on artificial gene regu-
latory networks, in which it was proposed that the
presence of positive feedback architecture can lead to a
bistable response (Hasty et al., 2000; Becskei et al.,
2001). In the absence of transcriptional and post-
translational control, it may seem strange that growth-
phase dependent expression of comK is still observed in
a PcomG-comK mecA strain (Figs 2E and 3). Although
we cannot exclude the possibility that a comG-specific
growth-phase dependent regulator exist, current data do
not provide any evidence for the existence of such a
regulator. However, the growth-phase dependency can be
explained by the continuous dilution of ComK-levels as a
consequence of division of the cells during logarithmic
growth. Only when cell-growth retards and ultimately
ceases there will be time to accumulate a sufficient
amount of ComK to initiate the auto-stimulatory reaction.

Transcriptional control modulates ComK threshold levels

Considering competence development as a bistable
response allows for an alternative interpretation of the
regulatory mechanisms acting on comK transcription. It
has been shown that the bistable behaviour of an auto-
activating gene regulatory network requires a substantial
threshold of the activating protein (Hofer et al., 2002). As
such, the transcriptional regulators acting on PcomK
(DegU, AbrB, CodY and Rok) serve to modulate ComK
threshold levels. The presence of DegU in the system, for
example, lowers the concentration of ComK required to
elicit the auto-stimulatory response, by enhancing binding
of ComK to its own promoter (Hamoen et al., 2000).
Removal of DegU thus leads to an increase of the thresh-
old of ComK and subsequent low levels of competence

Fig. 5. Flow cytometric analysis of comG-gfp expression in minimal 
medium with fructose as the sole carbon source (see Experimental 
procedures).
A. Profiles of various mutants 3 h after entry into stationary growth 
phase. Strains were grown in medium containing 0.5% xylose; (I) 
8G5; (II) comG-gfp and (III) comK::sp Pxyl-comK comG-gfp (IV) 
Pxyl-comK.
B. Expression of comG-gfp in the comK::sp Pxyl-comK strain at 
various levels of xylose-induction.



610 W. K. Smits et al.

© 2005 Blackwell Publishing Ltd, Molecular Microbiology, 56, 604–614

(Ogura and Tanaka, 1996). Oppositely, removal of Rok
from the system lowers the threshold of ComK required
for auto-stimulation, and leads to an increase of the frac-
tion of competent cells (Hoa et al., 2002).

Basal levels of ComK influence bistability

The introduction of a xylose-inducible copy of comK, or
the deletion of mecA, quickly leads to a more or less
uniform induction of comK and abolishment of the bistable
pattern in a wild-type background, as seen in Figs 2B, 2C
and 5A. Yet, in these systems, the ComK auto-stimulatory
loop is still intact, and essential for full induction of comK
expression (Hahn et al., 1996). The observed absence of
heterogeneity may therefore seem contradictory to the
hypothesis that the auto-regulation is responsible for the
establishment of heterogeneity. However, it was shown
that by modulating basal levels of the auto-activating pro-
tein, using an inducible system for instance, different
balances can be obtained between the high- and low-
expressing states of a bistable system. When highly
induced, all cells will initiate the auto-stimulatory loop and
eventually be in the high-expressing state (Becskei et al.,
2001). Thus, when the basal level of ComK in the cells is
raised through induction of the Pxyl-comK locus, more
cells will reach the threshold level required for initiating
the auto-stimulatory loop. Similarly, in a mecA mutant, the
premature expression of comK and the continuous slow
accumulation of ComK protein because of lack of the
proteolytic control, lead to a situation where almost all
cells in the culture reach the threshold level of ComK for
the initiation of the auto-stimulatory response. Yet, in a
PcomG-comK mecA mutant heterogeneity was not abol-
ished, despite the absence of proteolytic control, and the
subsequent increase in ComK levels. The reason for this
could be that the comK promoter works rather differently
from the majority of general ComK-activated promoters,
such as the comG promoter. In vitro transcription experi-
ments demonstrate, for instance, that PcomK is leaky and
shows significant transcription in the absence of an acti-
vator (unpubl. observation), whereas PcomG requires
ComK (Hamoen et al., 1998; Susanna et al., 2004). When
mecA is mutated, the relatively high basal level of tran-
scription from PcomK is apparently enough to accumulate
ComK to levels that initiate the auto-stimulatory loop in all
cells of the population, whereas this is not the case for
PcomG.

Fluctuations in regulatory proteins not required 
for bistability

Theoretically, stochastic fluctuations in the regulatory
pathways governing competence development could be
responsible for the bistable expression pattern of comK.

However, prokaryotes employ abundant negative feed-
back mechanisms. This kind of regulation reduces the
variability in gene expression (Becskei and Serrano, 2000;
Thattai and Van Oudenaarden, 2001) and thus provides
robustness to gene regulatory networks. In addition, it was
recently reported that noise in the protein production rate
generally is detrimental to the fitness of an organism and
therefore subject to natural selection (Fraser et al., 2004).
Importantly, we demonstrate in this study that differences
in threshold levels or basal levels of protein between cells
are not necessary to generate a bistable expression pat-
tern during competence development. We find that the
ComK auto-stimulatory loop in itself is essential, and can
be sufficient, to obtain to generate phenotypic heteroge-
neity. The mechanism represents a noise-based switch
based on stochasticity in transcription and translation
(Becskei et al., 2001; Elowitz et al., 2002; Ozbudak et al.,
2002), in which transcriptional control of comK and the
basal level of ComK influence the outcome of the bistable
response, by modulating the threshold level required for
ComK auto-activation, and determining the fraction of
cells that reach this threshold, respectively. This is sche-
matically depicted in Fig. 6. Meddling with either one of
these variables will have a large impact on the percentage
of competent cells, as demonstrated in the previous para-
graphs, but will most likely not lead to conclusive answers
with respect to the mechanism responsible for the sepa-
ration into subpopulations. In order to do so, it would be
necessary to monitor the levels of a multitude of regula-
tory proteins, as well as their activation state, on a single
cell level; something which is not possible with the current
state of technology.

Concluding remark

To our knowledge, this study provides one of the first

Fig. 6. Schematic representation of the influence of ComK threshold 
and basal levels on the output of the bistable response, i.e. the 
fraction of competent cells in a culture. The vertical line from the 
intersection of the lines indicating threshold and basal level indicate 
the fraction of competent cells on the x-axis. wt, wild-type.
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single cell analyses of a natural signal transduction cas-
cade in bacteria that underscores the importance of a
positive feedback loop for the establishment of a bistable
pattern in gene expression. Many post-exponential and
stress-related processes employ positive feedback loops
in their regulation. It is assumed that these ensure a rapid
response to changing environments. However, based on
the observations above, it is tempting to speculate that
organisms by employing positive feedback regulation spe-
cifically generate phenotypic diversity under adverse con-
ditions, thereby increasing the fitness of the species. It
would be interesting to see whether bistability is indeed a
common phenomenon in processes that rely on positive
auto-regulation, such as the production of antimicrobial
peptides or stress responses.

Experimental procedures

General materials and methods

In this study, B. subtilis strain 8G5 (Bron and Venema, 1972)
was used as a reference strain (wild-type) because of its
increased transformability. The strains and plasmids used in
this study are listed in Table S1, which is available as Sup-
plementary material. The table also contains the sequence
of the primers, described hereafter.

Chemicals used were of analytical grade and, unless indi-
cated otherwise, obtained from Merck, or Baker Chemical Co.
Enzymes were purchased from Roche, and used according
to the supplier’s instructions.

Bacillus subtilis strain 8G5 was grown in minimal medium
(Hamoen et al., 2002) or TY (10 g L-1 trypton, 5 g L-1 yeast
extract, 5 g L-1 NaCl, pH 7.2) broth. For flow cytometric anal-
ysis of the comK::sp Pxyl-comK strain, minimal medium was
used in which glucose was replaced with the same con-
centration fructose, to relieve catabolite repression of the
Pxyl-promoter (Hahn et al., 1996) and allow for lower xylose-
concentrations for induction. Where necessary, media were
supplemented with the appropriate antibiotics (Roche,
Sigma) at a final concentration of; ampicillin 50 mg ml-1 (E.
coli), chloramphenicol 5 mg ml-1 (B. subtilis), kanamycin
50 mg ml-1 (E. coli) or 5–10 mg ml-1 (B. subtilis), erythromycin
150 mg ml-1 (E. coli) or 0.5 mg ml-1 (B. subtilis), spectinomycin
100 mg ml-1 (both E. coli and B. subtilis) and tetracycline
15 mg ml-1 (E. coli) or 6 mg ml-1 (B. subtilis).

Chromosomal DNA from B. subtilis was isolated as
described (Bron and Venema, 1972). Mini-preparations of
plasmid DNA from E. coli were obtained by the alkaline lysis
method (Sambrook et al., 1989). All cloning procedures were
carried out according to Kim et al. (1996). Polymerase chain
reaction (PCR) products were purified using the Roche High
Pure PCR purification Kit (Roche). Southern blot analyses
were performed using the non-radioactive ECL labelling and
detection system, according to the instructions of the manu-
facturer (Amersham).

Construction of the PcomG-comK strain

A part of the yhxC gene was amplified using primers yhxC1

and yhxC2, carrying a SphI and a BamHI restriction site,
respectively. After digestion, this fragment was ligated into
SphI-BamHI-cut pUC19 plasmid, resulting in pUC-Y. A spec-
tinomycin resistance cassette (Guerout-Fleury et al., 1995)
was obtained by PCR using primers sp3 and sp2. After
restriction the marker was introduced in BamHI-EcoRI
digested pUC-Y plasmid, resulting in pUC-YS. Next, a 476 bp
fragment, starting at the (+1) transcription start point of the
comK gene, was amplified by PCR using primers K11 and
K2, carrying half an EcoRV and a EcoRI restriction site,
respectively. This fragment was digested and ligated into
EcoRV-EcoRI digested pUC-YS plasmid, resulting in plasmid
pUC-YSK. The comG-promoter region was amplified using
the primers G7 and G12. The obtained fragment was sub-
sequently ligated into EcoRV-digested pUC-YKS, and the
construct was checked for correct orientation. The obtained
plasmid, pUC-YKSG, was used to replace the comK pro-
moter region by the comG promoter region on the B. subtilis
chromosome through a double cross-over event, and trans-
formants were checked for correct integration by Southern
blotting.

Construction of a comG-gfp fusion strain

A translational fusion between the comG-promoter region
and gfp was constructed as follows. A 594 bp fragment of the
promoter region of comG was amplified by PCR using prim-
ers comGprom1 and comGprom2, carrying a HindIII and an
EcoRI restriction site, respectively. The fragment was
digested and ligated into HindIII-EcoRI digested pSG1151
(Lewis and Marston, 1999). The resulting plasmid, pSG-
ComGA, was digested with HindIII and XbaI to cut out the
comG-gfp fragment. The fragment was isolated from gel and
ligated into HindIII-XbaI digested pUC18 plasmid, after which
a kanamycin resistance cassette was introduced in the ScaI
site, resulting in plasmid pGA-GFP. The plasmids with the
comG-gfp fusion were used to transform B. subtilis. Transfor-
mants were checked for fluorescence on minimal medium by
fluorescence microscopy.

Construction of sinR, comS and abrB mutants

Primers used to construct these mutants are; AbrB1 (EcoRI),
AbrB2 (HindII), AbrB3 (HindII), AbrB4 (HindIII), psin-B1
(BamHI), psin-N1 (5¢NruI), psinN2 (NruI), psin-P1 (PstI),
srfAA8 (EcoRI) and srfAA9 (BamHI). The PCR fragments for
making the abrB and sinR mutants were cloned into pUC18
plasmid and an erythromycin or tetracycline resistance
marker (Guerout-Fleury et al., 1995) was introduced in the
ScaI restriction site by blunt-end ligation. The mutants were
obtained by double cross-over recombination into the B. sub-
tilis chromosome. The srfAA PCR fragment was cloned into
pUC19T plasmid, carrying a tetracycline resistance marker
(K. Leenhouts, unpubl.) and introduced by Campbell-type
integration into the chromosome of B. subtilis. All strains were
checked for correct integration by Southern blotting.

b-Galactosidase assays and protein detection

To assay cellular b-galactosidase levels, overnight cultures
were diluted into fresh medium to an optical density of 0.01
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at 600 nm (OD600) and samples were taken at hourly inter-
vals. The b-galactosidase assays and the calculation of b-
galactosidase activity were performed as described (Bolhuis
et al., 1999). SDS-PAGE and Western blotting of cell lysates
harvested during fluorescent microscopic measurements
was performed as described (Bolhuis et al., 1999). Chemilu-
minescent detection of bound ComK- (Kong and Dubnau,
1994) or GFP-specific antibodies (Molecular Probes) was
performed with horseradish peroxidase-conjugated anti-
rabbit IgG and the ECL Western blotting analysis system
(Amersham).

Fluorescence microscopy and data analyses

Starter stock cultures at -80∞C of all GFP-containing strains
used in this study were made as follows. After overnight
culturing in minimal medium, cells were diluted into fresh
minimal medium to an OD600 of 0.01, and the cultures were
grown for approximately 2 h at 37∞C. Aliquots containing a
volume of these cultures, yielding an OD600 of 0.01 when
added to 50 ml of medium, were then frozen at -80∞C in 8%
glycerol. For each experiment, one tube per strain was taken
from the -80∞C batches and inoculated into 50 ml prewarmed
minimal medium containing 2% xylose and grown at 37∞C
under vigorous shaking. Samples for fluorescence micros-
copy were taken at hourly intervals from the transition point
into stationary growth phase (T0) until T5. Also, a sample was
taken after prolonged growth in the stationary phase (over-
night). In case of the mecA mutant, samples were taken from
T-2 until T4. Cells were stained with DAPI at a final concen-
tration of 10 mg ml-1 to visualize DNA and enable counting of
the total number of cells. Aliquots of 2 ml were put on a slide
covered with 1% agarose. The fluorescence of DAPI and
GFP was visualized with a Zeiss Axiophot microscope, using
appropriate filters. For each strain and time point, two pic-
tures containing between 100 and 1000 cells each were
taken using an AxioVision camera and AxioVs20 software
(Zeiss). The total number of cells and the intensity of GFP
fluorescence in individual cells were analysed using
Image2Dmaster 2D Elite software v3.1 (Amersham Pharma-
cia Biotech). The fluorescent intensity of individual cells was
plotted against the number of cells counted. The total number
of cells was normalized to a value of 100, so that the x-axis
of the Microsoft Excel-generated graphs intuitively depicts
the percentage of cells showing fluorescence. In the text of
the article, these graphs are referred to as heterogeneity
plots or H-plots.

Flow cytometric analyses

Cells were diluted 12.5–50x in 0.2 mM filtered starvation
medium (Hamoen et al., 2002) and directly analysed on
Coulter Epics XL-MCL flow cytometer (Beckman Coulter, Mij-
drecht, NL) operating an argon laser at 488 nm. For each
sample 20 000 cells were analysed. GFP signals were col-
lected through an FITC filter with the photomultiplier voltage
set between 700 and 800 V. Data were captured using
EXPO32 software (Beckman Coulter) and further analysed
using WinMDI 2.8 (http://facs.scripps.edu/software.html). Fig-
ures were prepared for publication using WinMDI 2.8 and

Corel Graphics Suite 11. To distinguish background fluores-
cence from GFP specific fluorescence, parental strain B.
subtilis 8G5 was analysed with each flow cytometric
experiment.

Acknowledgements

The authors wish to thank J.W. Veening and D. Dubnau for
valuable discussions. W.K.S. was supported by Grant
811.35.002 from the Netherlands Organisation of Scientific
Research (NWO-ALW).

Supplementary material

The following material is available from http://
www.blackwellpublishing.com/products/journals/suppmat/
mmi/mmi4488/mmi4488sm.htm
Fig. S1. A. Expression of comG-lacZ in PcomG-comK Pxyl-
comK (reference), and its derived mutants (degU, abrB,
comS, rok, sinR, codY). B. Electrophoretic mobility shift
assays.
Table S1. Strains, plasmids and primers used in this study.
Appendix S1. PcomG-comK uncouples comK-transcription
from transcription factors.

References

Arkin, A., Ross, J., and McAdams, H.H. (1998) Stochastic
kinetic analysis of developmental pathway bifurcation in
phage lambda-infected Escherichia coli cells. Genetics
149: 1633–1648.

Becskei, A., and Serrano, L. (2000) Engineering stability in
gene networks by autoregulation. Nature 405: 590–593.

Becskei, A., Seraphin, B., and Serrano, L. (2001) Positive
feedback in eukaryotic gene networks: cell differentiation
by graded to binary response conversion. EMBO J 20:
2528–2535.

Berka, R.M., Hahn, J., Albano, M., Draskovic, I., Persuh, M.,
Cui, X., et al. (2002) Microarray analysis of the Bacillus
subtilis K-state: genome-wide expression changes depen-
dent on ComK. Mol Microbiol 43: 1331–1345.

Bolhuis, A., Venema, G., Quax, W.J., Bron, S., and van Dijl,
J.M. (1999) Functional analysis of paralogous thiol-
disulfide oxidoreductases in Bacillus subtilis. J Biol Chem
274: 24531–24538.

Booth, I.R. (2002) Stress and the single cell: intrapopulation
diversity is a mechanism to ensure survival upon exposure
to stress. Int J Food Microbiol 78: 19–30.

Bron, S., and Venema, G. (1972) Ultraviolet inactivation and
excision repair in B. subtilis. I. Construction and character-
ization of a transformable eightfold auxotrophic strain and
two ultraviolet-sensitive derivatives. Mut Res 15: 1–10.

Chung, J.D., Stephanopoulos, G., Ireton, K., and Grossman,
A.D. (1994) Gene expression in single cells of Bacillus
subtilis: evidence that a threshold mechanism controls the
initiation of sporulation. J Bacteriol 176: 1977–1984.

Dubnau, D. (1991) Genetic competence in Bacillus subtilis.
Microbiol Rev 55: 395–424.

Elowitz, M.B., Levine, A.J., Siggia, E.D., and Swain, P.S.

http://facs.scripps.edu/software.html
http://


Bistability in competence of B. subtilis 613

© 2005 Blackwell Publishing Ltd, Molecular Microbiology, 56, 604–614

(2002) Stochastic gene expression in a single cell. Science
297: 1183–1186.

Ferrell, J.E., Jr (2002) Self-perpetuating states in signal
transduction: positive feedback, double-negative feedback
and bistability. Curr Opin Cell Biol 14: 140–148.

Fraser, H.B., Hirsh, A.E., Giaever, G., Kumm, J., and Eisen,
M.B. (2004) Noise minimization in eukaryotic gene expres-
sion. PLoS Biol 2: E137.

Guerout-Fleury, A.M., Shazand, K., Frandsen, N., and
Stragier, P. (1995) Antibiotic-resistance cassettes for Bacil-
lus subtilis. Gene 167: 335–336.

Hadden, C., and Nester, E.W. (1968) Purification of compe-
tent cells in the Bacillus subtilis transformation system. J
Bacteriol 95: 876–885.

Hahn, J., Bylund, J., Haines, M., Higgins, M., and Dubnau,
D. (1995) Inactivation of mecA prevents recovery from the
competent state and interferes with cell division and the
partitioning of nucleoids in Bacillus subtilis. Mol Microbiol
18: 755–767.

Hahn, J., Luttinger, A., and Dubnau, D. (1996) Regulatory
inputs for the synthesis of ComK, the competence tran-
scription factor of Bacillus subtilis. Mol Microbiol 21: 763–
775.

Haijema, B.J., Hahn, J., Haynes, J., and Dubnau, D. (2001)
A ComGA-dependent checkpoint limits growth during the
escape from competence. Mol Microbiol 40: 52–64.

Hamoen, L.W., Van Werkhoven, A.F., Bijlsma, J.J., Dubnau,
D., and Venema, G. (1998) The competence transcription
factor of Bacillus subtilis recognizes short A/T-rich
sequences arranged in a unique, flexible pattern along the
DNA helix. Genes Dev 12: 1539–1550.

Hamoen, L.W., Van Werkhoven, A.F., Venema, G., and Dub-
nau, D. (2000) The pleiotropic response regulator DegU
functions as a priming protein in competence development
in Bacillus subtilis. Proc Natl Acad Sci USA 97: 9246–
9251.

Hamoen, L.W., Smits, W.K., de Jong, A., Holsappel, S., and
Kuipers, O.P. (2002) Improving the predictive value of the
competence transcription factor (ComK) binding site in
Bacillus subtilis using a genomic approach. Nucleic Acids
Res 30: 5517–5528.

Hamoen, L.W., Venema, G., and Kuipers, O.P. (2003) Con-
trolling competence in Bacillus subtilis: shared use of reg-
ulators. Microbiology 149: 9–17.

Haseltine-Cahn, F., and Fox, M.S. (1968) Fractionation of
transformable bacteria from competent cultures of Bacillus
subtilis on renografin gradients. J Bacteriol 95: 867–875.

Hasty, J., Pradines, J., Dolnik, M., and Collins, J.J. (2000)
Noise-based switches and amplifiers for gene expression.
Proc Natl Acad Sci USA 97: 2075–2080.

Hautefort, I., Proenca, M.J., and Hinton, J.C. (2003) Single-
copy green fluorescent protein gene fusions allow accurate
measurement of Salmonella gene expression in vitro and
during infection of mammalian cells. Appl Environ Microbiol
69: 7480–7491.

Henderson, I.R., Owen, P., and Nataro, J.P. (1999) Molecular
switches – the ON and OFF of bacterial phase variation.
Mol Microbiol 33: 919–932.

Hoa, T.T., Tortosa, P., Albano, M., and Dubnau, D. (2002)
Rok (YkuW) regulates genetic competence in Bacillus sub-
tilis by directly repressing comK. Mol Microbiol 43: 15–26.

Hofer, T., Nathansen, H., Lohning, M., Radbruch, A., and
Heinrich, R. (2002) GATA-3 transcriptional imprinting in
Th2 lymphocytes: a mathematical model. Proc Natl Acad
Sci USA 99: 9364–9368.

Kim, L., Mogk, A., and Schumann, W. (1996) A xylose-
inducible Bacillus subtilis integration vector and its applica-
tion. Gene 181: 71–76.

Kim, J.O., and Weiser, J.N. (1998) Association of intrastrain
phase variation in quantity of capsular polysaccharide and
teichoic acid with the virulence of Streptococcus pneumo-
niae. J Infect Dis 177: 368–377.

Kong, L., and Dubnau, D. (1994) Regulation of competence-
specific gene expression by Mec-mediated protein–protein
interaction in Bacillus subtilis. Proc Natl Acad Sci USA 91:
5793–5797.

Lewis, P.J., and Marston, A.L. (1999) GFP vectors for con-
trolled expression and dual labelling of protein fusions in
Bacillus subtilis. Gene 227: 101–110.

Mulec, J., Podlesek, Z., Mrak, P., Kopitar, A., Ihan, A., and
Zgur-Bertok, D. (2003) A cka-gfp transcriptional fusion
reveals that the colicin K activity gene is induced in only 3
percent of the population. J Bacteriol 185: 654–659.

Ogura, M., and Tanaka, T. (1996) Bacillus subtilis DegU acts
as a positive regulator for comK expression. FEBS Lett
397: 173–176.

Ogura, M., and Tanaka, T. (2000) Bacillus subtilis comZ
(yjzA) negatively affects expression of comG but not Comk.
J Bacteriol 182: 4992–4994.

Ogura, M., Yamaguchi, H., Kobayashi, K., Ogasawara,
N., Fujita, Y., and Tanaka, T. (2002) Whole-genome
analysis of genes regulated by the Bacillus subtilis compe-
tence transcription factor ComK. J Bacteriol 184: 2344–
2351.

Ozbudak, E.M., Thattai, M., Kurtser, I., Grossman, A.D., and
Van Oudenaarden, A. (2002) Regulation of noise in the
expression of a single gene. Nat Genet 31: 69–73.

Ozbudak, E.M., Thattai, M., Lim, H.N., Shraiman, B.I., and
Van Oudenaarden, A. (2004) Multistability in the lactose
utilization network of Escherichia coli. Nature 427: 737–
740.

Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989) Molecu-
lar Cloning: a Laboratory Manual, 2nd edn. Cold Spring
Harbor: Cold Spring Harbor Laboratory Press.

van Sinderen, D., and Venema, G. (1994) comK acts as an
autoregulatory control switch in the signal transduction
route to competence in Bacillus subtilis. J Bacteriol 176:
5762–5770.

Sumner, E.R., and Avery, S.V. (2002) Phenotypic heteroge-
neity: differential stress resistance among individual cells
of the yeast Saccharomyces cerevisiae. Microbiology 148:
345–351.

Susanna, K.A., van der Werff, A.F., den Hengst, C.D., Calles,
B., Salas, M., Venema, G., et al. (2004) Mechanism of
transcription activation at the comG promoter by the com-
petence transcription factor ComK of Bacillus subtilis. J
Bacteriol 186: 1120–1128.

Thattai, M., and Van Oudenaarden, A. (2001) Intrinsic noise
in gene regulatory networks. Proc Natl Acad Sci USA 98:
8614–8619.

Tolker-Nielsen, T., Holmstrom, K., Boe, L., and Molin, S.
(1998) Non-genetic population heterogeneity studied by in



614 W. K. Smits et al.

© 2005 Blackwell Publishing Ltd, Molecular Microbiology, 56, 604–614

situ polymerase chain reaction. Mol Microbiol 27: 1099–
1105.

Turgay, K., Hahn, J., Burghoorn, J., and Dubnau, D. (1998)
Competence in Bacillus subtilis is controlled by regulated
proteolysis of a transcription factor. EMBO J 17: 6730–
6738.

Walz, D., and Caplan, S.R. (1995) Chemical oscillations arise
solely from kinetic nonlinearity and hence can occur near
equilibrium. Biophys J 69: 1698–1707.


