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Chapter 1 
 
 

Transforming principles:  
a general introduction to DNA  

and  
DNA-uptake by Bacillus subtilis

This chapter has in part been adapted from:  
W.K. Smits, O.P. Kuipers and J.W. Veening 
Nat. Rev. Microbiol. (2006) 4(4): 259-271.



Chapter 1 
 

Transforming principles: a general introduction to 
DNA and DNA-uptake by Bacillus subtilis

Though currently undisputed in molecular biology, the chemical nature of the substance 
carrying genetic, i.e. heritable, information has long been subject of debate. The dis-

covery of deoxyribonucleic acid (DNA) as the genetic material of living cells is tightly inter-
twined with experiments that demonstrate the transfer of genetic traits between organisms.

Synopsis of the history of DNA

DNA was first isolated in 1869 by the Swiss biochemist Miescher (reviewed in Dahm, 2005). He 
called the substance nuclein, as it was isolated from nuclei of eukaryotic cells, and determined 
that the molecule consisted of hydrogen, oxygen, nitrogen and phosphorus. Together with the 
acidic nature of the molecule, the term nuclein lives on in DNA.
Since the discovery of DNA by Miescher there had been speculation about the involvement of 
DNA in inheritance, but many believed that the lack of chemical diversity of DNA compared to 
proteins for instance ruled out DNA as the genetic material. In 1928, Griffith had shown that 
non-virulent pneumococci could be rendered virulent by the addition of heat-sterilized lysates 
of a virulent strain (Griffith, 1928). Based on these observations, Avery, MacLeod and McCa-
rty demonstrated that genetic information is indeed carried by DNA (Avery et al., 1944). They 
recognized that transfer of DNA was responsible for the transformation of the bacteria and that 
the genetic information was stably inherited by transformed cells  (for review see Lederberg, 
1994). Subsequently, Lederberg demonstrated transfer of DNA between living bacteria using an 
Escherichia coli model system called conjugation (for review see Lederberg and Tatum, 1953). 
Importantly, this demonstrated that through recombination living bacteria could acquire new 
traits (Tatum and Lederberg, 1947). Further evidence for DNA as the molecule carrying genetic 
information came from elegant experiments of Hershey and Chase (Hershey and Chase, 1952). 
By selectively labeling phage protein or DNA with radio-isotopes, they demonstrated that phage 
protein remains attached to the outside of cells, whereas the DNA enters the host cells (transfec-
tion) and is responsible for the synthesis of new phage particles (Hershey and Chase, 1952).
Although definitive evidence now existed that demonstrated that DNA carried genetic infor-
mation, its structure remained elusive. On the basis of preliminary X-ray analyses revealing a 
structure resembling that of a-helical proteins (Maddox, 2003) and available biochemical data 
such as the observation that the molar ratio of purines and pyrimidines is exactly one (Chargaff, 
1950), Watson and Crick (Watson and Crick, 1953a) put forward their world-famous model (sche-
matically depicted in Figure 1A). The two helices are held together by hydrogen bonds between 
basepairs, always consisting of a purine and a pyrimidine, explaining Chargaff’s ratios. The 
implications of their model were further elaborated upon in another paper (Watson and Crick, 
1953b) and paved the way for several important discoveries. The double helix model of DNA sug-
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gested a semiconservative mode of replication, using a single strand from a dissociated double 
helix as a template for duplication. This notion was experimentally confirmed by the demonstra-
tion that heavy isotopes were selectively built into the newly synthesized DNA strand (Meselson 
and Stahl, 1958). Moreover, it was found that the enzyme responsible for the synthesis of the new 
strand, DNA polymerase, required the presence of a template strand of DNA as well as all four 
nucleotides (Kornberg, 1957; Friedberg, 2006). 

Regulation of bacterial transcription

The experiments described above established the chemical nature of the genetic material, ans 
subsequent experiments established how DNA is transcribed into messenger RNA (mRNA) by 
a multi-subunit protein called DNA-dependent RNA polymerase (RNAP) and translated into 
protein in a process that besides mRNA involves ribosomes and activated transfer RNAs (tRNA) 
(Alberts et al., 1994).
In a series of groundbreaking experiments Jacob and Monod established that gene expression 
can be regulated in response to the presence of certain compounds (Jacob and Monod, 1961; 
Jacob and Monod, 1964; Pardee et al., 1958). By isolating mutants with altered regulation of the 
expression of b-galactosidase in Escherichia coli, they confirmed that regulatory proteins could 
bind to the DNA at so called operator sites (Jacob et al., 1964). They postulated the existence 
of both negatively and positively acting proteins (repressors and activators, respectively). In ad-
dition, Jacob and Monod coined the term operon to describe genes that are regulated from the 
same operator (Jacob et al., 1960). Many studies on transcriptional regulation in bacteria to date, 
including those relating to bistability (see below), can trace their origins to some of the concepts 
laid out by these scientists (Monod and Jacob, 1961).
Research on factors regulating bacterial transcription initiation has come a long way since. RNA 
synthesis is initiated by RNAP at sites on the DNA called promoters (McClure, 1985; Jacob et 
al., 1964). Though the core enzyme is transcription-competent (i.e. able to synthesize mRNA), 
it is unable to initiate promoter-directed transcription in the absence of so called sigma factors 
that primarily serve to position the RNAP at the appropriate position on the DNA (Helmann, 
2002; Mooney et al., 2005; Browning and Busby, 2004). Promoter recognition by the RNAP 

major
groove

minor
groove

A B

C

Figure 1.  DNA and 
DNA-binding proteins. A. Ball 
and stick structure of DNA. 
Two anti-parallel arrows indi-
cate the backbone of the mole-
cule. Carbon atoms are shown 
in gray, phosphate in orange, 
oxygen in red, nitrogen in blue. 
B. Structure of HMG I protein 
complexed to DNA with HMG 
box repeats (2GZK). Figure 
prepared with DS Viewer-
Pro Suite 6 (Accelrys Inc). C. 
Structure of lambda repres-
sor Cro complexed to DNA 
(1LMB). Figure prepared with 
DS ViewerPro Suite 6 (Accel-
rys Inc).
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holoenzyme, which consists of the core complex supplemented with a sigma factor, depends on 
certain features of the DNA (Murakami et al., 2002a; Murakami et al., 2002b; Ross et al., 1993). 
In subsequent steps, the DNA is melted and template-directed synthesis of RNA takes place 
(Browning and Busby, 2004). 
For bacterial gene regulation it is crucial to realize that RNAP is relatively scarce in the cell. 
Therefore, one way to regulate the expression of genes is by altering the promoter occupancy 
of RNAP. In part, this is achieved through distinct sigma factors, that each recognize a subset 
of promoters and whose synthesis may be regulated by environmental conditions (Helmann, 
2002; Mooney et al., 2005). Alternatively, it can be achieved by transcription factors. Repressors 
frequently, though not exclusively, prevent binding of RNAP or reduce its affinity for the DNA 
(Rojo, 2001; Rojo, 1999). Conversely, activators recruit RNAP or stabilize its binding to the DNA 
(Browning and Busby, 2004; McClure, 1985). Importantly, activators can turn into repressors and 
vice versa, depending on the presence of auxiliary proteins, co-factors, phosphorylation state or 
the location of binding to the DNA (Barnard et al., 2004). Moreover, many promoters bind more 
than a single transcription factor, and the relative contribution of each of these may determine the 
final transcriptional response of the downstream gene (Browning and Busby, 2004).
Binding of proteins to DNA involves electrostatic and steric interactions between the DNA-bind-
ing domain of the protein, such as a helix-turn-helix domain (Aravind et al., 2005; Luscombe 
et al., 2000), and the functional groups of the backbone or basepairs of the DNA. The structure 
DNA reveals a major and a minor groove (Figure 1). As the major groove displays a larger variety 
of chemical features that can be used to identify a base pair, most sequence-specific DNA bind-
ing occurs via this groove. In contrast, most minor groove binding proteins demonstrate little 
sequence specificity, because of the relative paucity of identifying functional groups (Bewley et 
al., 1998). Nevertheless, sequence specific binding has been demonstrated for a number of minor 
groove binding proteins such as the male sex determining factor (SRY) of humans, and the com-
petence transcription factor ComK of Bacillus subtilis (Hamoen et al., 1998).

Competence for genetic transformation

The earliest reports of what is now known as natural competence for genetic transformation date 
back to the identification of DNA as the genetic material (Griffith, 1928; Avery et al., 1944 and 
see above). Here, we define competence as the active acquisition of extra-cellular DNA and the 
heritable incorporation of its genetic information into the host-cell. The fact that it is an active 
process (i.e. requiring energy from the hydrolysis of ATP or an electrochemical gradient) indi-
cates the existence of dedicated macromolecular machinery that mediates the uptake, and sets 
it apart from artificial transformation. The latter involves introduction of double stranded DNA 
into cells by treatment of cells for instance with high concentrations of ions, chelating agents, or 
enzymes. Alternatively, DNA can be introduced by electroporation (exposing cells to electric 
fields) or ballistic methods using small gold or tungsten particles coated with the DNA to be 
introduced. Since natural competence involves unprotected extracellular DNA, it is inherently 
sensitive to the presence of DNase. This sets the process apart from two alternative mechanisms 
of genetic information transfer, transduction and conjugation, in which the DNA is shielded from 
the environment at all stages. Transduction is the packaging of DNA into phage particles, and in-
troduction into recipient cells by infection with the recombinant phage. Conjugation involves the 
transfer of a conjugative element (a transposon or plasmid) from a donor cell to a recipient cell 
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via cell-cell contacts. Though introduction of DNA via artificial transformation or the other two 
methods mentioned may be more efficient under certain conditions, they are largely independ-
ent of growth regime. Natural competence, in contrast, frequently develops only under certain 
conditions (the so called competence regime), indicating that its development is regulated by en-
vironmental factors. So far, Neisseria gonnorhoeae is the only species so far where competence 
seems to occur constitutively (Sparling, 1966). In the case of B. subtilis, optimal competence 
occurs upon entry into stationary growth phase in a minimal medium with glucose as the sole 
carbon source (Anagnostopoulos and Spizizen, 1961).
Natural competence has only been documented for bacteria up to this moment. Strikingly how-
ever, it has been identified in over 40 species that fall into various taxonomic groups, including 
archaeabacteria (Lorenz and Wackernagel, 1994). If a common ancestry exists for the transfor-
mation machineries, this suggests a long evolutionary history of competence. It has to be em-
phasized that this number only includes the species for which the competence regime has been 
determined, and it can be expected that many more species have the capability to take up and 
integrate DNA.
Natural competence depends on the expression of certain proteins, encoded by the late-compe-
tence genes (Dubnau, 1999; Chen and Dubnau, 2003; Chen and Dubnau, 2004). Each of these 
proteins acts in one or more of the stages of transformation that have been traditionally defined 
as; I. Binding of extracellular DNA, II. Processing and uptake of the DNA, III. Protection of the 
incoming DNA, and IV. Stable incorporation in the genome of the cell. Though details of the 
transformation machinery differ per species, bacteria in general comply with these stages. In 
view of the scope of this thesis, we will discuss B. subtilis and the proteins that form the transfor-
mation machinery of this bacterium below.

The transformation machinery of B. subtilis

The Gram-positive bacterium B. subtilis is a soil-dwelling member of the genus Bacillus, which 
comprises commercially interesting (e.g. B. amyloliquefaciens, B. licheniformis and B. stearo-
thermophilus) as well as pathogenic species (e.g. B. cereus and B. anthracis). It is regarded as a 
model organism for Gram-positives, because of its long history of scientific research and easy 
amenability to genetic modification (Sonenshein et al., 2002). The model strains which are com-
monly used in the lab are generally derivatives of strain 168, which was obtained through UV 
mutagenesis from the so called Marburg strain in the late 1940’s (Burkholder and Giles, 1947). 
This mutagenic approach led the way for the identification and characterization of many bio-
chemical pathways in B. subtilis. 
In addition to this, B. subtilis was one of the first bacteria for which cellular differentiation was 
recognized, in the form of spore formation and competence development. Since spore formation 
is accompanied by easily visible morphological changes, much of the early research on the cellu-
lar differentiation was aimed at the isolation, mapping and classification of sporulation mutations 
(Hoch, 1971; Piggot and Coote, 1976; Ryter et al., 1966). 
Groundbreaking work of Anagnastopoulos and Spizizen in the early 1960’s established a compe-
tence regime for B. subtilis (Anagnostopoulos and Spizizen, 1961; Spizizen, 1958), making it ge-
netically accessible and paving the way for molecular research. As a result, the characterization 
of competence and competence genes has become one of the longest standing fields of investiga-
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tion for the bacterium. Since then, many genes involved in competence have been characterized 
(for reviews see Chen and Dubnau, 2004; Dubnau and Lovett, 2002; Hamoen et al., 2003b).
In 1997, B. subtilis was the first Gram-positive organism for which the full genome sequence 
became available (Kunst et al., 1997). Comparative genomics has made the identification pos-
sible of many homologs and paralogs of competence genes from Bacillus as well as other species, 
and has allowed assignment of putative functions to genes identified in random mutagenesis ap-
proaches as being involved in competence.

Binding of extracellular DNA 
The first step in the acquisition of extracellular DNA from the environment is binding of the 
DNA to the cells. In case of Gram-positive organisms, such as B. subtilis, this is complicated by 
the presence of a peptidoglycan-containing cell wall. Therefore, either binding has to occur to 
cell wall located receptor proteins, or the access of DNA to a membrane located receptor has to 
be facilitated by modulation of the cell wall. In fact, the latter is likely to be the case for B. sub-
tilis. In the presence of a cell wall, all 7 open reading frames of the comG operon are required 
for DNA binding and transformation (Chung and Dubnau, 1998). The proteins encoded by this 
operon resemble those of type IV pili (Dubnau, 1999) and are thought to form a structure called 
the competence pseudopilus (Chen and Dubnau, 2004; Chen et al., 2006). The ComGA protein 
(Figure 2 III) has the Walker A and B motifs, characteristic of ATP binding. It is believed to be a 
traffic NTPase, providing the energy for the assembly of the competence pseudopilus (Chen and 
Dubnau, 2004). In addition, competence dependent growth arrest appears to depend on expres-
sion of this protein, but not its ATPase activity (Haijema et al., 2001). The protein localizes to 
the cell-pole during competence, and hence DNA transport is believed to take place at the cell 
pole (Hahn et al., 2005). ComGB (Figure 2 IV) is a polytopic membrane protein that is required 
for pilus assembly. The major pseudopilin is ComGC (Figure 2 I, orange); ComGD, ComGE and 
ComGG are minor pseudopilins (Figure 2 I, purple). All of these proteins are produced as prepi-
lins, and require cleavage of an N-terminal sequence by the prepilin peptidase ComC (Figure 2 
II) before assembly into a pseudopilus is possible (Chung and Dubnau, 1995; Chung et al., 1998; 
Chen et al., 2006). Recently it was reported that intramolecular disulfide bonds in the major pseu-
dopilin ComGC are required to stabilize the protein (Meima et al., 2002; Chen et al., 2006). The 
formation of these disulfide bonds is dependent on the thiol-disulfide oxidoreductase pair BdbCD 
(Figure 2 V) (Chen et al., 2006; Meima et al., 2002) and these proteins are also indispensable for 
the stability of the ComEC protein (Draskovic and Dubnau, 2005) (Figure 2 VIII, see below).
Strikingly, the competence pseudopilus is dispensable for transformation in the absence of a cell 
wall (Provvedi and Dubnau, 1999). In contrast, the ComEA protein (Figure 2 VI) is required for 
both binding and transformation (Inamine and Dubnau, 1995; Provvedi and Dubnau, 1999) in the 
presence and absence of a cell wall. Together with the fact that the protein contains a DNA bind-
ing domain in its C-terminal region, it was proposed that ComEA is the actual receptor protein 
for the extracellular DNA (Provvedi and Dubnau, 1999). 
Current models assume that the pseudopilus modulates the cell wall in such a way that the DNA 
gains access to the ComEA receptor protein. The receptor contains a flexible hinge region that 
is essential for its function, and is believed to deliver the DNA to the permease, ComEC (Figure 
2 VII). An interaction between these two proteins has been demonstrated experimentally (Chen 
and Dubnau, 2004).
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Transport of DNA across the membrane 
The aminoacid sequence of the ComEC protein suggests that it is a polytopic membrane pro-
tein (Dubnau, 1999) and localization studies have confirmed its presence in the membrane of 
B.subtilis (Draskovic and Dubnau, 2005). The protein is dispensable for binding, but essential for 
transport of DNA into the cell (Hahn et al., 1987; Inamine and Dubnau, 1995). Together, these 
results strongly suggests that this protein form the actual aqueous pore through which the DNA 
is transported into the cell (Draskovic and Dubnau, 2005). As was the case for ComGC, the pro-
tein contains an intramolecular disulfide bond that is probably introduced by BdbCD (Draskovic 
and Dubnau, 2005; Berka et al., 2002). 
ComFA is a membrane associated  protein (Londono-Vallejo and Dubnau, 1994) that is structur-
ally similar to an ATP-dependent family of helicases, which couple ATP hydrolysis to a confor-
mational change (Londono-Vallejo and Dubnau, 1993). Though its exact function is unknown, 
mutation of the nucleotide binding sites of ComFA results in a competence negative phenotype. 
This suggests that ATP hydrolysis is required for its function, and it is tempting to speculate that 
ComFA acts as the motor protein for DNA transport. Alternatively, its helicase activity may be 
required for unwinding of incoming double stranded DNA. However, evidence suggests that 
the only single stranded DNA (ssDNA) is taken up by the cells (Dubnau and Cirigliano, 1972; 
Venema et al., 1965; Dubnau, 1999). The non-transforming strand is degraded by an unidentified 
nuclease, which is presumably located on the outside of the membrane (Chen and Dubnau, 2004), 
and the degradation products are released into the medium (Dubnau and Cirigliano, 1972). The 
degradation of a single strand of DNA is a concomitant of DNA transport since mutations that 
abolish transport also block degradation, but not binding, of the DNA. 
The importance of DNA processing for transport is reinforced by the notion that the introduction 
of double strand breaks (cleavage) is required for efficient uptake. It was demonstrated that the 
competence-induced nuclease NucA (Figure 2 VII) contributes to this process (van Sinderen et 
al., 1995a; Provvedi et al., 2001; Vosman et al., 1988; Vosman et al., 1987). A nucA mutant dem-
onstrates a significantly reduced transformation frequency due to the paucity of DNA termini, 
normally resulting from double strand breaks introduced by the protein.

Protection of incoming DNA
ssDNA is sensitive to degradation. In order to reconstitute replicative plasmids or allow recom-
bination of the transforming ssDNA with the host chromosome, the DNA has to be shielded from 
the action of nucleases by association with specific proteins (Figure 2 X). In B. subtilis, a com-
petence-induced ssDNA binding protein has been found (Eisenstadt et al., 1975), which likely 
corresponds to YwpH (Lindner et al., 2004; Hahn et al., 2005) but may also be provided by RecA 
(Kidane and Graumann, 2005; Lovett and Roberts, 1985; Lovett et al., 1989; Berge et al., 2003). 
The latter of the two has been shown to form transient nucleoprotein filaments that presumably 
connect the polar site of DNA uptake with the host-cell chromosome where integration takes 
place (Hahn et al., 2005; Kidane and Graumann, 2005). Most likely, the number of proteins 
involved in the protection of incoming DNA is not limited to these two proteins. For instance, 
Smf (DprA) was found to participate in this process in Streptococcus pneumoniae (Berge et al., 
2003), and a homologue of this gene is expressed in a competence-dependent fashion in B. subti-
lis (Berka et al., 2002; Hamoen et al., 2002; Ogura et al., 2002).
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Figure 2. Competence in B. subtilis. A. Schematic representation of key components of the transformation machinery. For 
details see text. I. Prepilins. ComGC (orange) is the major pilin, ComGD/ComGE/ComGG (purple) are minor prepilins. Note the 
structure formed by the processed pilin proteins. II. The prepilin peptidase, ComC. III. The traffic NTPase, ComGA. IV. The pol-
ytopic membrane protein, ComGB. V. Thiol-disulfide oxidoreductase pair, BdbCD. VI. The DNA receptor protein, ComEA. VII. 
Nuclease, NucA. VIII. DNA permease, ComEC. IX. Accessory ATP-binding protein, ComFA. X. Single stranded DNA-binding 
proteins (such as YwpH). XI. Recombination proteins (such as RecA and AddAB). B. Simplified representation of the regulation 

of competence development. Genes 
are indicated as arrows boxing DNA. 
Regulatory interactions are indicated 
with solid arrows, transport or modi-
fication in dashed arrows. Generally, 
red colour indicate factors that nega-
tively affect competence, green fac-
tors exert a positive influence. Dark to 
light color changes indicate activation/
processing. Transporters are shown 
as cylinders. [~P] indicates phosphor-
ylation. [*] indicates binding of effector 
molecules. Central in the scheme is 
the proteolytic complex, consisting of 
the targeting factor MecA (yellow) and 
the protease ClpCP (red), responsible 
for the degradation of ComK (orange). 
For further details, see text.
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Recombination or reconstitution
The fate of the transforming DNA after uptake largely depends on the source of the DNA and 
the degree of homology with the DNA of the host chromosome. Heterologous DNA that is not 
capable of independent replication gets degraded in the cell. DNA from replicative plasmids only 
yields significant amounts of transformants if it is presented to the competent cell in a multimeric 
form (Stewart and Carlson, 1986; Dubnau, 1991b). This has led to the hypothesis that plasmids 
are reconstituted from short fragments of ssDNA. This process is supposedly independent of the 
recombination protein RecA, in contrast to transformation with an integrative plasmid or chro-
mosomal DNA. RecA is an ATPase that is required for the insertion of ssDNA into a homologous 
double stranded DNA duplex and mediates DNA strand exchange during homologous recombi-
nation. Its function depends in part on a helicase/nuclease complex that is formed by the AddAB 
proteins in B. subtilis (Arnold and Kowalczykowski, 2000; Kidane and Graumann, 2005; Hai-
jema et al., 1995). Similar to recA, the expression of the addAB genes is also under competence 
control (Haijema et al., 1995; Haijema et al., 1996; Hamoen et al., 2001; Hamoen et al., 1998).

Expanding the suite of proteins involved in transformation.
The transcription of the genes that encode the transformation machinery is governed by a key 
transcriptional regulator, ComK (see below).  Through the use of whole genome DNA arrays, it 
was established that ComK is directly, or indirectly, responsible for the activation of more than 
100 genes (Berka et al., 2002; Hamoen et al., 2002; Ogura et al., 2002). Many of these genes have 
not been characterized for their role in competence; however, it is instructive to look at the avail-
able experimental data or the homology of the encoded proteins with proteins in other organisms, 
as exemplified hereafter. Several genes seem to be involved in DNA metabolism; exoA (Berka 
et al., 2002; Hamoen et al., 2002), topA (Berka et al., 2002; Hamoen et al., 2002), dinB (Berka 
et al., 2002; Hamoen et al., 2002) and radC (Berka et al., 2002; Hamoen et al., 2002; Ogura et 
al., 2002). ExoA is a multifunctional DNA repair enzyme (Shida et al., 1999) and topA encodes 
topoisomerase I (Meima et al., 1998). DinB and RadC are annotated as nuclease inhibitor, and 
DNA repair protein, respectively (http://genolist.pasteur.fr/SubtiList/). 
Competent cells are arrested in cell growth and cell division (Dubnau, 1991b). ComGA was 
shown to be involved in the limitation of growth of competent cells (Haijema et al., 2001), which 
is possibly important for the recombination process. In addition, the ComK-dependent induction 
of yneA (Hamoen et al., 2002; Ogura et al., 2002), encoding a cell division inhibitor (Kawai et al., 
2003), might contribute to the growth arrest of competent cells.

The regulation of competence development

The development of natural competence in B. subtilis revolves around the production of the 
competence transcription factor (CTF), encoded the comK gene (van Sinderen et al., 1995b; van 
Sinderen et al., 1994; Hahn et al., 1994) (Figure 2, panel B). ComK is directly responsible for 
the activation of all late competence genes that are required for the uptake and integration of 
exogenous DNA (van Sinderen et al., 1995b; Hamoen et al., 1998) as well as many other genes. 
Together, these genes are classified as the ComK regulon (Berka et al., 2002; Hamoen et al., 
2002; Ogura et al., 2002).
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Detailed footprinting experiments have revealed that the ComK protein establishes contact with 
the DNA through the minor groove of the DNA (Hamoen et al., 1998). Except for homologues 
of ComK, the protein shares little to no similarity to any known DNA binding protein. However, 
a limited similarity has been noted between the C-terminal part of ComK and the DNA binding 
domains of two High Mobility Group (HMG) proteins, the male sex determining factor (SRY) 
and T-cell factor 1 (TCF-1) (van Sinderen et al., 1995b). These eukaryotic proteins also bind to 
the DNA through the minor groove, and it tempting to speculate that the DNA binding domain 
of ComK resides in this region of homology. It has been shown that the interaction of SRY with 
DNA induces strong bending, through the insertion of a hydrophobic wedge into the double 
helix (Bewley et al., 1998). The functional similarity between the HMG proteins and ComK is 
underscored by the fact that ComK also induces bending of its target promoters (Hamoen et al., 
1998). 
Recently, the mechanism of transcriptional activation of the comG promoter (PcomG) by ComK 
was investigated (Susanna et al., 2004). It was found that direct interactions between ComK 
and the alpha C-terminal domain of RNA polymerase (RNAP) are not required for transcrip-
tional activation at this promoter (Susanna et al., 2004). Rather, it was proposed that bending 
of upstream DNA upon ComK binding results in a DNA scaffold that stabilizes RNAP binding 
(Susanna et al., 2004). 
The specific induction of competence genes by ComK requires the presence of a ComK-binding 
motif in the target promoters. Despite the relative paucity of chemical features present in the 
minor groove of the DNA, it was demonstrated that ComK recognizes a specific sequence, called 
K-box (Hamoen et al., 1998). The K-box is composed of two palindromic sequences (A4N5T4; so 
called AT-box), that are each believed to bind one ComK-dimer. The two AT-boxes are posi-
tioned such that they are located on the same face of the helix of the DNA, but they can be sepa-
rated by 1-3 helical turns. Three classes of K-boxes can be distinguished among the characterized 
competence genes; type I (including addAB, recA, nucA), type II (including comC, comE, comF 
and comG) and type III (represented by comK), in which the AT-boxes are separated by 1, 2 or 3 
helical turns, respectively (Hamoen et al., 2002; Hamoen et al., 1998). 
The presence of a K-box in front of comK strongly suggests that ComK has auto-regulatory prop-
erties. Indeed, it has been reported that there is no detectable transcription from a comK-lacZ 
reporter construct in B. subtilis in the absence of functional ComK (van Sinderen and Venema, 
1994). Positive auto-regulation of ComK ensures a quick and high level expression of the compe-
tence genes once a critical threshold level of ComK has been reached. 

Bipartite regulation of ComK activity
Competent cells are physiologically distinct from their non-competent counterparts as ComK-
dependent induction of comGA results in an arrest of DNA replication and prevents Z-ring for-
mation (Haijema et al., 2001). In addition, the synthesis of macromolecules in the cell is blocked 
(McCarthy and Nester, 1967; Nester and Stocker, 1963; Haijema et al., 2001). Concomitantly, the 
induction of part of the SOS regulon of B. subtilis results in an increased sensitivity of competent 
cells towards mutagens, such as UV radiation and mitomycin C (Yasbin and Miehl, 1980). The 
SOS response also increases lysis of competent cells due to the induction of resident prophages 
(Yasbin and Miehl, 1980). Altogether, the development of competence is tightly regulated, prob-
ably because of its dramatic impact on the physiology of the cells (Hahn et al., 1996; Dubnau, 
1991a; Hamoen et al., 2003b).
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The regulation of competence can roughly be divided into two parts. Firstly, the transcription of 
the comK gene is regulated by a number of transcription factors. Secondly, the activity of ComK 
is controlled at a post-translational level by regulated proteolysis. Multiple quorum sensing (QS) 
events trigger a signaling cascade that feeds into the proteolytic system, and therefore we will 
regard quorum sensing as an integral part of this pathway.

Proteolysis and quorum sensing
Premature expression of ComK-regulated genes due to inadvertently produced ComK is pre-
vented through proteolytic degradation (Figure 2, panel B). The ComK protein interacts with the 
adapter protein MecA, which targets ComK for degradation by the ClpCP protease (Turgay et 
al., 1998; Turgay et al., 1997). It has been shown that different domains of MecA recognize dif-
ferent partners; the N-terminal domain interacts with ComK and ComS (see below), whereas the 
C-terminal domain is responsible for the interaction with ClpC (Persuh et al., 1999). MecA is not 
the only protein that can act as an adapter. It has been shown that a MecA paralog, YpbH, also 
binds to ClpC and affects competence and sporulation (Persuh et al., 2002). 
Recently, it was shown that the interaction of MecA with ClpCP not only delivers the protein 
that is targeted for degradation to the protease, but also enhances the assembly of ClpCP into a 
functional oligomer (Kirstein et al., 2006). ClpC is a member of the HSP100-family of AAA+ 
proteins, which also function as chaperones (Ogura and Wilkinson, 2001; Schlothauer et al., 
2003). It requires the proteolytic subunit ClpP for its function in competence development. ClpP 
can also form a functional proteolytic complex with another AAA+ protein, ClpX. Deletion of 
clpP or clpX leads to a competence deficient phenotype for reasons that are not fully understood. 
However, it has been demonstrated that in clpXP mutant cells the product from the spx gene ac-
cumulates (Nakano et al., 2002). A mutation of spx was sufficient to bypass the competence phe-
notype of clpXP mutant cells and in vitro experiments suggest that Spx enhances the interaction 
between ComK and the proteolytic complex, thereby negatively affecting competence (Nakano 
et al., 2002). Further characterization of the spx gene product revealed that it encodes a redox 
sensitive regulator that can both activate and repress transcription in response to thiol-stress 
(Nakano et al., 2003a; Nakano et al., 2005).  
Deletion of mecA bypasses many regulators that influence competence, due to the lack of degra-
dation of ComK, leading to medium- and growth phase independent development of competence 
(Hahn et al., 1994). From the observation that he concentration of MecA protein does not vary 
markedly under a variety of conditions (Kong and Dubnau, 1994), it follows that certain regula-
tory inputs converge on the regulation of the interaction between ComK and MecA.
B. subtilis produces two quorum sensing molecules that strongly impact competence develop-
ment (Solomon et al., 1995; see Figure 2, panel B). ComX is a pheromone that consists of a iso-
prenyl-modified peptide derived from the comX open reading frame. Elucidation of the structure 
has revealed that the modification consists of a geranyl group, coupled to a tryptophan residue of 
the peptide moiety (Okada et al., 2005; Okada et al., 2004). The ComQ protein, which contains 
an isoprenyl binding motif, is required for the processing and modification of pre-ComX (Bacon 
et al., 2002; Weinrauch et al., 1991). When ComX accumulates in the medium, it is able to trig-
ger the phosphorylation of ComA via a membrane located receptor protein, ComP (Weinrauch 
et al., 1990; Piazza et al., 1999). ComA is a transcriptional regulator of several stationary phase 
genes (Ogura et al., 2001; Comella and Grossman, 2005), whose DNA-binding activity is greatly 
stimulated by phosphorylation (Roggiani and Dubnau, 1993). The genomic organisation of the 
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chromosomal region containing the comQXPA genes is conserved. A detailed investigation of the 
genes has revealed that strain specific adaptations in the quorum sensing module exist (Ansaldi 
and Dubnau, 2004; Tortosa and Dubnau, 1999; Tortosa et al., 2001; Tran et al., 2000). 
The DNA binding activity of ComA is inhibited by tetratricopeptide repeat (TPR) containing 
protein, RapC (Core and Perego, 2003). Other members of the Rap-family of proteins inhibit reg-
ulator proteins through phosphatase activity (Perego et al., 1996; Perego et al., 1994; Perego and 
Hoch, 1996a), but RapC-mediated inhibition depends on direct binding of the protein to the DNA 
binding domain of ComA, independent of its phosphorylation state (Core and Perego, 2003). The 
activity of RapC is antagonized by competence and sporulation stimulating factor (CSF), a pen-
tapeptide derived from the phrC gene (Solomon et al., 1996; Lazazzera et al., 1997). The PhrC 
protein is exported in a Sec-dependent manner and undergoes two cleavage events to produce 
CSF (Perego and Brannigan, 2001). The genes encoding RapC and CSF are adjacent to eachother, 
and form a single transcription unit (a so called rap-phr module). However, phrC contains a 
secondary promoter, dependent on the stationary phase extracytoplasmic sigma factor, Sigma H. 
As a result, the production of CSF strongly increases in stationary growth phase, antagonizing 
the RapC protein (McQuade et al., 2001; Lazazzera et al., 1999). To be able to inhibit RapC, CSF 
needs to be taken up by the cell. This is mediated by the ABC-type oligopeptide transporter, Opp 
(Spo0K) (Rudner et al., 1991; Solomon et al., 1996). Strains with a non-functional Opp system 
fail to internalize the pentapeptide and, as a consequence, are unable to antagonize RapC. On the 
genome of B. subtilis 11 rap genes are encoded, many of which are part of a rap-phr module (Per-
ego and Brannigan, 2001).  In addition to RapC, evidence exists that ComA is also inhibited by 
RapF (Bongiorni et al., 2005), RapH (Hayashi et al., 2006), and RapK (Auchtung et al., 2006). 
Both quorum sensing pathways described above thus converge on ComA (Solomon et al., 1995) 
and result in the activation of ComA-dependent genes in response to high cell density. One of the 
targets of ComA is the surfactin (srf ) operon (Roggiani and Dubnau, 1993; Nakano et al., 1991a; 
Nakano et al., 1991b) and it was shown that activation of the srf-operon is the primary role for 
ComA in competence development (Nakano and Zuber, 1991).  Interestingly, the Spx protein that 
presumably affects protein-protein interactions in the proteolytic complex also interferes with 
the ComA-dependent activation of the srf-operon by interacting with the alpha subunit of RNAP 
(Nakano et al., 2003b). In addition to this, the operon is subject to repression by the nutritional 
repressor CodY (Serror and Sonenshein, 1996) and the hydrogen peroxide responsive regulator 
PerR (Hayashi et al., 2005). 
Strikingly, the synthesis of surfactin is not required for competence. A small open reading frame, 
comS, was identified that is essential for competence development, but not for surfactin produc-
tion (D’Souza et al., 1994; Hamoen et al., 1995; D’Souza et al., 1995). It lies embedded in the 
valine-activation domain of the second gene of the srf-operon (van Sinderen et al., 1993). ComS 
is a 46 aminoacid protein that does not seem to exhibit any higher order structure (Schlothauer 
et al., 2003). Aminoacid residues in the N-terminal part of the protein are involved in protein-
protein interactions with the adapter protein MecA (Ogura et al., 1999). The interaction of ComS 
with MecA triggers the release of ComK from the proteolytic complex. It is believed that in the 
absence of ComK, MecA with or without ComS can become a substrate for the ClpCP protease 
(Turgay et al., 1998; Turgay et al., 1997). Overproduction of ComS suppresses certain regula-
tory competence mutations and leads to a hyper-competent phenotype in otherwise wild type 
cells, comparable to a mecA mutant (Liu et al., 1996). The ComS-induced protection of ComK 
from degradation allows ComK to accumulate to sufficient amounts in the cell to activate the 
transcription of the late competence genes and the comK gene itself. It has to be pointed out that 



19

General introduction

there is no straightforward relation between the levels of transcription from the srf promoter and 
absolute ComS levels. This is at least partly due to the action of two proteins, YlbF (Tortosa et 
al., 2000) and polynucleotide phosphorylase (PnpA) (Luttinger et al., 1996), that are believed to 
modify the srf-comS transcript or influence its stability.

Transcriptional regulation of comK
In addition to the post-translational control, the level of ComK protein is also regulated through 
transcriptional control of the comK gene (Hamoen et al., 2003b; see Figure 2, panel B). Three 
transcription factors have been identified that directly bind to the comK promoter (PcomK) and 
repress transcription; CodY (Serror and Sonenshein, 1996), AbrB (Hamoen et al., 2003a) and 
Rok (Hoa et al., 2002). 
CodY is a repressor that responds to the nutritional status of cells by sensing the pool of GTP 
(Ratnayake-Lecamwasam et al., 2001) and branched chain aminoacids (BCAAs; Shivers and 
Sonenshein, 2004). Both GTP and BCAAs act as effector molecules that bind to CodY and yield-
ing a functional repressor (CodY*). Under conditions of nutrient deprivation, as occurs during 
the competence regime, CodY repression is relieved. The interaction of CodY with PcomK has 
been mapped to an area between -80 and -10 of the comK promoter, effectively masking the -35 
promoter element that is required for binding of RNAP (Serror and Sonenshein, 1996).  
The AbrB protein is a transition state regulator responsible for repression of stationary phase 
gene expression during exponential growth phase (Strauch et al., 1989; Strauch, 1999). The pro-
tein protects a large area of the comK promoter in a DNaseI footprinting assay (Hamoen et al., 
2003a). The protected area covers the -35 and -10 promoter elements, suggesting that AbrB also 
competes with RNAP for binding to PcomK (Hamoen et al., 2003a). At the onset of stationary 
growth, AbrB levels are downregulated by Spo0A~P (Fujita et al., 2005; Hahn et al., 1995b; 
Perego et al., 1988), promoting transcription of comK. In fact, it has been shown that this is the 
primary reason that spo0A is required for competence development (Hahn et al., 1995b). Spo0A 
is the master regulator of another stationary phase differentiation process, sporulation (Fujita 
and Losick, 2003). In addition, it regulates many other stationary phase genes (Fujita et al., 2005; 
Molle et al., 2003). Phosphorylation of Spo0A, which leads to dimerization of the protein, is re-
quired for its function as a transcription factor (Lewis et al., 2002; Ireton et al., 1993). The phos-
phor-group is transferred from membrane located kinase proteins via a series of cytoplasmatic 
kinases (the so-called phosphorelay) to Spo0A (Burbulys et al., 1991; Jiang et al., 2000; Perego 
et al., 1989). Antagonizing the action of the kinases certain phosphatases can dephosphorylate 
Spo0A~P directly (Perego, 2001) or indirectly via components of the phosphorelay (Perego et al., 
1996). Interestingly, some of these phosphatases are members of the Rap-family of proteins, and 
can be antagonized by their cognate Phr peptides in a cell density dependent manner (Perego et 
al., 1996; Perego et al., 1994; Perego, 1997; Perego and Hoch, 2002).
Recently, a third repressor of comK was identified; Rok (Hoa et al., 2002). The protein was dem-
onstrated to bind directly to the promoter of comK. Conversely, it was shown that ComK can bind 
to a K-box in the rok promoter, and it was suggested that the two proteins form a feedback loop 
(Hoa et al., 2002). The identification of Rok provides a possible explanation for the requirement 
of SinR for competence development (Hahn et al., 1996). SinR, like AbrB, is a transition state 
regulator. Its activity is antagonized by Spo0A-dependent induction of an antagonist, SinI, in 
stationary growth phase (Bai et al., 1993; Mandic-Mulec et al., 1995). Though SinR was shown 
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to be a transcriptional regulator (Kearns et al., 2005), binding to PcomK could not be demon-
strated. Hoa and coworkers showed that SinR negatively affects Rok levels, explaining a positive 
effect on competence development (Hoa et al., 2002). A similar hypothesis was put forward for 
AbrB. Next to its role as negative regulator of comK transcription, the protein is also required 
for competence development (Hahn et al., 1996). It was shown that cellular levels of AbrB need 
to be maintained within a certain level to allow competence to develop (Hahn et al., 1995b). It 
was shown that Rok levels may be subject to regulation by AbrB (Hoa et al., 2002). The lack of 
competence of cells in which abrB has been disrupted might then be explained by an increase in 
Rok levels, and a resultant decrease in ComK (Hoa et al., 2002). Though it was shown that a rok 
mutation is sufficient to bypass the competence deficient phenotype of sinR or abrB mutant cells 
(Hoa et al., 2002), more detailed investigations are necessary to ascertain these hypotheses.
In addition to factors that negatively influence the transcription from PcomK, two transcription 
factors exert a positive effect. First, it was demonstrated that expression of a comK-lacZ reporter 
depends on the presence of an intact copy of the comK gene, suggesting that ComK can activate 
its own transcription (van Sinderen and Venema, 1994). Indeed, a K-box is present in the comK 
promoter (Hamoen et al., 1998), and binding of ComK to this sequence in vitro could be demon-
strated (van Sinderen et al., 1995b; Hamoen et al., 1998). The K-box in the comK promoter rep-
resents the third class of boxes, with a spacing of three helical turns between the two AT-boxes. 
Presumably, this spacing contributes to the requirement for the second transcriptional regulator, 
DegU (Hamoen et al., 2000; Ogura and Tanaka, 1996). The protein acts as a priming molecule, 
increasing the affinity of ComK for its own promoter, by direct binding between the two AT 
boxes (Hamoen et al., 2000). Together with the kinase DegS, DegU forms a two component sys-
tem involved in the synthesis of degradative enzymes (Dahl et al., 1991; Msadek et al., 1990) but 
it appears that phosphorylation of DegU is not of importance for competence development (Dahl 
et al., 1992; Hamoen et al., 2000). In contrast, the production of degradative enzymes depends on 

Figure 3. Phenotypic variability. 
A. Overlay of a phase contrast 
and fluorescence microscopic 
image of a PcomG-gfp reporter 
strain, demonstrating that com-
petence is limited to a subpopula-
tion of cells. B. Composite image 
of the simultaneous visualization 
of a Pspo0A-icfp and PrapA-
iyfp in single cells, demonstrat-
ing reciprocal expression for 
those genes. C. Flow cytometric 
analysis of PcomG-gfp in time, 
demonstrating the on-switch 
of competence development. 
D. Overlay of a flow cytometric 
analysis of a non-fluorescent 
strain (red), a strain demonstrat-
ing phenotypic variability with 
underlaying monomodal distri-
bution (purple) and a strain dem-
onstrating a bistable expression 
pattern (green). Reprinted with 
permission of the publisher.
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phosphorylated DegU (DegU~P). Therefore, this phosphorylation event correponds to a regula-
tory switch between target genes (Dahl et al., 1992).

Heterogeneity of competence development

As noted above, competent cells are physiologically distinct from their non-competent counter-
parts.  Nester and Stocker found that there is a lag in the increase of the number of transformants 
after the addition of transforming DNA  to a competent culture of B. subtilis (Nester and Stocker, 
1963). In addition, the expression of a marker on the transformed DNA was not detectable dur-
ing this period (Nester and Stocker, 1963). They elegantly showed that during the observed lag-
phase the number of viable cells could be reduced using penicillin G, whereas the number of 
transformants stayed constant (Nester and Stocker, 1963). These results demonstrate not only a 
biosynthetic latency of competent cells, but also formed the first indication that a competent cul-
ture consists of at least two subpopulations. Several later studies confirmed the presence of these 
subpopulations using density centrifugation (Cahn and Fox, 1968; Hadden and Nester, 1968; 
Singh and Pitale, 1968; Singh and Pitale, 1967). Importantly, these experiments demonstrated 
that a lower buoyant density was an inherent property of (pre)competent cells (Cahn and Fox, 
1968; Hadden and Nester, 1968; Dooley et al., 1971) and did not originate from or require the 
uptake of DNA. On the basis of density centrifugation, as well as transformation experiments 
using non-linked marker genes, it was estimated that competent cells form around 10% of the 
total population (Singh and Pitale, 1968; Singh and Pitale, 1967; Hadden and Nester, 1968; Cahn 
and Fox, 1968). 
Mutagenesis of B. subtilis using a transposon that carries a promoter-less copy of the reporter 
gene lacZ revealed that many genes that result in a transformation deficiency when disrupted are 
preferentially expressed in the band with a lower buoyant density (Albano et al., 1987; Hahn et al., 
1987). In addition, the separation of competent and non-competent cells was found to depend on 
the first open reading frame of the comG operon (Albano et al., 1987; Albano et al., 1989; Hahn 
et al., 1987; Albano and Dubnau, 1989). To date, ComK is the only known regulator of comG ex-
pression (Hamoen et al., 1998; Susanna et al., 2004), and indeed the heterogeneity of competence 
could be traced back to comK transcription. Hahn and coworkers found that comK-lacZ activity 
was still associated with competent cells, whereas srfA-lacZ activity could be detected in both 
the light and heavy band of cells separated on a density gradient (Hahn et al., 1994). 
Interest in the heterogeneity of competence development got a new impulse with the introduction 
of green fluorescent protein (GFP) in molecular biology. The fluorescence from gfp-fusion con-
structs allows the direct visualization of competence gene expression, without the need for en-
zymatic assays or invasive procedures, and eliminates possible artifacts in the estimation of the 
fraction of competent cells based on other methods. It was found that 5-10% of the cells in a wild 
type culture express comK-gfp (Haijema et al., 2001), a number which is in good agreement with 
previous estimates (Singh and Pitale, 1968; Hadden and Nester, 1968; Cahn and Fox, 1968). Two 
other important observations were made. Firstly, the presence of the product of a late competence 
gene, comEA, was always found to coincide with comK expression. Secondly, it became clear that 
there are little or no intermediate levels of fluorescence. This is consistent with the presence of 
two distinct bands, rather then a smear, in the density centrifugation experiments.
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Bistable gene expression

When the fluorescence from a ComK-dependent gfp reporter in individual cells is analyzed in 
a quantitative manner, using fluorescence microscopy or flow cytometry (Brehm-Stecher and 
Johnson, 2004), the resultant curve shows a bimodal distribution of fluorescence for the total 
population (Figure 3C and D). It is of importance to realize that this situation is distinct from 
a heterogeneous population with an underlying monomodal distribution in fluorescence. Even 
though in the latter case large differences in fluorescence between individual cells may exist, 
these merely represent the tails of the underlying distribution (Figure 3D). 
Phenotypic variation with two clearly demonstrable phenotypes can be the result of several 
regulatory mechanisms. It can originate from genetic changes, such as genomic inversion (e.g. 
Escherichia coli fim (Abraham et al., 1985) and Salmonella enterica serovar Typhimurium hix 
(Zieg et al., 1977)) and strand slippage mechanisms (e.g. Neisseria spp. opa (Meyer et al., 1990) 
and Bortedella pertussis bvg (Stibitz et al., 1989)). Alternatively, it may be epigenetic in nature 
and not be accompanied by changes in DNA sequence. Epigenesis is found, for example, in the 
pap and antigen 43 (Ag43) phase–variable phenotypes of E.coli, where it depends on methylation 
of certain DNA sequences (reviewed in Owen et al., 1996; van der Woude et al., 1996). 
In contrast to the mechanisms described above, some epigenetic traits do no require rearrange-
ments or modifications of the DNA. Instead, they rely on the architecture of the gene regulatory 
network that determines the activity of a key regulator. Certain forms of feedback regulation 
can give rise to multiple stable states of gene expression (multistationarity), between which in-
dividual cells can switch (Thomas and Kaufman, 2001b; Thomas and Kaufman, 2001a). At the 
population level, the switching of some cells, but not others, will result in two distinct pheno-
types. This type of phenotypic variation is referred to as bistability (or, more general, feedback-
based multistability; FBM). The two states of gene expression, and analogously the two peaks 
in a bistable population, are referred to as the high and the low state, respectively. When the low 
state corresponds to transcriptionally inactive cells, the terms ON and OFF are often used, but it 
is important to realize that bistability can involve two fluorescent populations.

Modeling bistability
Pioneering work of Thomas has highlighted the importance of feedback regulation for multi-
stationarity and bistability (Thomas, 1978; Thomas, 1998) on the basis of early experimental 
observations on lactose utilization of E. coli (Cohn and Horibata, 1959a; Cohn and Horibata, 
1959b; Novick and Weiner, 1957; Monod and Jacob, 1961). Subsequently, several groups have 
determined the prerequisites for a gene regulatory network to exhibit multistationarity through 
mathematical modeling and the analysis of synthetic gene circuits (Rao et al., 2002; Hasty et al., 
2002; Gardner et al., 2000; Ferrell, Jr., 2002; Kobayashi et al., 2004). In addition to positive or 
double negative feedback, it was found that a non-linear response within the network is critical. 
Non-linearity in biological systems can occur for instance when multimerization or phosphoryla-
tion is required for a protein to be active, or when cooperativity is observed in DNA-binding. 
Figure 4 summarizes the simplest forms in which a gene network could potentially demonstrate 
multistationarity, resulting in a bistable output at the population level. For all the hypothetical 
systems depicted in this figure, protein A depicts a key transcriptional regulator in a signal-trans-
duction cascade that is only active when present as a multimer, introducing non-linearity into 
the system. Therefore, the production of A, ƒ(ap), can be described by a Hill-type (sigmoidal) 
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Figure 4. Characteristics of bistable systems. A. Plot of the Hill-type production curve and linear deactivation curve for regu-
lator A. For details see text. The intersections between the two curves indicate the steady states where d[A]/dt = 0. B. The 
concentration of regulator A in time, with (green line) and without (blue line) the presence of positive feedback. Note fluctua-
tions in the level of A. The threshold for auto-stimulation is indicated with the red dashed line. C. Bistable switching by single 
positive feedback, based on the characteristics of A. The left panel shows the regulatory network. The right panel shows the 
phase-plane sketch for this system. D. Bistability by a two-component positive feedback loop. E. Bistability by a double nega-
tive feedback loop (toggle switch). Reprinted with permission of the publisher.
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function (Figure 4, panel A). In general, protein production has a plateau, meaning that the feed-
back systems are not allowed to increase protein levels to infinity. Furthermore, A has a certain 
deactivation rate, which can be described by a linear-type function, ƒ(ad) (Figure 4, panel A). The 
level of the protein fluctuates over time. When the level exceeds a certain threshold (indicated 
by the red dotted line), cells accumulate high levels of the regulator when some form of positive 
feedback is present (green line). In the absence of a feedback loop, cellular levels of the regulator 
do not markedly increase (blue line). In this situation, no bistability but a monomodal distribu-
tion in fluorescence is observed.
The change of A over time (d[A]/dt) can be described by a differential equation in which the 
production of A is combined with the deactivation function. Without trying to find a numerical 
solution for such a differential equation, one can obtain some qualitative information by look-
ing for equilibriums or points where the derivative is zero and determine whether the function 
moves towards or away from these points. This is done in phase-plane sketches that could repre-
sent the dynamics of the bistable systems that are described. Note that the phase-plane sketches 
presented here are purely hypothetical and are merely shown to indicate the putative behavior of 
the feedback systems in an intuitive manner. Closed and open circles depict stable and unstable 
states, respectively.
For systems with a single positive feedback loop, the null cline (the solution of combination of 
ƒ(ap) and ƒ(ad)) reveals three steady states (d[A]/dt = 0) (Figure 4C). At [A]=a, d[A]/dt < 0, and 
the concentration of A will decrease until activation and deactivation are in equilibrium (stable 
steady state). The arrows indicate the movement towards stable equilibria; when two arrows 
point away from each other, this indicates an unstable steady state since a small change in [A] 
will drive the system towards one of the stable steady states.   
For systems with two component positive feedback loops, it is informative to plot the concen-
trations of regulator A versus the concentration of regulator B. In the case of a double positive 
feedback loop (Figure 4D), protein B activates the expression of gene A and protein A activates 
expression of gene B (left panel). It becomes clear that there can only be a stable steady state 
when either both the concentration of A and B are high (and gene X activated), or A and B are 
off (and gene X not activated), but never with A on and B off or vice versa. Bistability as a result 
of double negative feedback (Figure 4, panel E) is also referred to as a toggle switch. Activator 
A also acts as a repressor of gene B, and protein B represses gene A (left panel). As shown from 
the phase-plane plot (right panel), a stable steady state is only present when the levels of B are 
high and A low, and when the levels of A are high and B low. Therefore, gene X is only activated 
in the latter steady state.
It is important to realize that combinations of different types of feedback can, in some cases, also 
generate bistability (Angeli et al., 2004), and bistability is impossible if one of the components 
acts too strongly or too weakly compared to the other (Isaacs et al., 2003). Recently, it has also 
been postulated that bistability may be possible solely on the basis of multi-site phosphorylation 
in the absence of positive feedback (Markevich et al., 2004; Ortega et al., 2006). Finally, a combi-
nation of positive and negative feedback (Dunlap, 1999), or a three-component negative feedback 
loop (Elowitz and Leibler, 2000) can cause a gene network to oscillate between states.

Noise in gene expression
Gene expression in a homogenous culture of genetically identical cells displays a normal dis-
tribution in gene expression levels, due to stochastic fluctuations (noise) in transcription and 
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translation, leading to differences in protein levels (Rao et al., 2002; Paulsson, 2004; Kærn et al., 
2005). This phenomenon is believed to be an important factor in multistationarity, and therefore 
FBM.
An important factor that contributes to the origin of noise is the so-called finite number effect. In 
essence, this hypothesis predicts that noise is more abundant for processes that involve limited 
numbers of molecules. This was shown experimentally by fluorescent-reporter studies (Elowitz 
et al., 2002; Ozbudak et al., 2002; Swain et al., 2002). This conclusion is of importance to FBM, 
as transcription and translation are supposed to be relatively infrequent events, and transcription 
factors are often present in low abundance.
Two types of noise can be distinguished: intrinsic noise and extrinsic noise. Intrinsic noise is 
inherent to the biochemical process of gene expression (transcription and translation), whereas 
extrinsic noise is due to fluctuations in other cellular components required for gene expression 
(such as polymerase and regulators). The two types of noise can be discriminated using a system 
of distinguishable cyan and yellow fluorescent proteins expressed from the same promoter at dif-
ferent chromosomal locations. It was found that both intrinsic and extrinsic noise contribute to 
phenotypic variability using the model organisms E. coli (Elowitz et al., 2002; Swain et al., 2002) 
and S. cerevisiae (Raser and O’Shea, 2004). Importantly, in the latter it was found that noise 
can be both gene specific and independent of the regulatory pathway or the rate of expression. 
Using time-lapse fluorescence microscopy, it was shown that intrinsic noise in gene expression 
fluctuates rapidly, whereas extrinsic noise can occur over longer periods of time (Rosenfeld et al., 
2005). There is a trade-off between speed and accuracy in cellular transcriptional responses with 
implications for FBM, as it implies that fast-acting networks (such as positive autoregulation) 
are more sensitive to noise, whereas negative feedback is required to obtain an accurate cellular 
response on a fast time scale (Rosenfeld et al., 2005).
The origin of noise has been addressed in several theoretical and experimental studies (reviewed 
in Kærn et al., 2005). Based on mathematical modelling, it was predicted that noise is most de-
pendent on the translation rate, but is independent of the transcription rate (Thattai and van Oude-
naarden, 2001). Ozbudak and colleagues substantiated these findings experimentally through the 
use of GFP as a reporter for protein production in B. subtilis (Ozbudak et al., 2002). To measure 
the contribution of transcriptional and translational efficiency on noise, mutations within the 
promoter region and ribosomal-binding site of a single copy of gfp were introduced. The study 
showed that noise in B. subtilis primarily increased with increasing translational efficiency. In 
contrast, for the eukaryotic organism S. cerevisiae, it was reported that transcriptional efficiency 
does have a role in noise generation (Blake et al., 2003). The authors suggest that this difference 
might be due to transcriptional reinitiation, the occurrence of repeated rounds of transcription 
from a single gene without dissociation of the transcription machinery, since this is a process that 
presumably does not occur in prokaryotes (Blake et al., 2003).
Despite its stochastic origin, noise can be controlled by several mechanisms. One of the most 
obvious ways to reduce noise, considering the finite number effect, is to increase the concentra-
tions of the relevant molecules, so that fluctuations in the levels of one of the components do not 
significantly impinge on the network. However, this strategy is costly for cells and, in natural 
situations, other tactics are usually adopted (Rao et al., 2002). One of the most ubiquitous noise-
attenuating mechanisms is negative feedback (reviewed in Rao et al., 2002; Smolen et al., 2000; 
Heinrich and Schuster, 1998). If the concentration of a component increases, a negative feedback 
loop ensures downregulation of the production of this component, therefore limiting the range 
over which the concentrations of components within the network fluctuate and reducing noise. 
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Indeed, it was reported that negative autoregulation is predominant for housekeeping functions 
of E. coli (Thieffry et al., 1998).
Another important noise-control mechanism relevant to FBM is hysteresis. Hysteresis reflects a 
situation in which the switch from one state to another requires a force unequal to the reverse 
transition (Ninfa and Mayo, 2004). It imposes memory-like characteristics on the gene regula-
tory network, since the response of the network depends on its history. This is schematically 
depicted in Figure 5. At concentration a of A, cells can be either in a high or low state, depending 
on whether they were previously induced or not. The origin of this phenomenon can, for instance, 
lie in the stability of one or more of the components of the bistable network (Ozbudak et al., 
2004). The unequal force essentially acts as a buffer, so that the phenotypic switch is robust in 
relation to noise and the possibility of accidental switching between states is minimized. For ex-
ample, hysteresis is responsible for reducing the accidental switching of the direction of flagellar 
rotation in bacterial chemotaxis (Bren and Eisenbach, 2001). Hysteresis is frequently observed 
in systems with FBM.
Developmental pathways are in general regulated by complex regulatory cascades resulting in 
the production of a pivotal transcription factor, such as ComK in the case of competence develop-
ment. Therefore, the mechanism of noise propagation in a network, and how this affects multist-
ability, is important for our understanding of FBM. Recent research has shown that longer signal-
transduction cascades can amplify noise and that upstream regulatory events can have a bigger 
effect on the variability of gene expression than the intrinsic noise of the gene itself (Isaacs et 
al., 2003; Pedraza and van Oudenaarden, 2005; Hooshangi et al., 2005). Interestingly, however, 
Hooshangi and co-workers also showed that signal-transduction cascades might act as a filter to 
dampen the short-lived fluctuations of an input signal, because of the time required to transmit a 
signal through the network (Hooshangi et al., 2005).
Noise is important in establishing bistability, but developmental processes in bacteria are fre-
quently primed by environmental signals. In effect, the output of a multistationary switch can 
often be modulated by these signals though for instance modulation of the levels or phospho-
rylation state of the autostimulatory regulator. The ratio of bacterial cells in a particular sub-
population thus is fine-tuned to suit the prevailing environmental conditions that the bacterial 
population is subject to. This notion is reinforced by early experimental evidence that shows, for 
instance, that the fraction of cells that sporulate strongly depends on growth conditions (Schaef-
fer et al., 1965).

[A]

y
Figure 5. Hysteresis. Schematic 
depiction of hysteresis. Chang-
es in concentration of regulator 
are indicated by arrows. De-
pending on the starting state of 
the system, a cell can be in an 
ON or OFF state at intermediate 
concentrations of the regulator 
(such as a).
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Escape from the competent state

In principle, most FBM systems are reversible, allowing individual cells to switch between states. 
The time that is necessary for the switch to occur is termed the escape time (Hasty et al., 2002). 
However, in vivo, some FBM systems act as unidirectional switches, such as oocyte differentia-
tion in Xenopus (Ferrell, Jr., 2002)  and spore formation in B. subtilis (Veening et al., 2005; Pig-
got and Losick, 2002). The locking of a bistable switch might originate from the architecture of 
the gene network that results in an effectively infinite escape time (Hasty et al., 2002), but can 
also be mediated by environmental signalling. Sporulation in B. subtilis, for instance, relies on 
a cascade of alternative s factors which provide directionality to the developmental programme 
(Eichenberger et al., 2004), and is therefore different from an intrinsically irreversible epigenetic 
switch.
Competence, in contrast, is a transient differentiation process (Hadden and Nester, 1968; Nester 
and Stocker, 1963; Dubnau, 1993). As pointed out, during competence for transformation cells 
are metabolically inert. The growth arrest of competence cells can at least in part be attributed 
to ComGA (Haijema et al., 2001), though it is possible that more ComK-activated genes are 
involved. From this it follows that if competent cells are to resume growth, for instance when 
nutrients become plentiful again, the level of ComK in the cells needs to be reduced. Little is 
known about the factors that determine the window of opportunity for competence at the mo-
lecular level. However, it has been reported that cells are unable to recover from the competent 
state in the absence of a functional MecA protein (Hahn et al., 1995a), suggesting a critical role 
for ComK proteolysis.

The scope of this thesis

The research presented in this thesis was aimed at the investigation of the molecular mechanisms 
of the regulation of competence development in general, and the phenotypic variability of this 
process in particular. 
In chapter 2, the regulon of the key transcription factor ComK is characterized by use of DNA 
macroarrays. Furthermore, this information is used to determine characteristics that improve the 
predictive value of the consensus ComK binding site. 
In chapter 3, the regulon of a major repressor of comK, Rok, is characterized. It is found that, 
in addition to comK, it regulates several genes that seem to encode proteins with membrane- or 
extracellular functions. Direct binding to the promoter of several targets is established by gel 
shift experiments.
In chapter 4, it is shown that ComK auto-activation, which is essential for the bistable expression 
pattern of comK and the late competence genes, is primarily achieved through anti-repression. 
By in vitro and in vivo analyses it is shown that ComK is able to reverse the repression imposed 
by Rok and CodY at the comK promoter. 
In chapter 5, the molecular mechanism behind the segregation into two subpopulations in a 
competent culture is investigated. By stripping the regulatory cascade that governs competence 
development, it is shown that ComK auto-stimulation is required, and can be sufficient, to gener-
ate two subpopulations. As such, it behaves like a bistable process, based on positive auto-regula-
tion.
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In chapter 6, it is reported that competence and sporulation are initiated sequentially in a me-
dium that supports both processes. It is found that initiation of competence and sporulation can 
occur under atypical conditions, suggesting a noisy basis for both processes. This is consistent 
with the supposed noise-based switching of bistable processes. The levels of noise are quantified, 
and it is found that they differ for both processes, and are influenced by the method of culturing.
In chapter 7, a further characterization of the intertwinement between competence and sporu-
lation is carried out. The ComK-dependent aspartyl-phosphate phosphatase, RapH, is found to 
be promiscuous in nature, as it targets components of both the competence and the sporulation 
regulatory pathways. As such, it contributes to the escape from competence and the competence-
dependent delay of sporulation.
In chapter 8, the genome-wide transcriptional effects of thioredoxin depletion are investigated. 
It is reported that thioredoxin levels are critical for multiple differentiation processes, including 
competence and sporulation. In addition, thioredoxin levels are found to influence many other 
cellular processes, which may contribute to the fact that the trxA gene is one of the essential 
genes of B. subtilis.
Chapter 9 subsequently addresses the mechanism behind the thioredoxin-dependency of com-
petence development. Through various in vivo experiments it is shown that thioredoxin depletion 
influences ComS, a protein critical for competence development. In addition, it is reported that 
the cysteine residues of ComS are important for the transiency of competence, suggesting the 
possibility of redox regulation of competence.
Chapter 10, finally, integrates the subjects discussed in this thesis, and gives an outlook on fu-
ture research. 
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Chapter 2 
 

Improving the predictive value of the competence  
transcription factor (ComK) binding site in Bacillus 
subtilis using a genomic approach

Generally, the presence of a consensus sequence in the promoter of a gene is taken 
as indication for regulation by the transcription factor that binds to this sequence. In 

light of the recent developments in genome research, we were interested to which extent 
this supposition is valid. We examined the relation between the presence of a binding 
site for ComK, the competence transcription factor of Bacillus subtilis, and actual tran-
scriptional activation by ComK. B. subtilis contains 1062 putative ComK-binding sites 
(K-boxes) in its genome. We employed DNA macroarrays to identify ComK-activated 
genes, and found that the presence of a K-box is an unreliable predictor for regulation. 
Only about 8% of the genes containing a K-box in the putative promoter region are regu-
lated by ComK. The predictive value of a K-box could be improved by taking into con-
sideration the degree of deviation from the K-box consensus sequence, the presence of 
extra ComK-binding motifs, and the positions of RNA polymerase-binding sites. Finally, 
many of the ComK-activated genes show no apparent function related to the competence 
process. Based on our findings, we propose that the ComK-dependent activation of sev-
eral genes might serve no biological purpose and can be considered ‘evolutionary noise’.

Introduction

The recent advances in bioinformatics, which for example made it possible to identify open read-
ing frames in a genome with great accuracy, have spurred the interest in computer based predic-
tion of gene regulation. This field of research, however, is still in its infancy. Prediction of gene 
regulation on a genome-wide scale can be a powerful tool to identify proteins involved in certain 
cellular processes. In addition, such analyses may be helpful to elucidate the role of proteins to 
which no function could be attributed based on sequence comparisons. Generally, it is assumed 
that the location of a binding site for a certain transcription factor in a promoter region is an 
indication that the promoter is under control of this transcription factor. However, binding to a 
promoter is not necessarily proof that the transcription factor regulates the promoter, although 
the large number of such deductions in literature suggests otherwise. So far the reliability of con-
sensus transcription factor binding sites as predictors for gene regulation has not been examined 
in a systematic way. Studies of this kind can, for statistical reasons, not be restricted to a limited 
number of genes, but should cover a substantial part or even better all genes present on the ge-
nome to assure a reliable outcome. DNA-array technology makes it possible to determine gene 
expression on a genome-wide scale and in this study we use this to examine the reliability of the 
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DNA recognition sequence of the transcription factor ComK as a predictor for ComK-dependent 
gene expression.
B. subtilis is a Gram-positive bacterium which can differentiate into cells competent for genetic 
transformation by synthesizing a complex DNA-binding and -uptake system, and by activating 
recombination genes. Competence is a starvation-induced differentiation process (for review see 
Dubnau, 1993). The various environmental signals are interpreted by a complex signal transduc-
tion cascade, and ultimately lead to the activation of comK, which encodes the competence tran-
scription factor (van Sinderen et al., 1995b; Hahn et al., 1996). ComK activates the expression of 
the DNA-binding and -uptake system,  DNA- recombination genes, and its own expression (van 
Sinderen et al., 1995b; Haijema et al., 1995; Haijema et al., 1996). ComK binds to the promoter 
regions of these genes, and footprinting studies established a conserved AT-rich palindromic 
sequence as the ComK-recognition sequence, or K-box (Hamoen et al., 1998). The presence of a 
K-box in the promoter region of a gene suggests that the gene is regulated by ComK and encodes 
a protein that is likely to be involved in competence. In theory, by screening the B. subtilis ge-
nome for promoter regions that have a putative K-box, we can quickly identify the set of proteins 
that are involved in establishing competence in B. subtilis. 
Here we have assessed the reliability of a K-box as a predictor for ComK-dependent gene expres-
sion. To identify ComK-activated genes on a genome wide scale, we have compared the tran-
scription profiles of a wild type B. subtilis strain and a strain containing a disrupted comK gene, 
and correlated this data to the presence of K-boxes in promoter regions. We discuss shortcomings 
of the method and describe ways to improve gene regulation predictions based on the presence 
of transcription factor binding sites.

Results

Distribution of K-boxes in the B. subtilis genome 
First we addressed the question how many K-boxes the B. subtilis genome contains. It has been 
shown that ComK functions as a tetramer composed of two dimers, each recognizing the se-
quence A4N5T4 or AT-box. The distance between the AT-boxes may vary between one, two and 
even three DNA helical turns (Hamoen et al., 1998). Based on this variation, three different 
types of K-boxes were distinguished, summarised in Table 1. As indicated in this table, none 
of the K-boxes of the known ComK-activated genes perfectly match the consensus sequence, 
and the deviation can amount to three bps. No more than two bp deviations per AT-box were 
observed, and this latter restriction was taken as a cut-off when screening the B. subtilis genome 
for K-boxes. As shown in Figure 1 a total of 1062 sequences corresponded to our K-box definition, 
roughly 1 K-box per 4000 bp. In a random 4.1 Mb DNA sequence with the same A/T-content as 
the B. subtilis genome only about 175 K-boxes were found. Apparently, B. subtilis contains many 
more ComK-binding sites than can statistically be expected. 
It is likely that a K-box is only functional when located in the promoter region of a gene, which 
is generally located in an intergenic region. Figure 1 shows that about one-third of all K-boxes 
are located in intergenic regions. Since intergenic regions cover only 12% of the genome, these 
areas are substantially enriched with K-boxes. Although the AT content of intergenic regions is 
higher than that of coding sequences, 61.4% and 55.7%, respectively, these percentages do not 
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explain the relatively high number of K-boxes in intergenic regions. According to Figure 1, type 
I is the more abundant type of K-box. This bias is primarily caused by the limited length of the 
intergenic regions. The average length of intergenic regions is only 130 bp; therefore the shorter 
the K-box, the higher the chance it matches sequences in an intergenic region. 
The data above shows that the genome of B. subtilis harbours many K-boxes, which may serve as 
operator sites. To evaluate the validity of a K-box as predictor for regulation of gene expression 
by ComK, it will be necessary to link this data to the ComK-regulon.

Identification of the ComK-activated genes of B. subtilis
In order to identify genes that are regulated by ComK, we compared the expression profile of 
a strain in which the comK gene is disrupted by a spectinomycin resistance marker (BV2004) 
to the control strain BV2012. Strain BV2012 also contains a spectinomycin (Spc) marker, but 
inserted in such a way that neither a gene nor an operon was disturbed, to rule out any effect on 
transcription that may be caused by the Spc marker itself. The latter was confirmed by comparing 
the expression profiles to that of a wild type strain (see Supplementary material for details). Tran-
scription profiles of the different strains were obtained by using commercial DNA macro-arrays 
containing 4107 PCR-amplified open reading frames representing all putative protein-encoding 
genes of B. subtilis. Strains were grown in competence medium (without spectinomycin selec-
tion) and cells were harvested for RNA isolation when the competence stage was reached. Com-
petence was checked by transforming aliquots of the cultures with chromosomal DNA. RNAs 
isolated from simultaneously grown cultures of the two strains were successively hybridised to 
the same DNA-filter, and the entire procedure from growth to hybridisation was performed in 
triplicate, on three separate filters.
In the analysis of the macroarray data the question arises how the ComK regulon is best defined. 
Previously, Arfin et al showed that a simple selection based on differences in expression is dis-
putable (Long et al., 2001). In this study we chose to combine a statistical approach with prior 
knowledge of ComK activation. The program Cyber-T, developed by Long et al (Baldi and Long, 
2001), incorporates a Bayesian prior to improve the t test for DNA-array measurements. We used 
this program to sort our data (a more detailed comparison of three different methods of analysis 
– differences in expression, t-test and CyberT – is provided as Supplementary material). Liu and 
Zuber (Liu and Zuber, 1998) showed that read through from the comF operon led to increased ex-
pression of the downstream-located flgM gene. As a consequence flgM is moderately activated by 
ComK. We chose the parameters of this gene (p=0.017 and 1.36-fold up-regulation) as a low-end 
border to discriminate ComK-activated genes after analysis with Cyber-T. A total of 105 genes 

Type K-box Gene Function Deviations

I (AT-box) - N8 - (AT-box) addAB DNA recombination 1 bp

recA DNA recombination 3 bp

uvrB DNA recombination 2 bp

II (AT-box) - N18 - (AT-box) comC DNA uptake 2 bp

comE DNA uptake 2 bp

comF DNA uptake 3 bp

comG DNA uptake 1 bp

III (AT-box) - N31 - (AT-box) comK Regulation 1 bp

Table 1. Known ComK-activated genes 
and operons arranged according to 
the type of ComK-binding site (K-box) 
present in their promoters. The number 
of bp deviation from the consensus 
sequence is shown. N indicates the 
number of bp between the two ComK 
dimer-binding sequences (AT-box).
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met these criteria, and were considered to be ComK activated. The genes are listed in Table 2, 
ordered on increasing p-values. Genes of putative operons are grouped and sorted according to 
their position in the operon.
The genes that constitute the DNA-binding and -uptake machinery (comC, -E, -F, -G, nucA op-
erons) clearly stand out in Table 2 with high induction levels of 4-fold to 194-fold. The presence 
of yhxD in the list is disputable since this gene is located adjacent to comK, and expression of 
this gene is likely a consequence of read through from the Spc marker inserted in comK. Table 
2 encompasses a great variety of genes. The Bacillus subtilis Functional Analysis (BSFA) pro-
gramme was founded by a consortium of research groups in order to determine the function of 
all hypothetical proteins of B. subtilis (Kobayashi et al., 2003). Within this programme it was 
established that both yvyF and yvyG are required for competence. The BSFA consortium also 
showed that the two, at that time unknown, thio-disulfide oxidoreductases BdbD and BdbC are 
required for competence. Recently it was demonstrated that these proteins are necessary for di-
sulfide bond formation within ComGC (Meima et al., 2002). Several genes involved in DNA pro-
cessing are activated by ComK, and likely function in the DNA-integration process. Especially, 
the induction of an alternative single stranded DNA-binding protein, ywpH, is very pronounced. 
A knockout of this gene reduces transformation considerably (Berka et al., 2002; Ogura et al., 
2002; Lindner et al., 2004). Several ComK-activated genes are related to general stress response, 
and a substantial number of ComK-activated genes function in general metabolic pathways. So 
far, none of these genes appear to be required for competence, and the reason for their specific 
activation in competent cells is still unknown. 

Number of K-boxes in B. subtilis genome (intergenic region)

16 bp match 15 bp match 14 bp match 13 bp match 13 - 16 bp

type I 2 (2) 9 (9) 74 (35) 302 (122) 387 (168)
type II 0 (0) 14 (7) 54 (14) 288 (92) 356 (113)
type III 0 (0) 2 (2) 43 (7) 274 (66) 319 (75)

I - III 2 (2) 25 (18) 171 (56) 864 (280) 1062 (356)
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Figure 1.   Distribution of K-boxes in the B. subtilis genome. In the graph a distinction between K-boxes is made on the basis of 
the bp deviations from the consensus sequence. The consensus sequence contains 16 defined bp. Only two K-boxes perfectly 
matched the consensus sequence (16 bp match). The table shows the number of different K-boxes present in the B. subtilis 
genome. The number of K-boxes in intergenic regions is placed between brackets.
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Gene Operon Description Fold Involved in 
compe-

tence

Found 
in other 

study

Distance 
to K-box

K-box 
type

comGA comG Involved in DNA binding 10.5 yes (1) B12, O 63 II-15

comGB comG Involved in DNA binding 37.1 yes (1) B12, O 1186 II-15

comGC comG Involved in DNA binding 193.9 yes (1) B12, O 2171 II-15

comGD comG Involved in DNA binding 23.5 yes (1) B12, O 2457 II-15

comGE comG Involved in DNA binding 25.8 yes (1) B12, O 2872 II-15

comGF comG Involved in DNA binding 29.9 yes (1) B12, O 3245 II-15

comGG comG Involved in DNA binding 26.7 yes (1) B12, O 3629 II-15

yqzE comG No similarity to other proteins 2.3 B2 4074 II-15

ywfM Similar to hypothetical proteins 11.5 B12, O 3151 II-13

ywpH ywpH Similar to single-strand DNA-binding 
protein

24.5 yes (2) B12, O 121 II-15

glcR ywpH Transcriptional regulator (DeoR family) 2.4 O 71 II-14

ywpJ ywpH Similar to hypothetical proteins 2.3 no (10) B12 853 II-14

ycbP Similar to hypothetical proteins from B. 
subtilis

7.2 B2 1467 II-13

comK Competence transcription factor (CTF) 13.8 Yes B12, O 89 III-15

comER comE Counter transcript in comE operon 9.8 no (1) B12, O 4314 II-13

comEA comE Involved in DNA binding and transloca-
tion

22.1 yes (1) B12, O 945 II-14

comEB comE Similar to dCMP deaminase 4.3 no (1) B12, O 1629 II-14

comEC comE Involved in DNA binding and transloca-
tion

3.8 yes (1) B12, O 2202 II-14

rapH Response regulator aspartate phosphatase 5.5 no (10) B2,O 39 II-13

yckB yckB Similar to amino acid ABC transporter 
(binding protein)

4.6 B12 3805 II-13

yckA yckB Similar to amino acid ABC transporter 
(permease)

3.6 B12 4678 II-13

nucA nucA Nuclease 6.6 yes (3) B12, O 198 II-13

nin nucA Inhibitor of NucA 7.6 yes (3) B12, O 536 II-13

yojB No similarity to other proteins 50.3 3940 II-13

yckC yckC Similar to hypothetical proteins from B. 
subtilis

3.4 B12 2612 II-13

yckD yckC No similarity to other proteins 6.4 B12 3149 II-13

yckE yckC Similar to beta-glucosidase 9.6 O 3635 II-13

comFA comF Involved in DNA translocation 15.0 yes (4) B12, O 59 II-13

comFB comF No similarity to other proteins 4.6 no (4) B12, O 1510 II-13

comFC comF Involved in DNA translocation 4.6 yes (4) B12, O 1803 II-13

yvyF comF Similar to flagellar protein 1.6 yes (10) B2,O 2566 II-13

Table 2 (next pages). Genes activated by ComK. Known ComK-activated genes are indicated in bold. The expression of the 
selected genes showed at least a 1.4-fold difference with a p-value < 0.017. Genes are ordered by increasing p-values. Genes 
of the same operon are clustered and ordered according to the position in the operon. The functional descriptions are based 
on the Subtilist Web Server (http://genolist.pasteur.fr/SubtiList/) information. The abbreviation O refers to Ogura et al (Ogura 
et al., 2002), and B to Berka et al (Berka et al., 2002) respectively. The suffixes 1 and 2 for B refer to the two different setups 
of the experiment as described in that paper. The distance to the first upstream K-box is given in base pairs, together with type 
and bp match of the K-box.
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Gene Operon Description Fold Involved in 
compe-

tence

Found 
in other 

study

Distance 
to K-box

K-box 
type

flgM comF Anti-sigma factor (repressor sigma-D-de-
pendent  genetranscription)

1.4 B2 3066 II-13

yvyG comF Similar to flagellar protein 1.4 yes (10) B2 3348 II-13

ybdK ybdK Similar to two-component sensor histi-
dine kinase (YbdJ)

5.4 B2,O 172 III-14

ybdL ybdK No similarity to other proteins 1.9 B2 1204 III-14

comC Involved in DNA binding 10.2 yes (1) B12, O 74 II-14

maf maf Septum formation 3.0 B12, O 2105 II-14

radC maf Similar to DNA repair protein 3.2 B12, O 2711 II-14

yyaF Similar to GTP-binding protein 3.8 B12, O 96 II-13

smf smf DNA processing (Smf protein homolog) 3.3 B12, O 1779 III-13

topA smf DNA topoisomerase I 1.5 B2 427 I-13

hxlR Positive regulator hxlAB (ribulose mono-
phosphate pathway)

8.0 B12 3302 I-13

cwlJ Cell wall hydrolase (sporulation) 6.1 B12, O 3713 I-13

yneA yneA No similarity to other proteins 3.5 O 2522 III-13

yneB yneA Similar to resolvase 2.4 O 105 II-13

sacX sacX Negative regulatory protein of SacY 3.0 B2, O 2435 II-13

sacY sacX Transcriptional antiterminator (levansu-
crase and sucrase synthesis)

3.8 O 3868 II-13

tagC (dinC) Possibly involved in teichoic acid 
biosynthesis

2.6 198 I-13

spoIIB Dissolution of septal peptidoglycan during 
engulfment

6.0 954 II-14

ywfK ywfK Similar to transcriptional regulator (LysR 
family)

2.2 B12 1190 II-13

ywfL ywfK No similarity to other proteins 1.9 B12 2138 II-13

hxlA hxlA Ribulose monophosphate pathway 4.2 B12 689 II-13

hxlB hxlA Ribulose monophosphate pathway 3.3 B12 1327 II-13

yhxD Similar to alcohol dehydrogenase 2.8 no (5) 2270 III-13

tlpC Methyl-accepting chemotaxis protein 2.1 O 1995 II-13

yjbF No similarity to other proteins 2.1 yes (10) B2 135 I-14

ycbR Similar to toxic cation resistance protein 2.7 4247 I-13

ywfI Similar to hypothetical proteins 2.0 no (10) B1 154 II-13

recA Multifunctional SOS repair regulator 2.4 yes (6) B2, O 111 I-13

dinB Nuclease inhibitor (DNA-damage induc-
ible)

1.8 B2 25488 III-14

yqeN Similar to hypothetical proteins 1.8 B12 4936 II-14

yvrP yvrP Similar to ABC transporter 1.7 no (10) B2, O 114 III-13

yvrN yvrP Similar to ABC transporter (ATP-binding 
protein)

1.6 no (10) B12 1953 III-13

yvrM yvrP Similar to ABC transporter (ATP-binding 
protein)

1.4 no (10) B2 2441 III-13

bmrU Multidrug resistance protein 3.6 3764 I-14

yrhL Similar to acyltransferase 1.6 no (10) 392 I-13
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Gene Operon Description Fold Involved in 
compe-

tence

Found 
in other 

study

Distance 
to K-box

K-box 
type

yhzC No similarity to other proteins 2.0 no (7) B2, O 147 III-15

ykoH Similar to two-component sensor histi-
dine kinase (YkoG)

1.8 718 I-13

med med Positive regulator of comK 1.6 yes (8) B2 130 I-14

comZ med Positive regulator of comG 1.5 yes (9) B2 1080 I-14

guaD Guanine deaminase 2.8 no (10) 2537 I-13

ydeD Similar to hypothetical proteins 2.2 1477 II-13

groES groES Molecular chaperonin (class I heat-shock 
protein)

1.5 B2 622 III-13

ydiM groES No similarity to other proteins 2.4 4193 III-13

ydiN groES No similarity to other proteins 2.5 5740 III-13

yhcF yhcF Similar to transcriptional regulator (GntR 
family)

1.8 O 4721 I-14

yhcH yhcF Similar to ABC transporter (ATP-binding 
protein)

1.4 no (10) O 5803 I-14

yhcI yhcF No similarity to other proteins 1.5 no (10) B2 6713 I-14

gsiB General stress protein 2.0 9246 I-14

yfhL No similarity to other proteins 1.7 5177 III-13

ywaF ywaF No similarity to other proteins 2.2 5634 I-14

gspA ywaF General stress protein 2.0 6457 I-14

manP Putative PTS mannose-specific enzyme 
(IIBCA component)

3.8 no (10) 22 III-13

ybyB No similarity to other proteins 2.1 2570 III-13

pstC pstC Phosphate ABC transporter (permease) 2.2 7847 I-13

pstBA pstC Phosphate ABC transporter (ATP-binding 
protein)

2.5 9681 I-13

yorB No similarity to other proteins 1.5 2760 III-13

trpC trpC Indol-3-glycerol phosphate synthase 2.6 6279 I-13

trpB trpC Tryptophan synthase (beta subunit) 1.6 B2 1109 I-13

sucC sucC Succinyl-CoA synthetase (beta subunit) 1.5 89 III-13

sucD sucC Succinyl-CoA synthetase (alpha subunit) 1.4 B2 816 III-13

dppC Dipeptide ABC transporter (permease) 1.6 9293 II-13

yqgZ Similar to hypothetical proteins 2.1 6066 III-13

bdbD bdbD Thiol-disulfide oxidoreductase 1.4 yes (11) B12 455 I-14

bdbC bdbD Thiol-disulfide oxidoreductase 1.4 yes (11) B2 1128 I-14

ykzA Similar to general stress protein 1.7 no (10) 1094 I-13

ykuK No similarity to other proteins 1.5 no (10) B2 441 III-13

yuaF yuaF No similarity to other proteins 1.6 no (10) 3251 II-13

yuaG yuaF Similar to flotillin 1 1.4 no (10) 3796 II-13

yuaI yuaF No similarity to other proteins 1.6 no (10) 5343 II-13

exoA 3’-exo-deoxyribonuclease (multifunctional 
DNA-repair enzyme)

2.2 B2 2501 II-13

ctsR Transcriptional repressor of class III stress 
genes

1.4 16791 I-13

yxiP No similarity to other proteins 1.4 92 I-13
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Presence of K-boxes upstream of ComK-activated genes
With the determination of the position of putative K-boxes and the identification of the ComK-
regulon, it becomes possible to examine the upstream regions of ComK-activated genes for the 
presence of ComK-binding sites. In Table 2 also the distance to the nearest K-box is listed for 
each gene. For most of the genes this distance is rather large. We have depicted this more sche-
matically in Figure 2. As shown in bar diagram A, about 20% of the ComK-activated genes con-
tain a K-box in the first 200 bp upstream, a region that generally covers the promoter. Only 7% 
of the non-regulated genes have a K-box in this region. Although ComK-activated genes possess 
significantly more K-boxes, almost 70% do not even contain an upstream located K-box within a 
distance of 1000 bp. This relatively high percentage of regulated genes without a box is at least 
partly due to the organisation of genes in operons. For example, all but the first gene of the comG 
operon are more than 1000 bp distant from the K-box in the comG promoter (see Table 2). To take 
into account the effect of operons is difficult, due to the absence of distinct transcriptional start 
and terminator sequences. We considered contiguous genes transcribed in the same direction, 
and flanked by genes transcribed in the opposite direction or annotated rho-independent termi-
nators, to form an operon (Kunst et al., 1997). This definition works reasonably well, for example 
in case of the comG operon. However, since transcriptional terminators are poorly defined many 
unrealistic long operons were found, which often contain several K-boxes. Since these boxes 
might be used to activate downstream-located genes, we considered such K-boxes as being part 
of potential ComK-regulated promoters. Consequently, the presence of a K-box can determine 
the start (or end) of an operon, and this premise was included in the algorithm we used to define 
operons. When the correction for operons was taken into account the fraction of ComK-activated 
genes with a K-box in their putative promoter region (200 bp upstream) increased considerably 
to almost 45%.
The percentages of genes with a K-box in Figure 2 are based on calculations using ComK-activat-
ed genes that were selected on the basis of p-value. To examine whether the alternative selection, 
on the basis of differences in expression levels, results in a higher percentage of ComK-activated 
genes containing a K-box, we calculated, using a moving average algorithm, the local percent-
age of genes with a K-box in their putative promoter region. As shown in Figure 2C, the fraction 
of ComK-activated genes that harbour a K-box in their putative promoter region is considerably 

Gene Operon Description Fold Involved in 
compe-

tence

Found 
in other 

study

Distance 
to K-box

K-box 
type

yisQ Similar to hypothetical proteins 1.5 no (10) 567 I-14

ywmF  No similarity to other proteins 2.5 no (10)  8960 II-13

(1) Dubnau (1997)
(2) Berka et al. (2002) Ogura et al. (2002) and Lindner et al. (2004)
(3) Provvedi et al. (2001)
(4) Londono-Vallejo and Dubnau (1993)
(5) van Sinderen et al. (1994)
(6) Lovett et al. (1989)
(7) K. Susanna, L. Hamoen, O. Kuipers, unpublished results
(8) Ogura et al. (1997)
(9) Ogura and Tanaka (2000)
(10) BSFA (Bacillus subtilis functional analyses programme) (Kobayashi et al., 2003). 
Transformation percentages < 10% were considered as disturbed competence.
(11) Meima et al. (2002)
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higher when genes were sorted on p-values than when genes were sorted on ratio of expression 
differences. This outcome provides additional support for the decision to use reliability as a cri-
terion for the selection of ComK-activated genes. 

Prediction of ComK activation
Figure 2 shows that a relative high percentage of ComK-activated genes contain a K-box in their 
putative promoter regions, yet, such numbers do not tell us whether the presence of a K-box is a 
good predictor for ComK activation. A substantial number of non-regulated genes contain a K-
box in their putative promoter regions as well, and when the absolute numbers of activating and 
non-activating K-boxes are considered, a less appealing picture appears. Figure 3 is comparable 
to Figure 2, except that numbers of genes are depicted instead of percentages. The fraction of 
ComK-activated genes is indicated by the percentage on top of each bar. When a K-box is located 
at a distance of less than 200 bp from the start codon of a gene, the chance that this gene is acti-
vated by ComK is a mere 8%. When the maximum distance allowed is enlarged to 1000 bp this 
value drops to 4%. Apparently, the presence of a ComK-binding site in front of a gene is not a 
very reliable indication that the gene is actually activated by ComK. 
We wondered to what extent this low reliability depends on K-box type and bp match. The table 
in Figure 3 shows the chance of ComK activation related to type and bp match of a K-box. The 
values for the only two perfect K-boxes (16 bp match), downstream of cspB and yocI, were omit-
ted because neither of both these genes seemed to be involved in ComK activated gene expres-
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Figure 2. Presence of K-boxes in front of 
genes. Bar diagrams display the percentage 
of genes containing a K-box in subsequent 
100 bp upstream intervals. Only the most 
proximate K-box was used in the calcula-
tions. Closed bars represent ComK-activated 
genes, open bars represent non-regulated 
genes. In bar diagram B the position of genes 
in putative operons is taking into account (see 
main text for details). Graph C shows a mov-
ing average analysis of genes with a K-box in 
their putative promoter region (K-box present 
at a maximum distance of 200 bp upstream 
gene or operon). Genes were sorted on fold 
difference in expression (grey line, highest 
fold at left end of horizontal axis), or genes 
were sorted on p-values (black line, lowest p-
value at left end of horizontal axis). The first 
400 genes are displayed. A moving average 
algorithm with a window size of 100 genes 
was used, and the average percentage is in-
dicated by the horizontal black line.
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sion. The predictive value for ComK activation is high (69%) in case the K-box matches 15 out 
of the 16 bp of the consensus sequence. A single additional bp deviation strongly decreases this 
value, and K-boxes that match 14 or 13 bp of the consensus sequence are poor indicators for 
ComK activation, although these boxes have been shown to be functional. The chance of acti-
vation does not clearly depend on the spacing between the AT-boxes (type I, II, III in the table 
of Figure 3). When the selection criteria for ComK-activated genes were varied (adjustments of 
p-values or folds expression) no clear improvement was obtained (data not shown). 
In conclusion; (i) K-boxes located within the first 200 bp upstream of a gene or operon are better 
indicators for ComK activation than boxes which are located at a larger distance, (ii) a single 
basepair deviation markedly decreases the chance of ComK activation, and, iii) the type of K-box 
does not influence its predictive value.

Improving the predictive value of K-boxes
Low matching K-boxes appear to be poor indicators for ComK-activated transcription. Due to 
cooperative interactions, the presence of an additional ComK-dimer binding site (AT-box) ad-
jacent to a K-box might enhance the affinity for ComK. This is illustrated by the recA promoter 
where a K-box, with 3 bps deviation from the consensus sequence, is flanked at both sides by an 
extra AT-box (Hamoen et al., 2001). We investigated whether the chance of regulation increases 
when an additional AT-box is present. We focused on K-boxes located at a maximum distance 
of 200 bp upstream from a gene or operon, in the putative promoter regions. Of the 279 K-boxes 
found, 26 were located in the promoter region of activated genes and considered ‘active’ K-boxes 
(Figure 4, Table I). Any cooperative effect of an additional ComK dimer will only occur when 
the AT-box is in close proximity of the K-box. The greatest interval between AT-boxes can be 
found in type III K-boxes and amounts to 31 bp (Hamoen et al., 1998). This distance corresponds 
to 3 DNA helical turns, when assuming 10.5 bp per helical turn (Lane et al., 1992). Therefore, 
only boxes within this range were taken into account. Previous work has shown that the coopera-
tive binding of dimers can only occur when the ComK-dimers are positioned on the same face 
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type III 100 % (2) 12 % (2) 5 % (8) 7 % (12)

I - III 69 % (11) 13 % (11) 5 % (25) 8 % (47)

Figure 3. Chance of ComK activation 
based on the presence of a K-box. The 
bar diagram displays the number genes 
which contain a K-box in subsequent 100 
bp upstream intervals. Closed bars repre-
sent the number ComK-activated genes, 
and open bars represent non-regulated 
genes. The fraction of ComK-activated 
genes is indicated on top of the bars. The 
table shows the chance of ComK acti-
vation (percentage of ComK-activated 
genes) related to the type and bp match of 
K-boxes present at a maximum distance 
of 200 bp upstream gene or operon (pu-
tative promoter region). The number be-
tween brackets indicates the number of 
ComK-activated genes on which the per-
centages are based. In the calculations 
the position of genes in putative operons 
is taken into account.
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15 bp
16 bp25 bp

26 bp 27 bp

I

II

K-box in 200 bp region
Match Active Inactive

13 16 214 7 %
14 6 34 15 %
15 4 5 44 %

total 26 253 9 %

AT-box at same face of DNA helix
Match Active Inactive

13 5 18 22 %
14 1 3 25 %
15 1 0 100 %

total 7 21 25 %

Figure 4. Presence of extra AT-boxes. The spiral curve 
shows face and distance of AT-boxes on the DNA helix 
relative to the corresponding K-box (10.5 bp is used as 
one complete helix turn, some bp distances are shown, 
see Materials and methods for a description of spiral 
curves). An interval of 8 bp between AT-box and K-box 
positions both boxes at the same face of the DNA-helix, 
and the distances between AT-boxes and corresponding 
K-boxes are corrected such that an 8 bp distance co-
incides with the positive X-axis (Hamoen et al., 1998). 
Open circles represent AT-boxes related to K-boxes of 
unregulated genes or operons (‘Inactive’ in tables), and 
closed rhombuses represent AT-boxes related to K-
boxes of ComK-activated genes or operons (‘Active’ in 
tables). K-boxes can be flanked by more than one AT-
box as a consequence of which some circles and rhom-
buses belong to the same K-box. The tables indicate the 
number of K-boxes after subsequent selection steps. K-
boxes are distributed based on homology to the consen-
sus sequence (13, 14 or 15 bp match), and whether they 
relate to unregulated (Inactive) or ComK-activated (Ac-
tive) genes or operons. The fraction of activate K-boxes 
is presented in the right column of each table. Table I 
displays the number of K-boxes present at a maximum 
distance of 200 bp upstream gene or operon (putative 
promoter region). Table II displays K-boxes displays K-
boxes with an extra AT-box at the same face of the DNA-
helix (distances allowed between K-box and AT-box; 6 to 
10 bp, 16 to 21 bp, and 27 to 31 bp).

of the DNA-helix (Hamoen et al., 1998). The spiral curve in Figure 4 illustrates the positions of 
additional AT-boxes relative to their cognate K-box on the face of the DNA helix. The reason that 
so many AT-boxes are depicted in the spiral curve is a consequence of the fact that a single K-box 
can be flanked by more than one AT-box. Only 7 out of the 26 active K-boxes contain an extra AT-
box, yet all of these boxes are positioned on the same face of the helix as the K-box itself (positive 
X-axis). Table II of Figure 4 shows that when an additional AT-box with the correct phasing is 
taken into account, the chance that a low matching K-box is used as ComK operator-site increas-
es considerably; from 7% to 22% in case of K-boxes with 3 bp deviations. In this survey only 
extra AT-boxes with a single bp mismatch were allowed. The presence of extra AT-boxes with 2 
bp deviations gave no improvement of the predictive value of K-boxes (data not shown).
Based on the close proximity of ComK- and RNA polymerase-binding sites in several known 
ComK-activated promoters, it was assumed that ComK activates transcription by recruitment 
of RNA polymerase (Hamoen et al., 1998). In the comC, -E, -F and -G promoters the distance 
between K-boxes and -35/-10 core promoter elements is 5 or 6 bp (Hamoen et al., 1998). In the 
addAB promoter this distance is 15 bp, thus including one additional DNA helical turn. The 
location of RNA polymerase binding-sites could therefore be a potential tool to distinguish the 
relevant K-boxes. Unfortunately, the exact locations of the majority of RNA polymerase-bind-
ing sites are still unknown. All known competence genes are transcribed from promoters with 
-35/-10 sequences  recognised by the house keeping sigma factor, sigma A. Recently, Jarmer et al. 
used a Hidden Markov Model to find potential sigma A recognition sites in the B. subtilis genome 
(Jarmer et al., 2001). We used their list of putative -35/-10 promoter elements to examine whether 



41

Predicting ComK-dependent regulation

only the active K-boxes are followed by putative RNA polymerase-binding sites. In only 8 out of 
26 cases K-box was followed immediately, within 3 helical turns (32 bp), by a -35/-10 promoter 
sequence. 
Despite the low numbers, Figure 5 shows that the presence of a RNA polymerase-binding site 
as a selection criterion seems to improve the prediction of active K-boxes. The spiral curve of 
Figure 5 indicates the position of -35/-10 promoter elements on the DNA helix relative to their 
cognate K-boxes. 5 of the putative active K-boxes are separated from a -35/-10 promoter sequence 
by 4 to 7 bp, corresponding to the situation in the known ComK-activated promoters. Of these 
known promoters only the comF and comG promoters were counted for in Figure 5. When the 
position on the DNA helix is taken into account, and the distance between K-box and -35/-10 
promoter sequences is limited to two DNA helix turns, the reliability of a K-box as indicator for 
ComK-activated gene expression increases further. It should be mentioned that the latter selec-
tion step is rather stringent and discards valid ComK-activated promoters such as the promoter 
of comK itself. The distance between the K-box and -35/-10 sequences of this promoter is 23 bp. 
However, the regulation of the comK promoter is very complex and concerns at least five dif-

Figure 5. Presence of putative -35/-10 promot-
er elements. The spiral curve shows face and 
distance of putative -35/-10 promoter elements 
on the DNA helix relative to the corresponding 
K-box. Open circles represents -35/-10 pro-
moter elements related to K-boxes of inactive 
genes or operons (‘Inactive’ in tables), and 
closed rhombuses represents -35/-10 promot-
er elements related to K-boxes of ComK-acti-
vated genes or operons (‘Active’ in tables). The 
tables indicate the number of K-boxes after 
subsequent selection steps. K-boxes are dis-
tributed based on homology to the consensus 
sequence (13, 14 or 15 bp match), and whether 
they relate to unregulated (Inactive) or ComK-
activated (Active) genes or operons. The frac-
tion of active K-boxes is presented in the right 
column of each table. Table I displays the num-
ber of K-boxes present at a maximum distance 
of 200 bp upstream gene or operon (putative 
promoter region). Table II displays the number 
of K-boxes containing a downstream located 
-35/-10 promoter elements at a maximum dis-
tance of 32 bp. Table III presents K-boxes with 
-35/-10 promoter elements located at the same 
face of the DNA helix like the known ComK-ac-
tivated promoters (distances allowed between 
K-box and -35/-10 promoter element; 4 to 7 bp, 
and 14 to 18 bp).

K-box in 200 bp region
Match Active Inactive

13 16 214 7 %
14 6 34 15 %
15 4 5 44 %

total 26 253 9 %

-35 sequence 1 - 32 bp from K-box
Match Active Inactive

13 4 21 16 %
14 2 5 29 %
15 2 1 67 %

total 8 27 23 %

-35 sequence at same face of DNA helix
Match Active Inactive

13 3 5 38 %
14 1 0 100 %
15 1 1 50 %

total 5 6 45 %

I

II

III

9 bp

19 bp

28 bp 30 bp

18 bp
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ferent transcription factors (Hoa et al., 2002; Hahn et al., 1996 and L.W. Hamoen, unpublished 
results). Possibly, ComK uses a different mechanism of activation in this case. 
Although caution is in place since the percentages in Figures 4 and 5 are based on small 
numbers, the above results strongly suggest that substantial improvement of the predic-
tive value of transcription factor binding sites can be obtained by consideration of struc-
tural features, such as additional binding sites and RNA polymerase-recognition sequences. 

Expression differences and K-boxes
An interesting aspect not dealt with so far is whether a relation exists between K-box type and the 
magnitude of expression differences. In order to investigate this, we plotted the fold expression 
differences against bp match or type of K-box in the ComK-activated promoters (Figure 6). In 
case of putative operons, the fold-values were averaged over the genes. The bar diagrams in Figure 
6 show a large dispersion in expression differences measured. Despite this dispersion, the trends 
emerging from the table are also observed in the bar diagrams. Increasing deviations from the 
consensus sequence seem to reduce the measure of activation. This is conceivable assuming that 
such deviations lead to a reduced binding affinity for ComK. However, the K-box type appears 
to be important as well. Type II boxes, with a spacing between the ComK dimers of two DNA 
helix turns, show on average the highest activation. It was shown that this K-box type bends DNA 
about 70°, and it was speculated that such bending facilitates the wrapping of DNA around RNA 
polymerase so that the binding to the promoter is enhanced (Hamoen et al., 1998; Coulombe and 
Burton, 1999). Possibly, the spacing between ComK dimers in type I and type III boxes leads 
to non-ideal DNA bending angles for the wrapping of DNA around RNA polymerase. Further 
research into the mechanism of ComK activation will be required to validate this supposition. 
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Figure 6. Relation between 
expression levels and K-box 
types. The left bar diagram dis-
plays fold differences in expres-
sion when K-boxes were sorted 
on bp match, and the right bar 
diagram displays fold differenc-
es in expression when K-boxes 
were sorted on type. Only puta-
tive active K-boxes present at 
a maximum distance of 200 bp 
upstream gene or operon are 
considered (26 in total). In case 
of operons folds were averaged 
over the activated genes. The 
table shows the average fold 
expression differences. The 
number of putative active K-
boxes, on which the calculations 
were based, is placed between 
brackets.
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Discussion

During the analysis of the transcriptome data we encountered a potentially important problem that 
is generally disregarded. This is best illustrated by transcription of the comE operon. In Figure 
7 a schematic representation of the comE locus is shown together with the observed expression 
differences. The transcriptional start of the comE operon is located immediately downstream of 
comER, close to the K-box indicated by the vertical black line. The DNA-array experiments in-
dicated that the expression of comER is also ComK dependent, yet this gene is transcribed in the 
opposite direction of the comE operon and previous studies have irrefutably shown that comER 
is not expressed during competence (Hahn et al., 1993). This discrepancy arises from the fact 
that DNA-array filters are generally spotted with double stranded DNA amplicons, due to which 
no discrimination can be made between sense and anti-sense RNA. This leads to false posi-
tives such as comER. Likely, this problem is not limited to the comE operon, as is illustrated in 
Figure 7 by the nucA locus. ComK-dependent expression of the nucA-nin transcription unit has 
been documented, yet the observed ComK-dependent expression of yckC, -D and -E might be a 
consequence of read-through transcription from the nucA promoter (van Sinderen et al., 1995a). 
To what extent detection of anti-sense RNA influences the overall transcriptome data we do not 
know. Future use of DNA-arrays spotted with single stranded DNA probes instead of double 
stranded probes can overcome this problem. 
In this study we have focused on the up-regulated genes, and we did not discuss possible nega-
tive regulation by ComK, for two reasons. So far, direct transcriptional repression by ComK has 
not been demonstrated. Secondly, development of competence is limited to a subpopulation of 
B. subtilis cells. Even when all environmental conditions are optimal only about 10% of the cells 
express ComK and become competent (Dubnau, 1993). Due to this heterogeneity, possible tran-
scriptional repression by ComK will be masked by the presence of a majority of non-competent 
cells. In a recent microarray study Berka et al. bypassed this problem, by using a B. subtilis strain 
containing a mecA-deletion (Berka et al., 2002). This strain produces high levels of ComK in 
all cells of the population. They found that only a small number of genes was downregulated by 
ComK in this ComK-overproducing strain, supporting the notion that ComK is a transcriptional 
activator. As expected, in our experimental set-up we found no genes with a strong ComK-de-
pendent reduction in expression. Only 6 genes appeared to be repressed significantly when the 
flgM standards were applied, however the differences in expression were no more than -1.4 to -1.7 
fold (see Table 1 of Supplementary material).
We compared our list of activated genes to two recently published DNA-array studies (Ogura et 
al., 2002; Berka et al., 2002). 68% of the genes identified in our study were picked up in both 
or in one of the two studies (indicated in Table 2). Aside from wild type B. subtilis, Berka et al. 
analysed ComK-dependent expression in a mecA-knockout as well. 63 of the ComK-activated 
genes in Table 2 were also activated in this ComK-overproducing strain. However, when they 
compared the expression profiles of wild type B. subtilis with that of a comK-knockout strain, 
they identified only 39 of the genes listed in Table 2. This list also shows that 38 genes are in com-
mon between our study and the ComK-regulon defined by Ogura et al. The core ComK-regulon, 
defined here as the genes identified in all three studies, consists of the comE-, comF-, comG- and 
nucA-operons, comK, comC, ywfM, ywpH, maf, radC (belonging to the putative maf operon), 
yyaF, smf, cwlJ, yvyF (belonging to the putative comF operon), yvrP, yhzC, ybdK, sacX, recA and 
rapH and represents 30% of all genes identified in our study. It should be mentioned that this core 
ComK-regulon does not encompass all genes required for competence. For example, the essential 
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bdbC, -D genes were not found by Ogura et al. Two transcriptional units that are known to be 
regulated by ComK, uvrB and addAB, are absent in all three studies. 
A considerable number of genes, 34 of the 105 genes in Table 2, have not been identified by the 
other two studies, and also the ComK-regulons of Berka et al. and the one of Ogura et al., en-
compassing a total of 165 and 61 genes, respectively, differ substantially from each other. There 
are many factors that can contribute to these differences. First of all, the experimental set-ups 
differed considerably. Not only the growth conditions and subsequent steps varied between the 
three studies, but also the type of DNA-arrays used. In addition, all three groups used different 
derivatives of B. subtilis strain 168 for their experiments, which exhibit slight differences at a 
genetical level (Bron and Venema, 1971; Berka et al., 2002; Ogura et al., 2002). Furthermore, the 
criteria used to define regulated genes are, by their very nature, an important cause of deviations 
between different array studies. As discussed before, we preferred a more statistical approach to 
classify our data (see also Supplementary material). Since both Berka et al. and Ogura et al. used 
different selection criteria to distil the ComK-regulon from their expression profiles, this will 
account for some of the differences found. 
In many transcription-profiling studies regulation of gene transcription is interrelated with the 
presence of a certain transcription factor-binding site. However, these studies usually do not 
show how many genes with a putative transcription factor-binding site are not regulated. This 
makes it impossible to assess whether the presence of the transcription factor-binding site can be 
used to predict gene regulation. We strongly advocate that this data be included in future publi-
cations. In our study we found that a substantial fraction of the ComK-activated genes contain 
a ComK-binding site in their putative promoter region, yet the majority of K-boxes were located 
upstream of unregulated genes. Therefore, prediction of ComK regulation based on the presence 
of a K-box seems to be rather inaccurate: only when the ComK-binding site is highly homolo-
gous to the consensus sequence, with just a single basepair deviation (15 bp match), the chance 
of ComK regulation is more than 50%. With 2 bp deviations from the consensus sequence (14 
bp match) the chance of regulation drops below 15%, and with 3 bp deviations (13 bp match) the 
chance is a mere 5%. These results stress that prediction of regulation solely based on the pres-
ence of a transcription factor-binding site in the putative promoter region of a gene can be rather 
inaccurate. 
The observations above lead to the question why the predictive value of K-boxes is relatively 
low. Apparently, the presence of a ComK-binding site is insufficient and important additional 
information is required. Based on the close proximity of ComK- and RNA polymerase-binding 
sites it was suggested that ComK stimulates binding of RNA polymerase by interacting with the 
alpha-subunit of RNA polymerase (Ptashne and Gann, 1997). The alpha-subunit itself displays 
also some sequence specific affinity and can bind to short AT-rich regions, so called upstream 

Figure 7. Anti-sense RNA detection 
in the comE and nucA loci. The or-
ganization of the comE and nucA loci 
in the genome are schematically de-
picted with ComK-activated genes in 
grey. Genes are drawn to scale, and 
the position of putative terminators 
and K-boxes are indicated by circles 
and bars, respectively. The numbers 
below the genes indicate the fold dif-
ferences in expression.
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activating sequences or UP elements (Estrem et al., 1999; Fredrick and Helmann, 1997). Possibly, 
active K-boxes harbour UP elements within or close to the AT-box motifs, in order to properly ac-
tivate RNA polymerase. More detailed knowledge on the activation mechanism of ComK will in-
dicate whether additional sequence motifs are involved in ComK activation. Aside from a limited 
knowledge of the ComK-activation mechanism, the lack of information on promoter location and 
operon structure may be hampering the prediction even more. We applied an algorithm, based on 
predicted rho-independent terminator sequences, transcription direction, and K-box positions, to 
define an operon, and already such a simple algorithm improved the predictive value of K-boxes. 
However, this algorithm is far from complete. One of the difficulties in operon prediction is the 
exact determination of the transcriptional start site. Jarmer et al. showed that a Hidden Markov 
algorithm can be used to identify putative -35/-10 promoter elements (Jarmer et al., 2001); yet, de-
spite their successful approach, several known promoters (such as the comC promoter) remained 
undetected. To be able to perform reliable in silico analyses of gene regulation in the future, it 
will be essential to obtain more knowledge on such basic processes as transcriptional initiation 
and transcriptional termination. 
Finally, the finding of many activated genes that do have a K-box, but have no established link 
with competence is rather puzzling. Several explanations are conceivable. First of all it might be 
that these genes represent processes which are in fact relevant to competence, but which have 
not yet been characterised. Secondly, it is possible that the expression of these genes represents 
a distinct physiological state of which competence is only one aspect, and that the genes are for 
that reason concomitantly transcribed. This hypothesis led Berka et al. to rename competence 
to K-state (Berka et al., 2002). However, there is the possibility that the regulation of these genes 
by ComK might have no biological significance at all, but rather can be considered as ‘evolution-
ary noise’.  The genome of B. subtilis harbours over 2300 K-boxes that match only 12 bp of the 
consensus sequences. A single point mutation can upgrade these boxes to ‘valid’ sites for ComK-
binding. Since a large fraction of these 12 bp match K-boxes are located in intergenic regions, it 
is reasonable to assume that in some cases this will influence the activity of a promoter, making 
it ComK regulated. As long as the increased expression of the gene driven by this mutated pro-
moter does not substantially affect the viability of the cell, there will be no evolutionary pressure 
to nullify such a mutation. According to Figure 6, low-matching K-boxes display low levels of 
activation, suggesting that an upgrade from a 12 bp to a 13 bp match K-box is likely to result in 
only a moderate level activation by ComK. Especially since competence occurs only during a 
limited period of time, in a small fraction of the cells, and competent cells do not divide, it can 
be envisioned that an increased expression of certain genes will not easily impair the overall fit-
ness. Along these lines one can assume that during evolution several (or many) ComK-activated 
genes have originated in B. subtilis, with no apparent relation to the competence process. This 
is what we seem to observe in this study. The situation for ComK can most likely be extended 
to many other transcription factors. Hence, we postulate that several (or many) genes identified 
by means of DNA-array experiments originate from ‘evolutionary noise’, i.e. gene regulation 
that does not serve a specific biological function, but arises from the random origination of tran-
scription factor binding sites in promoter regions during the process of evolution. Comparative 
genomics could provide a method to establish the true nature of transcription factor binding sites, 
since it is likely that biologically functional sites are conserved in related species. As mentioned 
before, the three transcriptome analyses of competent B. subtilis cells which are now available, 
have been performed with three different derivatives of B. subtilis strain 168 (Berka et al., 2002; 
Ogura et al., 2002). From Table 2 it can be deduced that the strongly activated genes are found 
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in all three studies, but that the three independently defined ComK-regulons differ notably in the 
weakly activated genes. As mentioned earlier, these discrepancies might be a consequence of 
the different protocols used, yet it is tempting to assume that it could be a display of evolution-
ary noise. Comprehensive comparisons of regulons of related species will eventually indicate 
whether evolutionary noise is a phenomenon which should be reckoned with in the analyses of 
transcriptome data. 

Materials and methods

General methods and materials
All molecular cloning and PCR procedures were carried out using standard techniques (Ausubel et al., 1998; Sambrook 
et al., 1989). Media for growth of E. coli and B. subtilis have been described by Sambrook et al., and Venema et al. 
(Venema et al., 1965; Sambrook et al., 1989). B. subtilis strain 8G5 chromosomal DNA used as template for PCR, was 
purified as described by Venema et al. (1965).

Strain construction
A disruption of comK was obtained by a double crossover integration of a spectinomycin resistance (Spc) marker into 
the comK gene of B. subtilis strain 8G5 (a derivative of B. subtilis strain 168; Bron and Venema, 1971). The resulting 
comK mutant was labeled B. subtilis strain BV2004. The spectinomycin resistance marker was isolated by PCR using 
the primer pair Sp1 (5’- CGG GAT CCG CCG AAG GGG CAT CGA TTT TCG TTC GTG AAT -3’) and Sp2 (5’- CGG 
GAT CCG CCA AGA TGG CAT ATG CAA GGG TTT ATT -3’), and plasmid pDG1726 as template (Guerout-Fleury 
et al., 1995). The Spc marker was inserted into the unique HindII site (blunt-end ligation) of comK, and has the same 
transcriptional direction as comK. As control, B. subtilis strain BV2012 was constructed which contains an integrated 
Spc marker such that no gene or operon was disturbed. The pks locus was chosen as a ‘neutral’ site for integration of the 
Spc marker. The pks gene cluster encodes a polyketide synthetase implicated in synthesis of the antibiotic difficidin, yet 
production of difficidin by B. subtilis 168 has not been reported, and mutations in this locus showed no apparent phe-
notype (Kunst et al., 1997; Scotti et al., 1993). The Spc marker was inserted into the Eco47III site (blunt-end ligation) 
located between pksR and pksS by means of a double crossover integration, and has the same transcriptional direction 
as pksS. In this case, the Spc marker was isolated by PCR using the primer pair Sp1 and Sp4 (5’- GCT GAG AAC ATA 
TGC AAG GGT TTA TT -3’), and plasmid pDG1726 as template.

Growth conditions and RNA isolation
To obtain a high percentage of competent cells we applied a two-step growth protocol (Bron, 1990). 10 ml of minimal 
medium supplemented with 6 mM magnesiumsulphate was inoculated with 0.5 ml overnight culture, and incubated at 
37ºC under vigorous shaking. After 3 hours of growth, 10 ml of prewarmed starvation medium was added and incuba-
tion continued for another 30 minutes. At this stage, circa 15 minutes before the culture reached maximum competence, 
cells were harvested for isolation of RNA. Competence was tested by transformation with chromosomal DNA from 
a Trp+ strain, and generally reached a level of about 0.5 to 1% transformants, when selecting for tryptophane positive 
colonies. We experienced that inoculation of overnight cultures with colonies from plate (no older than a week), instead 
of inoculation from frozen stocks, resulted in better development of competence.
RNA was isolated by spinning down 2 ml of culture (30 seconds Eppendorf centrifuge, 14,000 rpm, 4ºC), and resus-
pending the pellet in 0.3 ml ice-cold growth medium (final volume 0.4 ml). The cell suspension was added to a screw 
cap Eppendorf tube containing 1.5 g glass beads (75-150 µm), 0.5 ml phenol:chloroform:isoamylalcohol (12:12:1), 50 
µl 10% SDS and 50 µl 3 M sodium acetate (pH 5.2). All solutions were prepared with diethylpyrocarbonate (DEPC)-
treated water. After vortexing, the tube was frozen in liquid nitrogen and stored at -80ºC. Cells were broken by shaking 
for 8 minutes in a shake-it-baby (van de Guchte et al., 1991). After 5 minutes centrifugation (Eppendorf centrifuge, 
10,000 rpm, 4ºC) the water phase (0.4 ml) was transferred to a clean tube containing 0.4 ml chloroform. After vortexing 
and centrifugation (2 minutes, Eppendorf centrifuge, 14,000 rpm, 4ºC), the water phase was transferred to a clean tube 
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and the RNA was isolated with a High Pure RNA Isolation Kit (Roche). RNA was eluted in 50 µl elution buffer and 
quantified with GeneQuant (Amersham).

cDNA preparation and hybridization
Reverse transcription was carried out in a total volume of 50 µl. 1 pmol of B. subtilis ORF specific primers (Eurogentec) 
were mixed with 4 µg isolated RNA, incubated 10 minutes at 70ºC, and cooled on ice. Subsequently, 10 µl 5 x concen-
trated First strand buffer (Gibco BRL), 5 µl 100 mM DTT, 0.5 µl RNasin (Roche, 40 U/µl), 2.5 µl dNTP mixture (5 
mM dATP, 5 mM dTTP, 5 mM dGTP, 0.1 mM dCTP) were added, and the total volume was adjusted to 42.5 µl with 
DEPC treated water, and kept on ice. After addition of 5 µl [a-33P]dCTP, the mixture was incubated 10 minutes at 25ºC, 
before the addition of 2.5 µl SuperscriptII (Gibco BRL). Reverse transcription reaction was carried out 2 hours at 42ºC, 
15 minutes at 70ºC, and was stopped by adding 2 µl 0.5 M EDTA, 2 µl 10% SDS, 6 µl 3 M NaOH, and incubating 30 
minutes at 68ºC. After neutralization with 6 µl 3 M HCl, the labeled cDNA was purified on a Sephadex G-25 column 
(Roche). Incorporation of label was checked by scintillation counting.
Labeled cDNA was hybridised to Bacillus subtilis Panorama™ Arrays (Sigma-Genosys), as described by the manu-
facturer. After hybridization and washing, Cyclone phospho-imager screens (Packard) were exposed for about 2 days. 
The Cyclone readouts were analyzed with Array-Pro Analyzer 4.0 (Media Cybernetics). After background subtraction, 
duplicate spots were averaged, and the signal was normalised against the total signal of all spots.

Data analysis and visualization
The normalised array data was subjected to a statistical analysis using Cyber-T, a program based on t test variant 
combined with a Bayesian statistical framework (Long et al., 2001). Cyber-T is available for on-line use at the genom-
ics web site at the University of California at Irvine (http://genomics.biochem.uci.edu/genex/cybert/). The following 
parameters were used in Cyber-T: the ‘minimum non-zero replicates’ was set to 2, a ‘sliding window’ of 101 was used, 
and the recommended ‘confidence value’ of 10 was chosen. The raw and normalised data for the complete gene sets can 
be downloaded from http://molgen.biol.rug.nl/publication/comk_data/. Spots were associated with gene names by using 
the spreadsheet B. subtilis Array information.xls, provided by Sigma-Genosys.
K-box positions were calculated using Genome2D, an in-house developed software package for the construction of 
comprehensive bacterial genome atlases (Baerends et al., 2004). The B. subtilis genome sequence and gene annotation 
files were obtained from GenBank at NCBI (ftp://ftp.ncbi.nih.gov/genomes). Distances of K-boxes to genes, AT-boxes 
or RNA polymerase-binding sites, were calculated by determining the number of base pairs (bp) in between the end of 
a K-box and; the start of an open reading frame (ORF), start of an AT-box, or -35/-10 promoter sequence. Genome-2D 
contains a simple algorithm to predict putative operon organization by considering all successive genes that are tran-
scribed in the same direction as part of an operon until a rho-independent terminator or a gene that is transcribed in the 
opposite direction is encountered. 
The relative position of K-boxes, AT-boxes and -35 promoter sequences on the face of the DNA helix are presented in 
spiral curves, which are calculated as follows. First, the bp distance (= D) between a K-box and AT-box, or K-box and 

-35 promoter sequence was determined, and divided by 10.5 bp (= C), corresponding to the length of one complete DNA 
helix turn (Lane et al., 1992). The cosine and sine of the resulting coefficient indicate the coordinates on the X-axis (= 
X) and Y-axis (= Y), respectively. To show the number of DNA helix turns that separate the K-boxes from AT-boxes or 

-35 promoter sequences also, the cosine or sine and the coefficient C were added up. To prevent overlap of data points 
when the distances of different K-box/AT-box or K-box/-35 combinations are the same, a random number between 0 
and 0.3 (= rnd) was added. The complete functions used to calculate the position of the different boxes on the face of 
the DNA helix are:
C = D / 10.5 
X = cos(360 * C) + C + (0.15 - rnd) 
Y = sin(360 * C) + C + (0.15 - rnd)
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The Rok protein of Bacillus subtilis represses 
genes for cell surface and extracellular functions

Rok is a repressor of the transcriptional activator ComK and is therefore an important regu-
lator of competence in Bacillus subtilis. To address the wider role of Rok in the physiology 

of B. subtilis, we have used a combination of transcriptional profiling, gel shift experiments, 
and the analysis of lacZ fusions. We demonstrate that Rok is a repressor of a family of genes 
that specify membrane-localized and secreted proteins, including a number of genes that en-
code products with antibiotic activity. We present evidence for the recent introduction  of rok  
into  the B. subtilis  -  B. licheniformis  -  B. amyloliquefaciens group by horizontal transmission.

Introduction

ComK is the major transcription factor driving the development of competence for transforma-
tion in Bacillus subtilis (van Sinderen et al., 1995b). rok encodes a direct repressor of comK tran-
scription (Hoa et al., 2002) and thereby plays an important, but incompletely understood, role in 
the complex regulation that takes place at the promoter of comK. Five proteins are known to bind 
to PcomK (reviewed in Dubnau and Lovett, 2002): ComK itself, DegU, Rok, AbrB, and CodY, 
the last three of which exert negative effects.
The use of a rok-lacZ fusion construct revealed no major change in rok transcription during 
growth in the population as a whole (Hoa et al., 2002). Given this, it is surprising that the regula-
tion of rok transcription is complex; rok is repressed by Rok itself, by ComK, and by the transi-
tion state regulators SinR and AbrB, although only ComK and Rok have been shown to bind 
directly to Prok (Hoa et al., 2002). As cultures approach the end of exponential growth, the con-
centrations of active AbrB and SinR decrease (reviewed in Smith, 1993 and Strauch and Hoch, 
1993), leading to the expectation that rok transcription would increase. However, since ComK 
acts negatively on Prok, the increased synthesis of ComK in competent cells after the cessation 
of exponential growth would tend to place a limit on increased rok transcription. In addition, 
negative autoregulation at Prok would be expected to maintain a constant time-averaged level of 
rok expression. Transient changes in the concentration of Rok may play a role in the timing of 
competence expression, in the selection of which cells will develop competence, and in limiting 
the final level of comK expression in the competent subpopulation. Although transient changes 
have not been detected, it may be that our experiments lacked sufficient time resolution to detect 
these fluctuations. A major unanswered question concerns the possibility that the activity of Rok 
is somehow regulated, perhaps responding to the presence of an unknown corepressor.
The origin of rok is also interesting, since it has orthologs among sequenced organisms only 
in Bacillus licheniformis (68% identical [http://63.198.8.200/]) and Bacillus amyloliquefaciens 
(83% identical [R. Borriss, personal communication]). No orthologs are detected using either 
BLAST or Psi-BLAST (http://www.ncbi.nlm.nih.gov/BLAST/), even in other bacilli, such as B. 
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anthracis, B. halodurans, and B. cereus (Hoa et al., 2002 and unpublished data). Both rok and its 
convergently transcribed immediate downstream neighbor yknT are missing from these related 
species. 
To extend our understanding of the role of Rok, we identified additional genes regulated by this 
protein and asked whether Rok was capable of acting positively or only as a repressor. By tran-
scriptional profiling and the use of lacZ fusions, we have identified at least seven gene clusters 
that are negatively regulated by rok, including several involved in the production of bacteriocin-
like antibiotics, and we have shown that this repression is caused by direct binding of Rok to 
target DNA sequences.

Results

Transcriptional profiling
In order to further define the set of genes regulated by rok, we used transcriptional profiling by 
microarray, with a chip containing synthetic oligonucleotides representing all of the annotated 
open reading frames in the sequenced B. subtilis genome. RNA was isolated from a strain with 
an inactivated rok gene and from an isogenic strain with intact rok. Since Rok is known to be a 
repressor of comK, which in turn regulates many genes (Berka et al., 2002; Hamoen et al., 2002; 
Ogura et al., 2002), both strains used as sources of RNA for this experiment also carried a comK 
null mutation, to simplify analysis of the results. RNA was isolated at two stages during growth 
in competence medium (Albano et al., 1987): from exponentially growing cultures, and 2 h after 
the departure from exponential growth (defined as T2). Results of these transcriptional profiling 
experiments are summarized in Table 1 and in Figure 1. In addition, they are available as Sup-
plementary material. 
The genes selected for inclusion in Table 1 satisfied three criteria: at least a 1.8-fold difference 
between the comK rok and comK RNA samples, Bayesian P values less than 0.01 calculated 
using the program Cyber T (Long et al., 2001), and at least six successful independent measure-
ments. If either the T2 or exponential samples satisfied these criteria, the gene was listed in Table 
1. Twenty of 39 genes listed in Table 1 satisfied these criteria at both growth stages. Four satisfied 
the criteria only during exponential growth, while 15 genes satisfied the criteria only at T2, since 
they exhibited less than a 1.8-fold difference during exponential growth. This bias suggests that 
rok may be more active in stationary phase or, more likely, that the genes it controls may tend to 
be those that are expressed after the cessation of exponential growth, even in the absence of Rok. 
Two additional genes (sdpA and ykuK), which fall short of the criteria, are also listed in Table 1 
because they are adjacent to sdpB and sdpC on the one hand and to ykuJ and ykzF on the other. 
Although the listed genes were candidates for negative regulation by rok, no positively regulated 
genes were detected. Many of the candidate rok-regulated genes may comprise operons, since 
they are adjacent to one another. These are illustrated in Figure 1. In addition to comK and rok 
itself, 41 genes in 20 putative transcription units met our criteria for potential direct or indirect 
regulation by Rok.
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Validation of transcriptional profiling results 
In order to validate the results of the transcriptional profiling experiments, lacZ fusions of se-
lected candidate Rok-regulated genes were tested for b-galactosidase expression in wild-type 
and rok backgrounds (Figure 2) grown in competence medium (Albano et al., 1987). In all cases, 
the fusion data served to validate the transcriptional profiling results. The expression patterns 
observed fell into three categories. 
Among genes in the first category (yydI, albA, and sboA), the b-galactosidase specific activities 
remained constant or decreased slightly during growth, reaching a constant level after T0, the 
end of exponential growth. At all points tested, higher expression was observed in the rok back-
ground, and a similar differential was observed between the wild-type and rok strains through-
out growth. This is consistent with the transcriptional profiling data for all nine genes in the 
sbo-alb operon and with the genes in the yydHIJ operon, since approximately similar ratios 
were observed for them during exponential growth and at T2 (Table 1). The relatively constant 
difference between the rok and rok+ strains indicates that Rok is active as a repressor throughout 
growth, consistent with the aforementioned constant expression of rok-lacZ and the similar lev-
els of Rok detected by Western blotting during growth (Hoa et al., 2002). 
The second group of genes (yybM, yjcN, and sdpA) exhibited a different pattern, with a gradual 
increase in b-galactosidase specific activity during growth, and again the rok strain expressed 
higher levels, but with a similar growth dependency. These b-galactosidase expression patterns 
suggested that the genes in question are regulated by an additional pathway, conferring growth-
dependent expression, as well as being Rok repressed.
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Figure 1. Genetic maps of rok-regulated gene clus-
ters. Genes are indicated with arrows, indicating the 
direction of transcription. Black arrows indicate genes 
that meet the criteria for rok regulation, as  described 
in the text; grey arrows indicate genes that nearly 
met these criteria but are classified as rok regulated, 
based on their proximity to regulated genes; white ar-
rows indicate genes that are judged as not rok regulat-
ed, based on the transcription profiling experiments. 
yybN is in brackets, since the transcription profiling 
for this gene was inconclusive (see the text). Dotted 
arrows indicate putative rok-regulated transcription 
units. Hairpins indicate terminators as derived from 
the Subtilist database  (http://genolist.pasteur.fr/Sub-
tiList/). The sizes in the figure are not proportional to 
the lengths of the open reading frames or intergenic 
regions.
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The patterns obtained with the third group of genes (sunT and yxaJ) were again distinct, in that 
differing patterns of growth dependence were observed in the rok and wild-type strains. In the 
cases of sunT, yxaJ, and yxaL, transcriptional profiling revealed a greater differential between 
the rok and wild-type strains during exponential growth, consistent with the data in Figure 1.
In all cases, the data presented in Figure 1 confirm the transcriptional profiling results for the 
genes tested, demonstrating repression by Rok and suggesting that many of the genes listed in 
Table 1, which were not studied with lacZ fusions, are probably also regulated by rok. The lacZ 
fusion constructs were all studied in comK backgrounds, whereas the RNA samples for tran-
scriptional profiling were isolated from isogenic rok and rok strains in comK backgrounds to 
simplify interpretation of the data. Since the two sets of results were consistent, it appears that 
rok repression of the genes we have studied neither requires nor is prevented by ComK. Since 
the fusions were made using internal gene fragments, their Campbell-like integration resulted 
in gene knockouts. It follows that regulation by rok in these cases does not require the coopera-
tion of the individual gene products, although it is possible that the magnitude of the regulatory 
effects was affected.

Table 1. Transcription profiling of a rok mutant.  

RNA was isolated from a comK strain and from 
an isogenic comK rok strain growing in com-
petence medium at the indicated times. cDNA 
was prepared and hybridized to microarrays 
prepared from oligonucleotides designed from 
the genome sequence of B. subtilis.  The ratios 
are normalized average values from the rok 
RNA divided by values from the rok+ RNA. “T2” 
refers to a time 2 hours after the departure from 
exponential growth. “Exp.” refers to a time dur-
ing exponential growth. The genes listed below 
the dashed line were not initially called by the 
criteria described in the text, but are included 
because they are adjacent to genes that were 
called and because their values fall just below 
these criteria. All of the T2 values were derived 
from 8 successful measurements and all of 
the exponential sample values from 10, except 
that there were 9 measurements in the case of 
ykuJ.  The P values are the Bayesian P values 
described in Long et al. (2001).

Gene Ratio (T2) P value 
(T2)

Ratio (Exp.) P value (Exp.)

albA 3.5 5.6 x 10-05 3.6 1.2 x 10-05

albB 4.5 1.2 x 10-06 3.6 9.1 x 10-06

albC 4.2 1.1 x 10-06 3.7 5.5 x 10-06

albD 4.6 1.8 x 10-06 4.3 8.0 x 10-07

albE 3.8 4.4 x 10-05 4.1 6.6 x 10-06

albF 4.3 4.4 x 10-06 4.4 4.8 x 10-06

albG 2.8 6.2 x 10-05 2.6 3.3 x 10-04

argG 2.1 7.7 x 10-04 1.2 0.2
bdbA 2.0 7.1 x 10-03 4.8 3.4 x 10-06

bdbB 2.1 1.6 x 10-03 1.8 5.0 x 10-03

bhlA 6.9 1.1 x 10-07 5.2 8.4 x 10-07

fur 1.9 9.7 x 10-03 1.2 0.1
hom 2.4 4.8 x 10-03 1.2 0.2
rapF 2.0 2.9 x 10-03 1.2 0.2
rpsL 2.3 4.6 x 10-03 1.3 0.3
sboA 13.3 1.4 x 10-09 5.2 3.3 x 10-05

sboX 12.2 3.3 x 10-08 7.2 2.8 x 10-06

sdpB 1.9 1.8 x 10-03 1.2 0.3
sdpC 1.8 3.9 x 10-03 1.1 0.8
serA 2.2 6.5 x 10-03 1.3 0.1
sunA 9.7 2.1 x 10-08 5.8 1.5 x 10-06

sunT 3.1 1.0 x 10-04 8.5 1.4 x 10-08

thrC 2.4 6.7 x 10-03 1.2 0.2
yjcN 2.3 1.4 x 10-04 1.4 1.14 x 10-02

ykuJ 2.0 2.9 x 10-03 1.3 0.1
ykzF 2.0 4.1 x 10-03 1.3 3. 8 x 10-02

ykzG 2.0 0.3 x 10-03 1.3 0.2
ylbN 1.9 8.1 x 10-03 1.1 0.7
yolJ 2.7 4.6 x 10-04 5.3 1.5 x 10-06

ypiF 2.0 7.0 x 10-03 1.9 3.9 x 10-03

yxaJ 1.7 9.3 x 10-03 3.3 2.5 x 10-06

yxaL 1.4 8.9 x 10-02 3.5 1.9 x 10-06

yxbC 1.7 4.0 x 10-02 2.0 3.4 x 10-03

yybK 2.3 1.9 x 10-04 2.3 6.4 x 10-04

yybL 2.1 5.5 x 10-03 1.9 2.8 x 10-03

yybM 2.9 1.4 x 10-04 2.5 2.6 x 10-04

yydH 1.7 3.4 x 10-02 1.9 2.6 x 10-03

yydI 2.0 1.8 x 10-03 1.4 1.7 x 10-02

yydJ 3.1 1.9 x 10-05 2.6 2.8 x 10-05

sdpA 1.4 2.4 x 10-02 1.0 0.7
ykuK 1.4 0.1 1.2 0.2
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Rok binds directly to the promoter regions of comK, rok, sunA, sboA, sdpA, yjcN, 
yybN, yxaJ, and yydH. 

Although Rok apparently represses these genes, it may do so either directly, by binding to the 
various promoter regions, or indirectly. To distinguish between these possibilities, we performed 
gel electrophoresis mobility shift assays using His-tagged Rok protein (Rok-His6) (Figure 3) 
and 32P-end-labeled, PCR-amplified promoter-probe fragments. For comK and sboA, the prim-
ers were designed based on published identification of the start sites of the transcription units 
(van Sinderen et al., 1994; Zheng et al., 1999). For the remaining genes, we amplified fragments 
including 200 to 230 bp upstream from the apparent start codons of the first genes in each tran-
scription unit.

albA-lacZ
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Figure 2. Validation of 
transcriptional profiling 
results using lacZ fusions. 
Strains carrying fusions 
of lacZ to candidate rok-
regulated genes were 
grown in competence me-
dium and samples were 
withdrawn at the indicated 
times for measurement 
of b-galactosidase spe-
cific activities. T0 refers 
to the time of departure 
from exponential growth. 
Each fusion was placed in 
both rok- () and rok + () 
backgrounds for determi-
nation of b-galactosidase 
activity.
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In all cases, a shift was noted, suggesting that Rok was capable of direct binding to the probe 
fragments. The shifts observed with PcomK (Figure 3A) and Prok (Figure 3B) fragments, in-
cluded as positive controls, yielded apparent KD values of 26 to 56 nM, corresponding well with 
the previously reported estimate of 50 nM for both promoters (Hoa et al., 2002). We regard the 
binding observed with the newly identified Rok target fragments as specific, with the probable 
exceptions of PykuJ (Figure 3K) and PbhlA (Figure 3N). Several arguments serve to justify this 
conclusion. First, the gel shifts were carried out in the presence of a molar excess of poly(dI-dC). 
Second, several negative controls were used. No specific binding was observed to the promoter 
region of the ComK-regulated promoter comG (Figure 3D), to a fragment amplified from within 
the coding region of rok (Figure 3C), or to the promoter region of the arbitrarily selected gene 
skfA (Figure 3E), except for some smearing of the probe at the highest concentration of Rok. Fi-
nally, the concentrations of Rok required to give half-maximal shifts were in the range from 30 to 
100 nM for all but PbhlA (Figure 3N) and PykuJ (Figure 3K). This high-affinity binding, as well 
as the results obtained with the control fragments, is most consistent with the conclusion that Rok 
acts directly on the transcription units in question, repressing transcription.
The case of the yybN-yybM-yybL-yybK cluster (Figure 1) deserves special mention. A 200-bp 
fragment derived from the sequence upstream from the start of yybM did not shift in the presence 
of Rok-His6 (data not shown), although this gene is clearly repressed by Rok. A probe fragment 
was generated containing sequences preceding yybN, which lies immediately upstream from 
yybM, and a half-maximal shift was observed at a Rok-His6 concentration below 100 nM (Figure 
3H). Evidence for the regulation of yybN by rok could not be obtained from the transcriptional 
profiling data, since few reliable data points were obtained for this gene (5 out of 10 attempts 
with the exponential sample and 2 out of 8 for the T2 sample). In spite of this failure, which was 
most likely due to a problem with the yybN oligonucleotide, we tentatively conclude that yybN 
is most likely the first gene in a Rok-repressed operon that also contains yybM, yybL, and yybK 
(Figure 1).
Another feature worthy of mention, and evident in Figure 3, is that Rok binding in all cases 
yields more than one shifted band, as noted previously for PcomK and Prok (Hoa et al., 2002). 
This is most likely due to the association of more than one protein molecule with each regulatory 
sequence. 

Possible binding site for Rok
We have used a bioinformatics approach to search for a consensus Rok binding sequence. In 
particular, we have used BioProspector together with BioOptimizer (Liu et al 2001 and 2004), as 
well as MEME (Bailey and Noble 2003). BioProspector finds candidate motifs with an improved 
Gibbs sampler search algorithm that allows for the introduction of gaps in the search parameters. 
BioOptimizer is an algorithm designed to take files containing candidate motifs identified by 
BioProspector as input. BioOptimizer then optimizes the candidate motif, if possible, providing 
a measure of confidence that the motif found by BioProspector is significant. We have applied 
these programs, systematically varying the input data sets used (identities of the genes included 
as well as the lengths of the upstream sequences) and adjusting these data sets using informa-
tion obtained from DNase protection footprinting experiments (data not shown). In each case we 
failed to obtain an optimized sequence, perhaps due to the subtle nature of the Rok binding motif 
and the inadequate size of our data set.
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Figure 3. Gel retardations. DNA fragments from the indicated genes were prepared by PCR and end labeled with 32P. In each 
panel the lane marked with an x corresponds to probe alone. The remaining lanes correspond to probe samples incubated with 
Rok-His6 at concentrations ranging from 7 to 1,7 mM. Each successive lane, from left to right, corresponds to a doubling in the 
concentration of Rok-His6. The arrows indicate the positions of the unshifted probe fragments. In each case, the unshifted band 
that migrated slower than the probe probably corresponds to single-stranded DNA, due to slightly unequal concentrations of 
PCR primers. This material is not shifted by Rok-His6.
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In spite of this failure to obtain an optimizable sequence, the motif 5’-GATAG-3’ produced a 
relatively high score with both BioProspector and MEME and was found in repeated attempts 
with varied approaches. This motif is located in the DNase-protected regions for comK, sboA, 
and sunA, as well as in the upstream regions of the other six genes in our core data set (data not 
shown). The significance of this motif awaits further experimental work.

Discussion

Nature of the rok-regulated genes 
Transcription profiling, gel shift experiments, and the use of fusions to lacZ have established a 
set of genes that are repressed by Rok, most likely by direct binding. In addition to comK, the 
master regulator of competence development, and rok itself, we have confirmed nine Rok-re-
pressed transcription units, seven of which appear to be operons with two or more open reading 
frames. These transcription units apparently include 30 new Rok-repressed genes. It is interest-
ing that aside from rok and comK, none of the confirmed Rok-repressed genes appear to encode 
regulatory proteins. This is consistent with our conclusion, based on gel shift experiments, that 
nearly all of the genes tested appear to be directly regulated by Rok. In addition to the confirmed 
genes, Table 1 lists several that remain candidates for regulation by Rok, although they were not 
further validated. Several additional genes may well be Rok regulated, since their transcriptional 
profiling data fell just below our criteria for inclusion in Table 1 (see Supplementary material).
Several of the newly identified genes encode proteins needed for the production of confirmed or 
probable extracellular molecules, including several bacteriocin-like antibiotics. Antibiotic-like 
exported molecules may play important roles in development and cell-cell signaling, as demon-
strated by a recent report concerning the Streptomyces coelicolor product SapB (Kodani et al., 
2004), by the role of surfactin in fruiting body formation in B. subtilis (Branda et al., 2001), by 
the activity of secreted pheromones in the development of genetic competence (Havarstein et al., 
1995; Magnuson et al., 1994), and by the effects of subinhibitory concentrations of antibiotics on 
transcription (Goh et al., 2002). It is also possible that antibiotics induce the lysis of neighboring 
bacteria and the release of DNA, suggesting a possible link between competence and antibiotic 
synthesis.
The sbo-alb operon encodes the genes required for the synthesis and export of the peptide an-
tibiotic subtilosin. The precursor of subtilosin is encoded by sboA, while the albA-G genes are 
needed to modify and transport this molecule, as well as to confer immunity to subtilosin (Zheng 
et al., 2000; Zheng et al., 1999). An additional bacteriocin-like precursor peptide is apparently 
encoded by sboX, which partially overlaps sboA, but is not required for the production of subti-
losin (Zheng et al., 2000). All of the genes in this operon are repressed by the rok gene product, 
and the flanking genes, ywiB and ywhL, are not.
The Rok-repressed gene cluster, consisting of sunA, sunT, bdbA, yolJ, and bdbB, is involved in 
the production and secretion of sublancin, a lantibiotic peptide antibiotic (Dorenbos et al., 2002; 
Paik et al., 1998), and is part of the SPb prophage. sunA encodes presublancin, and sunT encodes 
an apparent ABC transporter, surmised to export the antibiotic (Paik et al., 1998). sunT is a dual 
function protein, since it also includes a novel domain which is most likely responsible for the 
proteolytic processing of presublancin (Paik et al., 1998). bdbA and bdbB are thiol-disulfide 
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oxido-reductases (Bolhuis et al., 1999), and at least bdbB is needed for the production of active 
sublancin, which contains two disulfide bonds (Dorenbos et al., 2002). YolJ is similar to a large 
family of glycosyl transferases, including one, PlnO (accession number NC_004567.1), which is 
annotated as a biosynthetic protein for the production of the Lactobacillus plantarum lantibiotic 
plantaricin. BhlA, also encoded by the lysogenic phage SPb, is a holin-like protein (Regamey and 
Karamata, 1998) and is similar to proteins annotated as involved in the production and release of 
bacteriocin-like molecules. If this is the role of BhlA, its substrates have not been identified.
The sdp operon has been shown to encode an extracellular factor, derived from SdpC, that results 
in a delay in sporulation (Gonzalez-Pastor et al., 2003). It appears likely that this signaling mole-
cule stimulates increased energy production, thereby delaying the onset of sporulation. Although 
the SdpC-derived product is apparently not an antibiotic, it may be regarded as an extracellular 
signaling molecule.
The putative operon consisting of yydJ, yydI, and yydH encodes two polytopic membrane pro-
teins (YydJ and YydH), predicted by TMHMM to contain six and five membrane-spanning se-
quences, respectively (http://www.cbs.dtu.dk/services/TMHMM/). YydI is not predicted to be a 
membrane protein but is similar to the family of ABC transporter, ATP binding proteins. It ap-
pears likely that this operon is involved in transport, probably in export, since it does not encode 
an obvious substrate binding protein. 
The yybN, yybM, yybL, yybK cluster encodes one predicted protein with a likely N-terminal 
signal sequence (YybN) and three permease-like predicted polytopic membrane proteins, each 
with six likely membrane-spanning sequences. Again, it is plausible to suggest that this operon 
has a transport function.
The putative operon containing yxaJ and yxaL encodes two proteins, the first of which, YxaJ, is 
predicted to contain four transmembrane sequences and the second of which contains motifs that 
are typically found in bacterial dehydrogenases. YxaL has been shown to be a secreted protein, 
and the YxaL preprotein contains a signal sequence (Tjalsma et al., 2004). The open reading 
frames in the ykuJ-ykuK-ykzF putative operon do not encode proteins with suggestive similari-
ties, and all are predicted to be cytosolic gene products. 
Finally, yjcN encodes a protein with a single predicted transmembrane segment. It appears, then, 
that nearly all of the newly identified genes that we have confirmed to be repressed by Rok en-
code proteins that are involved in secretion or transport, or are themselves secreted products. The 
competence proteins, which are indirectly regulated by Rok, fall into this category, since they 
are located in the membrane or associated with the cell wall and mediate the transport of DNA. 
In particular, several of the Rok-regulated proteins are involved in the production of secreted 
antibiotics or signaling molecules.
Although we have reported that the overproduction of Rok is lethal (Hoa et al., 2002), none of 
the genes listed in Table 1 was shown to be essential for viability (Kobayashi et al., 2003). We 
may consider several possibilities for this discrepancy. Most obviously, an essential gene may 
simply have failed to meet our criteria for inclusion in Table 1. Alternatively, an essential gene 
may be repressed by Rok, which binds to its promoter with low affinity. If so, we would not 
have identified this gene in our transcriptional profiling experiments, but overproduction of Rok 
would prevent adequate expression. It is also possible that a Rok-regulated gene may be essential 
under our growth conditions (competence medium) (Hoa et al., 2002), but not in the rich medium 
used for the systematic search for essential genes (Kobayashi et al., 2003). Finally, it is possible 
that the lethality we detected when Rok was overexpressed was due to some combination of Rok-
repressed genes.
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Regulation of Rok-repressed genes
The sbo-alb operon is known to be under complex control (Nakano et al., 2000; Zheng et al., 
1999). This operon is repressed by AbrB and also is induced by oxygen limitation via a mecha-
nism that requires the two-component regulators ResD and ResE. Consistent with this is our 
observation that the expression of this operon is low in the rok- background, under aerobic con-
ditions (Figure 2). The albA-lacZ construct was tested under anaerobic conditions in complex 
medium (2xYT), and a dramatic induction was observed (data not shown), as expected. Under 
anaerobic conditions, an even greater induction was observed in the rok background, suggesting 
that Rok is not required for the anaerobiosis signaling pathway and that repression by Rok is still 
manifest under anaerobic conditions. Although the expression of albA-lacZ in competence me-
dium was low and apparently not growth regulated, the expression of this construct in complex 
medium, whether anaerobic or aerobic, was clearly growth regulated, increasing markedly at the 
end of exponential growth (data not shown).
Several of the Rok-repressed genes listed in Table 1 (sdpABC (Hamon et al., 2004), comK 
(Hamoen et al., 2003a), rok (Hoa et al., 2002), hom (Hamon et al., 2004), yxbC (Hamon et al., 
2004), and the sboA-alb operon (Zheng et al., 1999)) are also repressed by AbrB. There appears 
to be a significant overlap between the rok and abrB regulons.

The effect of rok on sporulation is not mediated solely by repression of sdp
Mutational inactivation of rok results in an oligosporogenic phenotype (Hoa et al., 2002). Since 
Rok appears to be a direct repressor of the sdp operon, the possibility was considered that the 
oligosporogenic phenotype is explained by overexpression of sdp, which would be expected to 
delay spore formation (Gonzalez-Pastor et al., 2003). To test this, we determined whether an 
sdp null mutation would suppress the oligosporogenic phenotype of a rok knockout (data not 
shown). In fact, the sporulation frequency, measured by colony formation and by microscopic 
examination, was no higher in an sdp rok double mutant than in a rok single mutant. It appears 
that the oligosporogenic phenotype of the rok knockout mutation cannot be explained only by 
overexpression of the sdp operon.

Evolution of Rok
As noted above, Rok has an ortholog among sequenced genomes in B. subtilis, B. licheniformis, 
and B. amyloliquefaciens, but not in other bacilli and spore-forming Gram-positive bacteria, 
such as B. halodurans, B. anthracis, B. cereus, or Oceanobacillus iyensis (Figure 4). In fact yknT, 
the convergently transcribed gene immediately downstream from rok, is also absent from these 
organisms, whereas flanking genes (ykuV and mobA) are present. It is interesting that yknT (also 
called cse15) is dependent on sigma factor E for its expression in the spore mother cell, but no 
sporulation phenotype was observed in a gene knockout (Henriques et al., 1997). It has been 
suggested that the yknT gene product plays a subtle role in spore coat formation (Henriques et 
al., 1997), consistent with its absence from related spore-forming bacilli. rok and yknT may have 
been introduced into the B. subtilis - B. licheniformis lineage by horizontal transmission, or they 
may have been lost together from some common ancestor of B. halodurans, B.cereus, and B. an-
thracis. The combined average base composition of the rok and yknT coding sequences is 40.2%, 
which is less than the average for the entire B. subtilis genome (43.5%) (Kunst et al., 1997). How-
ever, rok and yknT are located in a large region of lower-than-average percent GC (Kunst et al., 
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1997), and the base composition differences therefore neither support nor refute the hypothesis 
of horizontal transmission.
Attention to the phylogenetic tree is more revealing (Figure 4). The rok determinant is present 
in the closely related B. subtilis - B. licheniformis - B. amyloliquefaciens group, but absent from 
the B. cereus - B. anthracis group. This permits two possibilities, if we assume a single relevant 
event. rok may have been introduced just before the branch point that led to the B. subtilis group 
and would therefore not be present in other more distantly related gram-positive spore formers. 
Alternatively, it may have been lost specifically from the B. cereus branch, in which case it would 
be present in the more distantly related spore-forming gram positives. Since rok is also missing 
from the outliers B. halodurans and O. iyensis, as well as from the gram-positive non-sporulat-
ing Listeria monocytogenes, the most parsimonious hypothesis is that rok was introduced by 
horizontal transfer into an ancestor of the branch that contains B. subtilis, B. licheniformis, and 
B. amyloliquefaciens.

Materials and methods

Strains and general procedures
The B. subtilis strains used in this study are derived from strain 168 and most are isogenic with BD630 (his leu met). 
Selective and growth media, the growth of strains to competence, and transformation were described or referenced by 
Albano et al. (1987) and by Tortosa et al. (2001). Strains are listed in Table 2. Molecular biological methods were essen-
tially as described by Sambrook et al. (1989). b-galactosidase assays were carried out as described previously (Tortosa 
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et al., 2001) by using cultures grown in competence medium (Albano et al., 1987), which is a minimal salts medium 
supplemented with glucose, casein hydrolysate, and yeast extract.

Construction of lacZ fusions
To generate fusion constructs of lacZ to sunT, yxaJ, yybM, yydI, yjcN, and sdpA, internal fragments of these genes 
were isolated by PCR by using the primers listed in Table 3. The fragments were cleaved with HindIII and BamHI 
and inserted into pMUTIN2 (Vagner et al., 1998), which was also cleaved with these two enzymes. The resulting re-
combinant plasmids were used to transform BD630 and BD2955 with selection for erythromycin resistance and were 
thereby integrated in the chromosomes of these strains by single reciprocal recombination (Table 2).

DNA microarrays and transcriptional profiling
We purchased a B. subtilis oligonucleotide library, manufactured by Sigma Genosys and designed by Compugen. The 
library consisted of a collection of 4,128 oligonucleotides (65-mers) representing 4,106 B. subtilis genes, 10 control 
oligonucleotides (from Escherichia coli and Brome mosaic virus), and 12 random oligonucleotides. The oligonucle-
otides were designed to represent the B. subtilis genes as found in the genome data release R16.1 (26 April 2001) at the 
SubtiList website (http://genolist.pasteur.fr/SubtiList/). A single oligonucleotide was made for each gene. The oligo-
nucleotides were spotted onto poly-L-lysine-coated glass slides at a concentration of 25 µM, and approximately 0.7 nl, 
containing ~17.5 fmol, was delivered per spot. Each gene was represented once per slide. The oligonucleotides were 
spotted, and the hybridized arrays were scanned in the Center for Applied Genomics facility maintained at the Public 
Health Research Institute. 

Strain Genotype Reference
BD630 his leu met Laboratory stock
BD2955 his leu met rok::miniTn10 (Spcr) Hoa et al. (2002)
BD3196 his leu met rok (Kanr) This work
ORB3147 trpC2 pheA1 alb::pMUE1 (Ermr) Zheng et al.  (1999)

ORB3162
trpC2 pheA1 SPßc2del2::Tn917::pTK-sboDEB (Ermr 
Cmr) Zheng et al. (1999)

BD2121 his leu met comK (Kanr) Van Sinderen et al.  
(1994)

BD3128 his leu met comK rok::miniTn10 (Kanr Spcr) This work
BD3702a his leu met albA-lacZ This work
BD3703a his leu met albA-lacZ rok::miniTn10 (Kanr Spcr) This work
BD3704b his leu met sboA-lacZ (Ermr Cmr) This work
BD3705b his leu met sboA-lacZ rok::miniTn10 (Ermr Cmr Spcr) This work
BD3761 his leu met yxaJ-lacZ This work
BD3762 his leu met yxaJ-lacZ rok::miniTn10 (Ermr Spcr) This work
BD3763 his leu met yybM-lacZ (Ermr) This work
BD3764 his leu met yybM-lacZ rok (Ermr Kanr) This work
BD3767 his leu met sunT-lacZ This work
BD3768 his leu met sunT-lacZ rok::miniTn10 (Ermr Spcr) This work
BD3814 his leu met sdpA-lacZ This work
BD3815 his leu met sdpA-lacZ rok (Ermr Kanr) This work
BD3821 his leu met yjcN-lacZ This work
BD3822 his leu met yjcN-lacZ rok (Ermr Kanr) This work
BD3765 his leu met yydI-lacZ This work
BD3766 his leu met yydI-lacZ rok (Ermr Kanr) This work

Table 2. Strains used in 
this study.

a The alb-lacZ con-
struct was derived from 
ORB3147. 
b The sboA-lacZ con-
struct was derived from 
ORB3162.

Table 3 (next page). 
Primers used in this 
study.
a  These primers an-
neal within the coding 
sequence.
b The target sequences 
from these genes were 
inserted into pMUTIN2 
to create fusions to 
lacZ.
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Primer Target  
fragment

Sequence (5’ > 3’) Reference

psboA1 PsboA CCT CAT AAA AAG CAT TTC CT This study
psboA2 PsboA AAT TGA ATC CTC CCT TTT TT This study
psunA1 PsunA ATC CAT AAT AGT CAA TTT TA This study
psunA2 PsunA TTG TAA AAC CTC CCC ATT TG This study
pyjcN-F PyjcN CTT TAT TAT GTA GTG GCT GCA This study
pyjcN-R PyjcN TCA TTT TTT CCT CCG ATA CCT T This study
pK-F PcomK AAT CTA TCG ACA TAT CCT GCA A This study
pKplusR-R PcomK TTA TAC TAA TAA TCT ATC ATC TGT TT This study
rokint1 rok ORF a CGG GAT CCC GCT TGC GGT TAG AA This study
rokint2 rok ORF a GGA ATT CCG AAG CTC CGA GCT CT This study
psoj-F Psoj CCA CGT TCT GTA CTG TGA CT This study
psoj-R Psoj GGT TGA CAG ACG TCG TTG TT This study
psdpF PsdpA CCC AAG CTT AGT TCC CAA ATT CAA TTC TG This study
psdpR PsdpA GGA ATT CTA ATA GGA AAC ATA TAG TCA TTA C This study
pyydF-F PyydF ATA TTG ATG TTT TAC TTT TCA T This study
pyydF-R PyydF CAT ATT ATC CCT CCT CCT This study
pyybN-FL PyybN CAT GCA ATT TAG TGA TCC AA This study
pyybN-R PyybN CAT AAT TTT ACA ATC CTT TCA This study
pKOH-R PcomK TTC TGA CTC ATA TTA TGG CCT This study
pykuWpa Prok CGG GAT CCG CTT CTC TTT CAT TAA ACA T Hoa et al. (2002)
prokps Prok CGG AAT TCG ATG TTT TTC CTC AAT TTT AG Hoa et al. (2002)

pcomG1 PcomG CCG GAA TTC ATG GTG ACC ATG TCT GCT Susanna et al. 
(2004)

pcomG2 PcomG CGC GGA TCC CTC TCC TTT CAA CGC Susanna et al. 
(2004)

pskfA-F PskfA CAA GCC GTA CGA ACG GAC TG This study
pskfA-R PskfA TGG ATA CGA CCT CTT TGC CC This study
pyydH-F PyydH GAA AAG TTA AAT TCC AAT TTG C This study
pyydH-R PyydH TCA TAT TTT CCA TCT TCA TAC TT This study
pbhlA-F PbhlA GGC ACA GTT AAG CTT GG This study
pbhlA-R PbhlA GTT CAC CAC CTT AGT ACC This study
pykuJ-F PykuJ TAA TTA TGT GCA TGA CAT TCA AAA AAA G This study
pykuJ-R PykuJ TGC AGC CGT GTG ATG ATA CC This study
pyxaJ-F PyxaJ TAC ATG CAA TAT GGT ATG GTG This study
pyxaJ-R PyxaJ GTC ATG ATC GCC ACG CTA TT This study
sunT-F sunT b GCC AAG CTT TGG GGA TAA GGA AGG CT This study
sunT-R sunT b CGG GAT CCA CCC ACA ACG AAC AAG GA This study
yxaJ-F yxaJ b GCC AAG CTT AGC TGG CAT GTG GTC A This study
yxaJ-R yxaJ b CGG GAT CCG CCA CAA ACC AAA TGA CG This study
yybM-F yybM b GCC AAG CTT TCT GGC ACT TCC GT This study
yybM-R yybM b CGG GAT CCA AGG CTG TTA TCA GGG A This study
yydI-F yydI b GCC AAG CTT AGC AAA AGA ATC GGC AG This study
yydI-R yydI b CGG GAT CCA TCT TCT CGG GGT TCT C This study
yjcN-F yjcN b CCC AAG CTT CTC CTG TTG TCT TTA CAG CTT CTT CGG This study
yjcN-R yjcN b CGC GGA TCC CCC TGT GCC ACA ACT TAC TTC GTA TTC This study
sdpA-F sdpA b CCC AAG CTT GAG GTT GAG CAG GAC TAC TAT C This study
sdpA-R sdpA b CGC GGA TCC CTA TTG CCT GAA CTC TTC CTT C This study
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BD2121 (comK rok+) and BD3128 (comK rok::miniTn10) were grown in competence medium (Albano et al., 1987), and 
samples were harvested for RNA isolation during exponential growth (corresponding to a reading in a Klett-Summer-
son colorimeter of about 70) and at T2, defined as 2 h after the cultures departed from exponential growth. Samples 
were chilled rapidly by diluting them into an ice slurry of 0.3 M NaCl and 0.03 M Na citrate and collected by centrifuga-
tion at 4°C. Total cell RNA was isolated as described previously (Berka et al., 2002), from at least four independently 
grown cultures of the two strains. The RNA samples were analyzed on agarose gels to assess quality before being used 
in the preparation of cDNA.
cDNA was prepared from the RNA samples as previously described (Berka et al., 2002), by reverse transcription of 
25 µg of total RNA to incorporate aminoallyl-dUTP into first-strand cDNA. The cDNA products were subsequently 
labeled by direct coupling either to Alexa Fluor 555 or Alexa Fluor 647 amine-reactive dyes (Molecular Probes), as 
described by the manufacturer. Labeled probes were mixed and purified using Qiaquick PCR spin columns; reciprocal 
labeling (dye swapping) of cDNA was done for all experiments.
Probes were purified for hybridization to microarrays essentially as described elsewhere (Berka et al., 2002) without 
filtration and were then boiled for 2 min, cooled to room temperature, and applied to the microarrays under cover-
glasses. The microarrays were placed in HybChambers (GeneMachines, San Carlos, California) and incubated at 68°C 
overnight. The arrays were washed and dried as described previously (Berka et al., 2002). The slides were scanned, and 
images were produced with a GenePix 4000A microarray scanner (Axon Instruments).
Raw data files produced by GenePix (GPR files) were exported to Excel and prepared for analysis with CyberT software 
(Long et al., 2001), as suggested by the program’s authors (http://visitor.ics.uci.edu/genex/cybert/). The data were nor-
malized by global scaling as described by Baldi and Hatfield (Baldi and Hatfield, 2002). Each intensity value for each 
gene for a given wavelength was divided by the sum of the intensities for all genes at that wavelength. The resulting 
values were used to calculate red/green ratios, and the ratios were natural log transformed, as required by the software. 
A Bayesian paired expression value estimate was calculated for each gene according to the methods described in the 
CyberT website. Parameters for Bayesian standard deviation estimation were as suggested by the authors (sliding win-
dow size, 101; confidence value, 10).

Expression and purification of Rok-His6
An overnight culture of E. coli strain ED428 (Hoa et al., 2002) was diluted 1:50 into fresh TY medium supplemented 
with 100 µg of ampicillin/ml and 25 µg of kanamycin/ml and grown at 37°C with vigorous shaking. At an A600 of 0.6, 
expression of the recombinant protein was induced with 1 mM isopropyl thio-β-D-galactoside. Growth was continued 
for 4 h, and cells from 1 liter of culture were collected by centrifugation (10 min, 8,000 rpm, 4°C) in an Avanti J-20 XP 
centrifuge (Beckmann Coulter). The pellet was washed with 50 ml of buffer A (50 mM NaHPO4, 300 mM NaCl, 10 mM 
imidazole, 3.5% glycerol, 1 mM b-mercaptoethanol; pH 8.0) and stored at -80°C for future use. The pellet was resus-
pended in 5 ml of buffer A and supplemented with Complete Mini protease inhibitor (Roche), and cells were disrupted 
by sonication. Cellular debris was removed by centrifugation (30 min, 25,000 rpm, 4°C), and the supernatant fraction 
was loaded onto a Superflow Ni-nitrilotriacetic acid resin column (QIAGEN) equilibrated with buffer A. The column 
was washed with buffer B (identical to buffer A, but with 20 mM imidazole). The protein was eluted from the column 
by using a linear gradient of 20 to 500 mM imidazole, and 0.5-ml fractions were collected. Fractions were checked for 
protein content and purity by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and for DNA content by ethid-
ium bromide staining of agarose gels. Fractions containing the protein were pooled and loaded onto a MonoQ column 
(Amersham Pharmacia) and equilibrated with buffer C (20 mM Tris, 1 mM EDTA; pH 8.0) to remove DNA. Elution 
was carried out using a linear gradient of 0 to 2 M KCl. Fractions containing protein, but negligible amounts of DNA, 
were used in subsequent experiments. Protein was quantified using the RC/DC protein determination kit (Bio-Rad). 

Gel retardation
Gel retardations were performed essentially as described previously (Hamoen et al., 1998). Fragments for use as probes 
were amplified with Expand (Roche) or Pwo (Roche) DNA polymerase using the primers from Table 2. The PCR 
products were end labeled with T4 polynucleotide kinase and [γ-32P]ATP. Protein and probe were mixed on ice and 
subsequently incubated for 20 min at 37°C. Samples were loaded onto a 6% nondenaturing polyacrylamide gel prepared 
with 1x TAE (40 mM Tris acetate [pH 8.0], 2 mM EDTA) and run in a 0.5-to-2.0x gradient of TAE at 100 V for 45 to 60 
min in a MiniProtean electrophoresis system (Bio-Rad). Gels were dried in a vacuum dryer (model 583; Bio-Rad), and 
signals were recorded using phosphoscreens and a Cyclone PhosphorImager (Packard).  
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Motif search
Putative promoter regions of directly Rok-regulated genes as identified by the gel retardation experiments, were used as 
a training set for BioProspector together with BioOptimizer (Jensen and Liu, 2004; Liu et al., 2001), as well as MEME 
(Bailey and Noble, 2003). 
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Anti-repression as a second mechanism of tran-
scriptional activation by a minor groove binding 
protein

Competence for genetic transformation in the bacterium Bacillus subtilis is a bistable 
differentiation process governed by the minor groove DNA binding protein ComK. No 

detectable comK transcription occurs in the absence of an intact comK gene, indicating 
that ComK has auto-activating properties. ComK auto-stimulation, which is dependent 
on ComK binding to the comK promoter, is a critical step in competence development, 
ensuring quick and high-level expression of the late-competence genes. Auto-stimula-
tion is also essential for the bistable expression pattern of competence. Here, we dem-
onstrate that ComK acts as an activator at its own promoter by antagonizing the action 
of two repressors, Rok and CodY. Importantly, anti-repression occurs without physi-
cal displacement of the repressing proteins, suggesting that ComK and the repressors 
bind at distinct surfaces of the DNA helix. DegU, a DNA binding protein known to in-
crease the affinity of ComK for its own promoter, potentiates the anti-repression activ-
ity of ComK. We postulate that anti-repression is primarily achieved through modula-
tion of DNA topology. Though to our knowledge ComK is the only DNA-binding protein 
shown to act in this novel fashion, other minor groove binding proteins may act similarly.

Introduction

In bacteria, the activation of transcription typically involves a DNA-binding protein that recog-
nizes a sequence upstream from the RNA polymerase binding site, resulting in the recruitment 
of RNA polymerase (RNAP) to the promoter or stabilization of RNAP binding. Indeed, the latter 
mechanism obtains in the case of ComK, the master regulator of competence for genetic trans-
formation (Susanna et al., 2004). 
Competence, the ability to take up DNA from the environment and integrate it into the genome, 
is the end point of a complex developmental process resulting in the expression of ComK (van 
Sinderen et al., 1995b). This activator drives the expression of a multitude of genes, including 
those encoding the DNA uptake and integration machinery (Berka et al., 2002; Ogura et al., 
2002; Hamoen et al., 2002). In contrast to the majority of DNA-binding regulatory proteins, 
ComK activates transcription by binding in the minor groove of the DNA, upstream of its target 
genes (Hamoen et al., 1998). 
In B. subtilis there is no detectable comK-lacZ expression in the absence of functional ComK, 
demonstrating that ComK has auto-activating properties (van Sinderen and Venema, 1994). 
ComK exerts this auto-activation by direct binding to its own promoter, PcomK (van Sinderen 
and Venema, 1994). This binding is stimulated by the presence of the priming protein DegU, 
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which exerts a positive effect on competence development (Hamoen et al., 2000). Although the 
transcription of the downstream comG operon does not occur in vitro or in Escherichia coli un-
less ComK is provided, the transcription of comK itself occurs readily under both conditions (van 
Sinderen et al., 1995b; see also below and Supplemental Figure 1). These apparent discrepancies 
suggest that ComK acts in vivo at PcomK by antagonizing the action of one or more repressor 
proteins. Three candidate repressors have been identified that directly repress transcription from 
the comK promoter; the transition state regulator AbrB (Hamoen et al., 2003a), the nutritional 
regulator CodY (Serror and Sonenshein, 1996) and Rok (Hoa et al., 2002).
In this study, we demonstrate that ComK acts as an anti-repressor at its own promoter in vivo as 
well as in vitro, relieving Rok- and CodY-mediated repression. Strikingly, it does so without pre-
venting binding of the repressors. The anti-repression activity of ComK is potentiated by DegU, 
which also binds to the promoter of comK. Interestingly, ComK is able to activate transcription 
of recA by reversing the repression exerted by LexA (Hamoen et al., 2001). ComK thus activates 
transcription in two distinct manners; as a classical transcriptional activator at downstream com-
petence genes such as comG, and as an anti-repressor at PcomK and PrecA. To our knowledge, 
ComK is the only DNA-binding protein proven to reverse transcriptional repression without 
eliminating the binding of the repressors, although this novel mechanism may reflect a property 
of other proteins that bind through the minor groove of DNA. 

Results 

Rationale for the anti-repression hypothesis
ComK acts as a transcriptional activator at PcomK and at downstream competence promoters, 
such as the promoter of comG (PcomG). ComK is required for in vitro transcription from PcomG 
(Hamoen et al., 1998; Susanna et al., 2004) but when PcomK was incubated with nucleotides and 
RNA polymerase in the absence of ComK, strong transcription was observed (see below). Addi-
tionally, a fusion of the lacZ coding sequence to PcomK was readily expressed in a heterologous 
host (Escherichia coli), whereas a PcomG-lacZ fusion was not, unless comK was co-expressed 
(Susanna et al., 2006; van Sinderen et al., 1995b).
The observed expression from PcomK in E. coli could indicate that ComK acts as an anti-repres-
sor in B. subtilis, antagonizing one or more species-specific repressors (Supplementary Figure 
1). In fact, the E. coli genome (Blattner et al., 1997) contains no homologues of the previously 
identified repressors of comK (CodY, AbrB and Rok), as judged by a BLAST similarity search 
(http://www.ncbi.nlm.nih.gov/BLAST/). The hypothesis of anti-repression makes a strong pre-
diction; that removal of repressors would render transcription from PcomK in B. subtilis at least 
partially independent of ComK. To test this, we introduced mutations in the genes encoding 
these repressors, and evaluated the expression of an ectopic comK-lacZ reporter fusion. 

Repressor mutations result in a partial bypass of the ComK requirement in vivo
The requirement for ComK was not detectably bypassed by inactivation of codY or abrB, either 
individually or in combination (Figure 1 and unpublished observations). Rok was recently identi-
fied as a major repressor of competence (Hoa et al., 2002). Therefore, we evaluated the effect of 
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a rok mutation on PcomK expression in wild-type (Figure 1, panel A) and ΔcomK backgrounds 
(Figure 2, panel B). In the presence of ComK, the deletion of rok leads to high levels of transcrip-
tion, as was previously reported (Hoa et al., 2002). Importantly, there is significant comK-lacZ 
activity in the ΔcomK Δrok background, although it is about 3-4 fold lower than wild-type and 
7-8 fold reduced compared to a comK+ background carrying a rok mutation. This result indicates 
that a rok mutation partially bypasses the in vivo requirement of ComK for its own expression. 
Interestingly, the bypass is stronger when both codY and rok are inactivated (Figure 1, panel B), 
despite the fact that a codY mutation alone does not lead to a detectable bypass. 
Taken together, these results indicate that ComK reverses the action of Rok and strongly sug-
gests a similar role for ComK towards CodY, thus supporting the hypothesis that ComK acts as 
anti-repressor at its own promoter in vivo. The partial nature of the bypass suggests either that 
an additional repressor is involved or that ComK plays a role at PcomK as a classical activator as 
well as an anti-repressor protein. Such an additional repressor is unlikely to be AbrB, for reasons 
presented in the Discussion. 

Rok and CodY repress transcription from PcomK in vitro 
In order to further analyze the effects of individual transcription factors, we established in vitro 
transcription assays for the promoter of comK using purified B. subtilis RNA polymerase holoen-
zyme (a kind gift from M. Salas). A template for these experiments was constructed by cloning 
a 186 bp fragment derived from sequences upstream of comK into plasmid pAN583 (Predich et 
al., 1992), as described in Materials and methods. The resulting plasmid contains the sequence 
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Figure 1. Mutation of rok and codY results in 
a bypass of the ComK requirement. Strains 
containing the comK-lacZ reporter were either 
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Figure 2. ComK reverses the repression 
by Rok in vitro. In vitro transcription ex-
periments using circular pAN-K plasmid 
(see Materials and Methods) and purified 
B. subtilis RNA polymerase in the pres-
ence of several transcription factors. All 
experiments were performed at least in 
triplicate and representative examples 
are shown in the figure. The experiments 
were performed in the presence (open 
symbols) or absence (closed symbols) of 
DegU protein. (A) Results from in vitro 
transcription experiments with ComK (4-
1100 nM). The inset shows signals from 
reactions containing no transcription fac-
tors (X), 137.5 nM ComK (K) or 137.5 nM 
ComK / 500 nM DegU (UK). (B) Results 
from in vitro transcription experiments 
with Rok (12-3000 nM) and DegU (14-
3500 nM). The inset shows signals from 
reactions containing no transcription 
factors (X), 750 nM Rok (R), 750 nM Rok 
/ 500 nM DegU (RU) or 500 nM DegU 
(U). (C) Results from in vitro transcrip-
tion experiments in the presence of 170 
nM Rok and various amounts of ComK 
protein. The dash-dotted line indicates 
the level of transcription under these 
conditions in the absence of ComK. The 
experiments were performed in the pres-
ence (open symbols) or absence (closed 
symbols) of DegU protein (500 nM). The 
inset shows signals from reactions con-
taining no transcription factors (X), 170 
nM Rok (R), 137.5 nM ComK / 170 nM 
Rok (KR), 500 nM DegU / 170 nM Rok 
(UR) or 137.5 nM ComK / 500 nM DegU 
/ 170 nM Rok (KUR). 
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of the comK promoter that is required for binding of all known transcriptional regulators of the 
comK gene (Serror and Sonenshein, 1996; Hamoen et al., 2003a; Hoa et al., 2002; Hamoen et al., 
2000; Hamoen et al., 1998).
In contrast to the results obtained with pAN-G, a PcomG-containing derivative of pAN583 (Hamoen 
et al., 1998), there is a substantial level of transcription from PcomK under the conditions used  
(Figures 2 and 3, inset lanes marked with X). This level of transcription was not significantly 
augmented by the addition of ComK or DegU over a wide range of concentrations, either alone or 
in combination (Figure 2, panels A and B). A small but consistent increase (around 1.5-fold) was 
observed when only ComK was added to the reaction mixture, but this effect was not observed 
in the presence of DegU. In both cases, a decrease in transcription was evident at higher con-
centrations of ComK protein. A similar decrease with high ComK concentrations was observed 
when pAN-G was used as a template for the in vitro transcriptions (data not shown). The reason 
for this is not clear, but it may reflect non-specific inhibition by this DNA binding protein at high 
concentration. These experiments indicate that strong auto-stimulation from PcomK is absent 
when ComK is added to the mixture, either alone or in the presence of DegU. 
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Figure 3. ComK reverses the repres-
sion by CodY in vitro. In vitro transcrip-
tion experiments using circular pAN-K 
plasmid (see Materials and Methods) 
and purified B. subtilis RNA polymerase 
in the presence of several transcription 
factors. All experiments were performed 
at least in triplicate and representative 
examples are shown in the figure. (A) 
Results from in vitro transcription exper-
iments with a titration of CodY protein, 
in the presence and absence of effector 
molecules. GTP = guanosine triphos-
phate, ILV = a mixture of isoleucine, leu-
cine and valine. The inset shows signals 
from reactions containing no transcrip-
tion factors (X), 8 µM of CodY (Y), 2.5 
mM GTP / 8 µM CodY (GTP Y), 10 mM 
ILV / 8 µM CodY (ILV Y) or 10 mM ILV 
/ 2.5 mM GTP / 8 µM CodY (ILV GTP 
Y). (B) Results from in vitro transcrip-
tion experiments in the presence of 8 
µM CodY, 10 mM of isoleucine, leucine 
and valine (ILV) and various amount of 
ComK protein. The dash-dotted line 
indicates the level of transcription un-
der these conditions in the absence of 
ComK or ComK and DegU. The experi-
ments were performed in the presence 
(open symbols) or absence (closed 
symbols) of DegU protein (500 nM). The 
inset shows the signals from reactions 
containing no transcription factors (X), 
8 µM CodY (Y), 137.5 nM ComK / 8 µM 
CodY (KY), 500 nM DegU / 8 µM CodY 
or 137.5 nM ComK / 500 nM DegU / 8 
µM CodY. 
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Next, we investigated the effects of Rok and CodY on the in vitro transcription from PcomK. The 
addition of Rok leads to strong repression, with no detectable transcription at nanomolar con-
centrations of Rok protein (Figure 2, panel B). These values are in good agreement with EMSA 
results showing an apparent KD of around 50 nM for the interaction of Rok with PcomK (Hoa et 
al., 2002; Albano et al., 2005). The addition of DegU slightly enhanced the repression by Rok at 
lower concentrations, but had no effect when enough Rok was added to reduce transcription to 
less than 20% of the unrepressed state (Figure 2, panel B). 
The binding of CodY to the promoter of comK has been described previously (Serror and So-
nenshein, 1996). However, the effects of the recently identified co-factors GTP (Ratnayake-
Lecamwasam et al., 2001) and branched chain amino acids (BCAAs; Shivers and Sonenshein, 
2004) have not been documented for PcomK. Although binding of CodY occurs in the absence 
of co-factors, despite the presence of an excess of non-specific competitor (poly-dIdC), we found 
that BCAAs stimulated binding of CodY to the ComK promoter (data not shown), in agree-
ment with results obtained with other promoters (Shivers and Sonenshein, 2004). In contrast, 
GTP only stimulated binding detectably in the presence of branched chain amino acids (data not 
shown). However, these effects on binding were relatively minor; affinity in the presence of both 
effector molecules increased only ~2-fold under our experimental conditions. In spite of this, we 
observed no transcriptional repression with CodY in the absence of effectors, under conditions 
that resulted in a fully retarded PcomK probe in the EMSA experiments (Figure 3, panel A). The 
addition of a mixture of BCAAs resulted in strong repression, with an cumulative repressive 
effect in the presence of GTP (Figure 3, panel A). We conclude that the effector molecules have 
a minor effect on the affinity of CodY for its target promoter, but are required for the repres-
sor activity of CodY. The concentration of CodY required to achieve full repression is in good 
agreement with both EMSA experiments (data not shown), and with the concentration used for 
previously reported footprinting experiments (Serror and Sonenshein, 1996). As in the case of 
Rok, we observed that the addition of DegU to the in vitro transcription reactions exerted only a 
mild effect on CodY-mediated repression under the conditions tested (data not shown).

Rok reduces the affinity of RNA polymerase for PcomK
Many repressors act by masking the -35 or -10 promoter elements that constitute the RNA 
polymerase (RNAP) binding site. Indeed, DNase I footprinting experiments have revealed that 
AbrB and CodY bind to PcomK at sequences that partially overlap these elements (Serror and 
Sonenshein, 1996; Hamoen et al., 2003a). However, the location of the binding site for Rok is 
unknown. Despite repeated attempts, we were unable to further define the binding site for Rok 
using DNaseI footprinting experiments or bioinformatic approaches (Albano et al., 2005). Us-
ing Rok and overlapping PcomK-probes in EMSA experiments, we narrowed the region encom-
passing the Rok binding site to 130 bp (Figure 4). This segment includes the sequences that are 
protected by ComK and DegU in hydroxyl radical footprint experiments (Hamoen et al., 2000; 
Hamoen et al., 1998). Surprisingly, the Rok-binding site appears to lie upstream of the -35 and 

-10 sequences, making it unlikely that Rok occludes the RNAP binding site in the comK promoter. 
Considering its function as a repressor, we were therefore interested to see whether Rok reduces 
the affinity of RNAP for PcomK, despite the location of its binding site.
EMSA experiments using purified RNAP and Rok demonstrated that Rok reduces the binding 
of RNAP (Figure 5). The concentration of Rok required for half-maximal reversal of RNAP 
binding is comparable to the apparent KD of Rok-binding to PcomK in the absence of RNAP. 
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Figure 4. Schematic representation of the binding sites of various transcription factors on the promoter of comK to indicate 
overlap and relative positions of the various sites. K = ComK, U = DegU, Y = CodY, A = AbrB, R = Rok. -35 and -10 indicate 
the core promoter elements. The comK gene is truncated. Overlapping probes for EMSA experiments were generated with 
various combinations of primers (see Table II). These probes were tested for their ability to bind Rok according to Materials 
and Methods (indicated in the column Shift). The inferred area of Rok-binding is indicated by the shaded box.
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Although this reversal would appear to be consistent with direct competition between RNAP and 
Rok for binding to PcomK, we also consistently observed a slightly super-shifted protein/DNA 
complex in the presence of both RNAP and Rok, evident when intermediate concentrations of 
Rok are used. This super-shifted band migrates slightly slower than the complexes of the DNA 
with RNAP or Rok alone (Figure 5). It thus appears possible that, in contrast to AbrB and CodY, 
Rok does not compete directly with RNAP for binding to the DNA but relies on an alternative 
mechanism to reduce the affinity of RNAP for PcomK. Although this would be consistent with 
the unusual location of the Rok repressor binding site noted above and is not unprecedented (Pe-
rez-Martin et al., 1994; Rojo, 2001), it is a suggestion that deserves further confirmation.

ComK reverses repression in vitro 
These experiments enabled us to directly test the anti-repression hypothesis by determining 
whether ComK acts in vitro to reverse Rok and CodY repression. At 170 nM Rok, transcrip-
tion from PcomK was reduced 6-fold (Figure 2, panel B and C, dash-dotted line). The addition 
of ComK to the repressed promoter resulted in a moderate increase in transcription, although 
transcription was submaximal at concentrations greater than ~130 nM ComK protein (Figure 
2, panel C). Previously, it was reported that DegU acts as a priming protein, enhancing the af-
finity of ComK for its own promoter (Hamoen et al., 2000). Interestingly, this phenomenon is 
independent of protein-protein contacts, and presumably relies on modulation of DNA topology 
(Hamoen et al., 2000). In light of these findings, we were interested to see if the anti-repression 
by ComK would be enhanced in the presence of DegU. Results from in vitro transcription experi-
ments indeed demonstrate that the transcription from PcomK is restored to approximately 80% 
of the unrepressed state, when DegU is present in the reactions (Figure 2, panel C). It thus seems 
that DegU potentiates the anti-repressing activity of ComK.
During our in vitro transcription experiments, we observed that anti-repression was strongest at 
concentrations of Rok that did not fully repress the ComK promoter. Previous observations of 
multiple DNA-protein complexes in EMSA experiment using the comK promoter (Albano et al., 
2005) hint at the possibility that at high concentrations of Rok, the protein occupies multiple sites 
and may not be susceptible to anti-repression. Thus, in vivo auto-stimulation might only occur 
within a narrow range of Rok levels, implying that the expression of Rok must be fine-tuned to 
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allow competence development. Previously, it was reported that a rok-lacZ promoter fusion is 
expressed at an essentially constant rate throughout growth (Hoa et al., 2002). This conclusion is 
supported by measurements of fluorescence made with a Prok-gfp reporter in single cells show-
ing that Prok-driven expression remains constant in minimal medium and demonstrates little 
variability between cells, whereas it increases in a rich medium (Supplemental Figure 2).
The in vivo data strongly suggest that ComK not only antagonizes repression by Rok, but also by 
CodY. To test this, we performed in vitro transcription reactions under conditions that support 
repression by CodY, i.e. in a binding buffer containing BCAAs (Figure 3, panel A). The addition 
of the amino acid mixture did not affect transcription in the absence of CodY (data not shown). 
The addition of 8 µM CodY in the absence, or of 4 µM CodY in the presence of additional GTP, 
reduced transcription around 10-fold compared to the unrepressed state (Figure 3, dash-dot-
ted line). From Figure 3 (panel B) it can be seen that the repression by CodY in the presence of 
BCAAs is readily reversed upon the addition of ComK protein. We consistently observed a 4-6-
fold increase in transcription compared to the CodY-repressed state. As was the case for Rok, we 
observed stronger anti-repression in the presence of DegU protein. Moreover, the concentrations 
of ComK required to achieve maximal de-repression are comparable for both CodY and Rok 
(~130 nM). Taken together, these results demonstrate that ComK acts as an anti-repressor at its 
own promoter towards both Rok and CodY.

ComK does not prevent binding of the repressing proteins at PcomK 
The binding site of ComK (partially) overlaps those of the repressor proteins acting on PcomK 
as judged by the results from DNA footprinting experiments (Hamoen et al., 2003a; Hamoen et 
al., 2000; Serror and Sonenshein, 1996; Hamoen et al., 1998; see Figure 4), raising the possibility 
that the prevention of repressor binding to the DNA is responsible for the anti-repression ob-
served in this study. In fact, it was recently reported that CcpA activates transcription of the ilvB 
operon in B. subtilis by preventing the binding of the transcriptional repressor CodY (Shivers 
and Sonenshein, 2005). Therefore, EMSA experiments were carried out to test this hypothesis. 
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The addition of Rok, DegU, and ComK individually, resulted in significant retardation of a frag-
ment of PcomK encompassing all three binding sites (Figure 6, panel A), confirming earlier 
findings (van Sinderen et al., 1995b; Hamoen et al., 2000; Hoa et al., 2002). DegU can bind 
simultaneously with Rok or ComK, as is evident from the super-shifted bands (Figure 6, panel 
A), and stimulates the binding of ComK (Hamoen et al., 2000), but probably not Rok. Surpris-
ingly, the presence of both Rok and ComK results in a super-shifted band, indicating that there is 
no obvious competition between the two proteins for binding to PcomK. In fact, a difference in 
mobility of the probe (super-shift) was observed between the lanes with two proteins and the lane 
in which all three transcription factors (Rok, ComK and DegU) were present (Figure 6, panel A 
and unpublished observations). Moreover, the addition of DegU to a mixture containing Rok and 
ComK increased the total amount of probe shifted. These observations demonstrate that Rok, 
ComK and DegU can simultaneously interact with PcomK, and suggests that these proteins bind 
at distinct surfaces of the DNA helix.
Analogous to the situation for Rok, we investigated whether competitive binding occurs between 
CodY and ComK. Strikingly, the addition of CodY to a mixture that contains ComK resulted in 
a super-shift as well, both in the presence and absence of DegU protein (Figure 6, panel B). This 
indicates that ComK, DegU and CodY are also able to bind simultaneously to the same fragment 
of the comK promoter. Although in vitro repression by CodY only occurred in the presence of 
BCAAs the super-shift results obtained in the presence of BCAAs and/or GTP were comparable 
to those in the absence of effector molecules (data not shown). The presence of ComK appears 
to release some CodY from the comK promoter (Figure 6B, compare lanes Y and YK), and we 
cannot exclude the possibility that these proteins interact directly. This negative effect of ComK 
on CodY binding was not observed in the presence of DegU and does not affect the conclusion 
that CodY, ComK and DegU can interact simultaneously with the same fragment of DNA.
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Rok binding is inhibited by major groove binding drugs 
ComK is able to reverse Rok- and CodY-imposed repression at its own promoter, without physi-
cally displacing the repressor proteins. Simultaneous binding of proteins to the DNA is possible 
if they bind to different surfaces of the DNA helix. ComK is known to bind through the minor 
groove of the DNA (Hamoen et al., 1998) and based on the published crystal structure, CodY is 
thought to be a major groove binding protein (Levdikov et al., 2006). Since the DNA binding 
domain of Rok and its binding characteristics are largely unknown, we addressed whether Rok 
binds to the major or minor groove of the DNA. To this end, we performed gel shift experiments 
in the presence of drugs that interfere with binding in either the major (methyl green) or minor 
(chromomycin A3) groove of the DNA. We found that the addition of methyl green strongly 
reduced the affinity of Rok for the comK promoter, whereas no effect was observed for chro-
momycin A3 at relevant concentration for these drugs (Figure 7). These results are precisely 
the opposite of those obtained for ComK binding to the same promoter (Hamoen et al., 1998). 
Similarly, the addition of actinomycin D, another minor groove binding drug, did not interfere 
with Rok-binding (data not shown). These data strongly suggest that Rok is a major groove bind-
ing protein, like CodY, and thus might bind to PcomK without interfering with ComK-binding 
through the minor groove of the DNA. 

Discussion

The expression of comK in B. subtilis demonstrates an absolute requirement for ComK. In con-
trast to comG, however, the gene is readily expressed in vitro or in a heterologous host (van Sin-
deren and Venema, 1994; van Sinderen et al., 1994). These data led to the prediction that there 
are two distinct mechanisms for transcriptional activation by ComK. The first involves direct 
activation of genes that show low (or no) basal levels of transcription in the absence of ComK, 
such as comG. Indeed it has been shown that ComK directly activates transcription from PcomG, 
by stabilizing the binding of RNAP (Susanna et al., 2004). For the second class of genes, which 
includes recA (Hamoen et al., 2001), ComK reverses the repression of transcription of promoters 
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that demonstrate a significant basal level of transcription in the absence of transcription factors. 
The present study substantiates this hypothesis and establishes comK as a representative example 
of this second class of activated genes. 

Anti-repression at the comK promoter 
Three repressors of comK have been identified: AbrB (Hamoen et al., 2003a), CodY (Serror and 
Sonenshein, 1996) and Rok (Hoa et al., 2002). In vitro transcription experiments demonstrate 
that ComK can act as an anti-repressor toward the latter two (Figures 2 and 3). This is supported 
by the observation that the in vivo requirement of ComK for its own expression is partially by-
passed by inactivation of rok, and that this bypass is stronger when codY is inactivated as well 
(Figure 1, panel B). However, the levels of transcription from PcomK in a codY rok comK triple 
mutant do not reach those of a wild-type strain (Figure 1, panel B). The residual requirement 
of ComK may be due to the small but significant increase in transcription through the action 
of ComK itself (Figure 2, panel A). Alternatively, the action of another repressor, such as AbrB, 
might be responsible. Repeated attempts to construct an abrB codY rok comK-lacZ strain failed, 
both in a comK+ and a ΔcomK background, suggesting that knocking out all three pleiotropic re-
pressors is lethal. AbrB acts both positively and negatively in the competence regulatory cascade 
(Hahn et al., 1995b; Hahn et al., 1996), but its positive requirement is bypassed by a rok mutation 
(Hoa et al., 2002). When the effect of a rok abrB comK triple mutation on comK-lacZ expression 
was assessed, only a marginal increase in transcription compared to a rok comK double mutant 
was observed (data not shown). Furthermore, in vitro transcription results suggest that ComK is 
unable to act as an anti-repressor with respect to AbrB (Hamoen et al., 2003a and unpublished 
results). Although we cannot exclude the possibility that yet another repressor of comK which is 
antagonized by ComK remains to be identified, this is unlikely to be AbrB. 
The priming protein DegU exerts its positive influence on competence development by stimu-
lating ComK binding to its own promoter (Hamoen et al., 2000). Mutation of degU reduces the 
overall expression of comK (van Sinderen and Venema, 1994; Hahn et al., 1996) and leads to a 
decrease in the fraction of competent cells (W.K. Smits, unpublished observations). In this study, 
we report that DegU potentiates ComK as an anti-repressor. It is noteworthy that the EMSA 
results demonstrate that CodY and Rok do not lead to a displacement of DegU (Figure 6). Had 
this been the case, anti-repression would have been severely hampered. As might be expected 
from its effect on the affinity of ComK-binding to PcomK, the presence of DegU permits slightly 
higher levels of anti-repression at low concentrations of ComK than are needed in the absence 
of DegU (Figure 2). 
Previous work has shown that even a slight increase in the native levels of Rok is sufficient to 
completely abolish competence development (Hoa et al., 2002). In addition, AbrB and SinR, 
which exert minor negative effects on rok expression and Rok protein levels are both positively 
required for competence development unless rok is mutated (Hoa et al., 2002). It appears that 
small increases in the in vivo concentration of Rok have major effects on the expression of comK. 
In the course of this study, we observed that in vitro we could only observe anti-repression when 
transcription from PcomK was not fully repressed, and, our in vivo measurements of Prok-gfp 
levels support the notion that under conditions that sustain competence, rok expression is kept 
constant. Together, this evidence suggests that Rok is a critical determinant for competence 
development by determining the potential for auto-activation by ComK. The competence regula-
tory system is maintained on a knife-edge in which minor perturbations of protein concentra-
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tions can drive the system toward dramatically increased expression, or prevent the initiation of 
competence altogether. The importance of Rok in controlling the level of comK expression is 
reinforced by observations that complete reversal of repression in vitro cannot be achieved by 
the addition of ComK (Figure 2) and that in vivo a rok knockout mutant expresses higher levels 
of fluorescence per competent cell from comK-cfp than the isogenic rok+ strain (data not shown). 
The rok gene itself is subject to complex regulation (Hoa et al., 2002) and more detailed investi-
gations are necessary to address how Rok levels are regulated. 

A model for the action of ComK early in competence development 
Based on the data presented in this study, the following sequence of events can be proposed for 
early events in the development of competence for genetic transformation. During the exponen-
tial growth phase, transcription from the comK promoter is prevented through the repression 
exerted by AbrB, CodY and Rok (Figure 8, panel A). The little ComK that is produced is trapped 
by the adaptor protein MecA, and targeted for degradation by the ClpCP protease (Turgay et 
al., 1998; Turgay et al., 1997). At the end of the exponential growth phase, quorum sensing 
stimulates the release of ComK from the proteolytic complex, after which it is able to exert its 
function as a transcription factor in the cell (Figure 8, panel B). Consistent with this sequence 
of events is the observation that disruption of the proteolytic complex leads to an altered timing 
of competence development, whereas deletion of a repressor does not markedly alter the timing 
(Maamar and Dubnau, 2005). Low levels of ComK, through the priming action of DegU, are 
able to initiate the reversal of repression by Rok and CodY (Figures 2, 3 and 8, panel B). Ad-
ditionally, ComK might stimulate its own transcription directly. Levels of activated Spo0A rise 
in late exponential growth phase, thereby efficiently down-regulating the transcription of AbrB 
(Fujita and Sadaie, 1998; Fujita et al., 2005) and this is the sole reason for the Spo0A requirement 
for the development of competence (Hahn et al., 1995b). Therefore, reversal of repression by 
AbrB in vivo occurs independently of ComK. Nutritional repression by CodY is relieved when 
depletion of nutrients occurs, affecting the energy status of cells (Ratnayake-Lecamwasam et al., 
2001; Serror and Sonenshein, 1996). This may explain why mutation of codY has a minor effect 
in the bypass of the ComK requirement in vivo, since it is already partially inactivated by this 
physiological mechanism. This notion is also consistent with the strong effect of Rok, since no 
down-regulation of rok expression in minimal medium has been documented (Hoa et al., 2002  
and Supplemental Figure 2). Together, anti-repression and de-repression at the comK promoter 
(Figure 8 panels B and C) lead to an strong increase in ComK levels, allowing the transcription 
of the ComK regulon (Hamoen et al., 2002; Berka et al., 2002; Ogura et al., 2002). 

The mechanisms of anti-repression
Anti-repression in bacteria can occur by at least three distinct mechanisms. In one, the anti-
repressing protein binds to the repressor preventing its binding to DNA. This mechanism has 
been documented in a number of cases, for instance in the regulation of of SinR activity in B. 
subtilis (Bai et al., 1993) and MogR regulation in Listeria by GmaR (Shen et al., 2006). A second 
mechanism of anti-repression in bacteria involves displacement of repressing proteins by other 
DNA binding proteins. For example, in B. subtilis, the binding of CcpA to the ilvB promoter 
prevents binding of the nutritional repressor CodY (Shivers and Sonenshein, 2005). In E.coli, 
several instances have been identified where anti-repression involves interactions between mul-
tiple proteins, resulting in the release of the repressors (Browning et al., 2006; Browning et al., 
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2005; Browning et al., 2004). Here, we demonstrate a third mechanism in which ComK does 
not interfere with binding of the repressor proteins Rok and CodY. How does ComK act as an 
anti-repressor? 
The fact that ComK (Hamoen et al., 1998) and the repressors (Levdikov et al., 2006 and Figure 
7) bind through different grooves of the DNA may permit simultaneous binding by placing the 
proteins on distinct surfaces of the DNA helix even when they bind to the same area of the pro-
moter. Minor groove binding proteins are frequently architectural proteins that sometimes bind 
non-specifically to DNA (Bewley et al., 1998). It has been noted (van Sinderen et al., 1995b) that 
ComK demonstrates limited similarity to the male sex determining factor SRY and T cell fac-
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tor 1 (TCF-1), activators belonging to the high mobility group of minor groove binding proteins 
(Bewley et al., 1998). Binding of SRY to DNA induces strong bending, due to insertion of a hy-
drophobic wedge of the protein into the helix, forcing it from the B-form to the A-form (Bewley 
et al., 1998). Virtually all minor groove binding proteins, including ComK (Hamoen et al., 1998), 
bend or distort the DNA. This change in topology has been implicated in the assembly of higher-
order DNA-protein complexes such as the transcriptional machinery (Carey, 1998; Bewley et al., 
1998). 
We suggest that this known ability of ComK to bend DNA is at the heart of its action as both 
an anti-repressor and an RNAP recruitment protein. In the case of the comK promoter, we have 
suggested above that Rok may reduce the affinity of RNA polymerase for PcomK through a 
mechanism other then occlusion of the core promoter elements (Figure 5). If Rok alters the DNA 
topology such that the RNAP-DNA interaction is weakened, ComK-induced bending of the DNA 
might counteract these effects without displacement of the repressor. If instead Rok represses by 
competing for RNAP binding, then ComK may reverse this effect by inducing a bend in DNA 
that reduces steric clashes between Rok and RNAP. A similar mechanism may obtain in the case 
of CodY.
In a detailed investigation of the mechanism of transcriptional activation of PcomG, it was re-
ported that ComK does not seem to interact directly with the alpha subunit of RNA polymer-
ase (Susanna et al., 2004). Instead, it was postulated that ComK-induced bending wraps the 
upstream DNA around RNA polymerase, thus stabilizing the interaction (Susanna et al., 2004; 
Bewley et al., 1998). We thus propose that ComK acts as an activator at both types of promoters 
by modulating DNA topology.
Other minor groove binders may act similarly to ComK as anti-repressors. For instance, the 
phage protein p4G that presumably recognizes specific AT-tracts in the minor groove of the DNA 
has also been postulated to act as an anti-repressor, antagonizing an unknown repressor protein 
(Horcajadas et al., 1999). Another interesting case involves regulation of the aceBAK operon by 
the integration host factor (IHF; Resnik et al., 1996; Goodrich et al., 1990). IHF, a minor groove 
binding architectural protein that binds to an AT rich consensus sequence (Yang and Nash, 1989; 
Sun et al., 1996), interacts with two sites upstream of PaceBAK, and relieves repression by IclR. 
Since these two proteins bind to distinct sites, it is possible that IHF, like ComK, can relieve 
repression without displacement of the repressor protein.

Perspective on ComK-mediated anti-repression 
ComK also antagonizes the repression by LexA on PrecA without directly displacing the repres-
sor (Hamoen et al., 2001) and indeed other cases of anti-repression by ComK may exist. Recently, 
it was reported that the ComK-activated gene rapH (Hamoen et al., 2002; Berka et al., 2002; 
Ogura et al., 2002) is under control of the repressor RghR (Hayashi et al., 2006). As with PrecA 
and PcomK, expression from PrapH occurs readily in the absence of ComK when RghR is absent 
(Hayashi et al., 2006). In addition, we found that RghR and ComK can bind non-competitively to 
a promoter fragment of rapH (W.K. Smits, J.W. Veening, L.W. Hamoen, M. Perego, O.P. Kuipers, 
see chapter 7). It seems likely that further characterization of ComK-activated genes will reveal 
additional examples of anti-repressed genes. 
Because ComK can act as either an anti-repressor or as a more classical activator protein, it might 
appear that some common promoter sequence element determines the mode of action of ComK 
in each case. Inspection of the various ComK-dependent promoters does not suggest any obvi-
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ous explanatory feature, and perhaps the relevant difference is that some promoters like PcomG 
have relatively weak affinities for RNAP and need ComK to recruit this enzyme while PcomK 
and PrecA do not. Unlike PcomG, both of the latter promoters instead bind repressors and have 
therefore evolved to permit anti-repression by ComK. It may be then that the two classes of pro-
moters are distinguished by their relative affinities for RNAP, and by the presence or absence of 
repressor binding sites. Promoters subject to anti-repression by ComK would be further charac-
terized by the precise disposition of the repressor binding sites with respect to the ComK boxes 
so that the ComK-induced bending of DNA will prevent the repressors from interfering with the 
action of RNAP. 
 
In conclusion, we propose that ComK exerts its function as an anti-repressor without displacing 
the repressors, based on its ability to induce bending of DNA, thereby stabilizing the binding of 
RNAP. We suggest that a remarkable choreography of DNA bending at PcomK, mediated by the 
binding of multiple repressors, activators and RNAP, regulates comK expression in response to 
upstream signal transduction pathways. Most minor groove binding proteins induce bending of 
DNA (Bewley et al., 1998) and it is tempting to speculate that anti-repression or direct activation 
by other minor groove binding proteins relies on similar mechanisms. 

Materials and methods

Strain Genotype Reference
B.subtilis
BD630 his leu met Albano et al. (1987)
BD1991 his leu met amyE::comK-lacZ (Kan) Hahn et al. (1994)

BD3130 his leu met amyE::comK-lacZ (Tet) codY (Erm) This study
BD3085 his leu met amyE::comK-lacZ (Kan) rok::miniTn10 (Spc) This study
BD3135 his leu met amyE::comK-lacZ (Tet) codY (Erm) rok::miniTn10 (Spc) This study
BD2317 his leu met amyE::comK-lacZ (Tet) comK (Cat) This study
BD3195 his leu met amyE::comK-lacZ (Tet) comK (Kan) codY (Erm) This study
BD3101 his leu met amyE::comK-lacZ (Cat) comK (Kan) rok::miniTn10 (Spc) This study
BD3162 his leu met amyE::comK-lacZ (Tet) comK (Kan)  codY (Erm) rok::miniTn10 

(Spc)
This study

168 trpC2 Kunst et al. (1997)
KGFP trpC2 comK-gfp (Cm) This study. comK-gfp derived 

from BD2711 (Haijema et al., 
2001)

KGFP ΔK trpC2 comK-gfp (Cm) comK (Sp) This study. comK derived from 
BV2004 (Hamoen et al., 2002)

ProkG Prok-gfp This study
E.coli
DH5a pAN-K This study

ED232 pcomK-gfp Haijema et al. (2001)
KS272 pKT1 (CodY-his6) Kim et al. (2003)
M15 pQDU (DegU-his6) Hamoen et al. (2000)
XL1BLUE pMAL-ComK (MBP-ComK) Susanna et al. (2006b)

Table 1. Strains and plasmids used in this study.
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Bacterial strains and media 
All Bacillus subtilis strains are derivatives of the reference strain Bacillus subtilis 168 (Kunst et al., 1997), are isogenic 
derivatives of strain BD630 (his leu met) or 168 (trpC2) and are listed in Table 1. Transformation, as well as selective 
and growth media are described or referenced in Albano et al (1987) and Hamoen et al (2002). Plasmids were main-
tained in Escherichia coli strains as indicated in Table I. Strain ProkG was constructed as follows. The promoter region 
of the rok gene was amplified by PCR using primers Prok-F-new-KpnI and Prok-R-new-EcoRI and chromosomal DNA 
of strain 168 as a template. The 1543 bp amplified fragment was digested with KpnI and EcoRI and cloned into similarly 
digested pSG1151 (Lewis and Marston, 1999), yielding plasmid pSG1151-Prok(NN). This plasmid was transformed 
into B. subtilis, and transformants were selected after overnight growth at 37C on TY with chloramphenicol. Camp-
bell-type integration of the plasmid was verified by PCR (data not shown). Strain KGFP (comK-gfp) was obtained by 
transformation of plasmid pcomK-gfp (Haijema et al., 2001) into B. subtilis strain 168. Multiple loci were combined by 
transformation with chromosomal DNA.

Expression and purification of proteins 
Rok-his6 (Albano et al., 2005), ComK (Susanna et al., 2006) and DegU-his6 (Hamoen et al., 2000) were purified as 
described previously. CodY-his6 was isolated from E.coli strain KS272 harboring the pKT1 plasmid (Kim et al., 2003) 
as follows. An overnight culture was diluted 1:100 into fresh TY with appropriate antibiotics. Growth was continued 
until OD 0.70 with continuous shaking (250 rpm, 37°C). At that moment, expression of CodY-his6 was induced by the 
addition of 0.1% arabinose, and continued for 1 hour. Subsequently, cells were pelleted by centrifugation (10 minutes, 
8000 rpm, 4°C), and stored at -80°C. The pellet was resuspended in 5 ml of buffer A (20mM Tris-HCl pH 8.0, 0.2M 
NaCl, 10mM MgCl2, 7% glycerol, 1mM b-mercaptoethanol), supplemented with Complete Mini Protease Inhibitor 
(Roche), and cells were disrupted by sonication. Cellular debris was removed by centrifugation (10 minutes, 14000 
rpm, 4°C), and the supernatant fraction was incubated with 2 ml of equilibrated Superflow NiNTA resin (Qiagen) in a 
total volume of 15 ml of buffer A for 2 hours with continuous mixing. The column material was packed in a Poly-Prep 
Chromatography Column (BioRad) and washed by gravity flow with 10 column volumes buffer A and 10 column vol-
umes buffer B (identical to buffer A, but with 20 mM of imidazole). The protein was eluted from the column with buffer 
C (identical to buffer A, but with 500 mM imidazole), and 0.5 ml fractions were collected. Fractions were checked for 
protein content and purity by SDS-PAGE. Protein was quantified using the RC/DC protein determination kit (BioRad), 
using a commercial bovine serum albumin solution (New England Biolabs) as a standard. The presence of a C-terminal 
6xHis-tag on the DegU protein does not interfere with its function in competence development (Hamoen et al., 2000) 
and CodY-his6 is functional in vivo (Ratnayake-Lecamwasam et al., 2001), but the effects of the tag on Rok are not 

Table 2. Oligonucleotides used in this 
study.
Primer Sequence (5’ > 3’) Target fragment Reference

comG1 CCG GAA TTC ATG GTG ACC ATG TCT GCT comG promoter
Susanna et al. 
(2004)

comG2 CGC GGA TCC CTC TCC TTT CAA CGC comG promoter
Susanna et al. 
(2004)

dppA-F GGG AGC TGA GGT GAT ACA dppA promoter This study
dppA-R CCG GAA GAC CCG AAA TAC dppA promoter This study
pK-F AAT CTA TCG ACA TAT CCT GCA A comK promoter Albano et al. (2005)

KFPr GGA ATT CTT GCG CCG TTC ACT TCA TAC comK promoter Albano et al. (2005)
KFT1 CCG GAA TTC AGA ATC CCC CCA ATG CC comK promoter This study
pKIVaN CAT GCC ATG GAT GAT TTT ATC TTA AAT GTT AAA A comK promoter This study
comK+20R GTT TTT TTA ACA TTT AAG ATA AAA TC comK promoter This study
pKplusR-R TTA TAC TAA TAA TCT ATC ATC TGT TT comK promoter Albano et al. (2005)
pCK2 CGG GAT CCC AGT CTG TTT TCT GAC TCA TAT T comK promoter Hamoen et al. (2000)
Kprom1 CTT ATG AAA GTA AAA TCG GT comK promoter This study
Prok-F-new-KpnI GGG GTA CCT CGG CAA AGT AAG TCT TGA G rok promoter This study
Prok-R-new-
EcoRI GGA ATT CAC GAA TGA CTT TCA CTT CAG rok promoter This study
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documented. Though the presence of the 6xHis-tag might interfere with protein-protein interactions, it does not affect 
the binding of the Rok to the DNA or its ability to repress transcription.

Electrophoretic mobility shift assays (EMSAs) 
Primers used to generate fragments for use in this EMSA experiments are listed in Table 2. EMSAs were performed as 
described (Albano et al., 2005), except for samples containing RNAP polymerase. For these samples, the protocol was 
adapted as follows. Reaction mixtures containing 5000 cpm labeled double stranded DNA were incubated at 37°C for 
45 minutes before loading. Free probe and DNA/protein complexes were separated on a 6% non-denaturing polyacryla-
mide gel prepared with 1x TAE (40 mM Tris acetate [pH 8.0], 2 mM EDTA), in a 0.5-2.0x TAE gradient, for 2 hours at 
70 V. Subsequently, gels were dried and signals were recorded as described previously (Albano et al., 2005). To quanti-
tate signals, unprocessed captured images were analyzed using Quantity One software (BioRad). Data were imported 
into Microsoft Excel for further analysis and graphs for publication were prepared in Corel Graphics Suite 11.

In vitro transcription assays 
In vitro transcription experiments were carried out as described before (Hamoen et al., 1998), using 150 ng B. subtilis 
RNA polymerase holoenzyme (a kind gift of M. Salas) and non-linearized pAN-K plasmid as a template. The pAN-K 
plasmid was constructed as follows. Plasmid pAN583 (Predich et al., 1992) was cut with PvuII and EcoRI. The frag-
ment carrying the T7-terminator was blunted, and cloned into the PvuII site of pUC19, yielding pAN583-inverse. The 
comK promoter was isolated by PCR using primers pCK2 and Kprom1 (Table 2) and chromosomal DNA of BD630 (his 
leu met) as a template. The product was ligated into the SmaI site of pAN583-inverse, resulting in plasmid pAN-K. The 
resulting plasmid allows the generation of a terminated transcript derived from the comK promoter. Radiolabeled RNA 
from the in vitro transcription experiments was loaded onto a 6% denaturing polyacrylamide gel (Sequagel-6, National 
Diagnostics) and run in 1x TBE buffer (100 mM Tris borate [pH 8.3], 10 mM EDTA) for 1 hour at 150 V. Signals were 
recorded from unprocessed gels using phosphorscreens and a Cyclone PhosphorImager (Packard). To quantitate signals, 
captured images were analyzed using Quantity One software (BioRad). Data were imported into Microsoft Excel for 
further analysis and graphs for publication were prepared in Corel Graphics Suite 11.

ß-galactosidase assays 
ß-galactosidase reporter assays were carried out as described previously (Albano et al., 2005). 

Fluorescence microscopy 
Fluorescence of individual cells was determined by fluorescence microscopy and image analysis. Samples were taken 
at hourly intervals and cells were prepared for microscopy as described previously (Albano et al., 2005). Images were 
captured using the same setting for all time points. To quantitate fluorescent signals from individual cells, captured im-
ages were imported into Quantity One software (BioRad). A grid for all cells was generated based on the phase-contrast 
image, and subsequently overlaid on unprocessed images from the GFP-channel. Data was imported into Microsoft 
Excel for further analysis and graphs for publication were prepared in Corel Graphics Suite 11.

Acknowledgements

The authors wish to thank M. Salas and M. Strauch for the kind gift of B. subtilis sA/RNAP ho-
loenzyme and AbrB protein, respectively. In addition, A. Sonenshein and P. Serror are acknowl-
edged for kindly providing the strain for purification of CodY-his6 and helpful discussions. A.M. 
Mirończuk is acknowledged for performing initial experiments with CodY. The authors wish to 
thank D. Tomkiewicz for expert technical assistance with the purification of ComK. We thank 
members of the Groningen and Newark labs for helpful discussions. WKS was supported by 
grant 811.35.002 of the Netherlands Organisation for Scientific Research (NWO-ALW). Work in 
the lab of DD was supported by National Institutes of Health grant GM057720.



83

ComK reverses Rok and CodY repression

Supplementary material

activator

B. subtilis
no ComK

B. subtilis
with ComK

E. coli
no ComK

anti-repressor

reporter

PcomK

reporter

PcomK

reporter

PcomK

reporter

PcomK

reporter

PcomK

reporter

PcomK

Rp

Rp

Rp

Rp

R

R

phase contrast GFP

E.
co

li
B.

su
bt

ilis

A B

K K

Supplemental Figure 1. Heterologous expression and anti-repression. (A) Schematic depiction of the behavior of PcomK when 
ComK acts as an anti-repressor or an activator. RNA polymerase is depicted as a square (Rp), ComK as a diamond (K). 
Expression in a heterologous host, E. coli, is given in the absence of functional ComK protein. (B) Expression from PcomK in 
the absence of ComK in B. subtilis (KGFPΔK) and E. coli (ED232; Haijema et al., 2001).  Cells harboring a comK-gfp reporter 
construct were grown, harvested and visualized according to Materials and methods.

0

5

10

15

20

25

-1

329 284 432326 323 339 310 365 n

t (h)

flu
or

es
ce

nc
e

[A
.U

.]

0 1 2

MM TY

Supplemental Figure 2. Fluorescence from a 
Prok-gfp reporter fusion. Fluorescence from 
single cells was quantified as described in 
Materials and methods. Error bars show the 
standard deviation. The number of cells (n) 
on which the calculated mean and standard 
deviations are based is shown below each 
bar. Time is indicated in hours relative to the 
transition between exponential and station-
ary growth phase (T0). 



Chapter 5 
 
 

Stripping Bacillus:  
ComK auto-stimulation is responsible  

for the bistable response in  
competence development

This chapter has been adapted from:  
W.K. Smits*, C.C. Eschevins*, K.A. Susanna, S. Bron, O.P. Kuipers, L.W. Hamoen 

* contributed equally 
Mol. Microbiol. (2005) 56(3): 604-14.



85

Chapter 5 
 

Stripping  Bacillus: ComK auto-stimulation is re-
sponsible for the bistable response in competence 
development

In Bacillus subtilis competence for genetic transformation develops only in a subpopula-
tion of cells in an isogenic culture. The molecular mechanisms underlying this phenotypic 

heterogeneity are unknown. In this study, we stepwise simplify the signal transduction 
cascade leading to competence, yielding a strain devoid of all regulatory inputs for this 
process that have been identified so far. We demonstrate that auto-stimulation of ComK, 
the master regulator for competence development, is essential and in itself can be suf-
ficient to generate a bistable expression pattern. We argue that transcriptional regulation 
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 coordinated by complex arrays of 
sensing and regulatory proteins. The majority of these signal transduction cascades are robust, 
but some are notorious for their variable output, and resulting heterogeneous phenotypes. Exam-
ples of this non-genetic population heterogeneity include phase-variation in a number of patho-
genic bacteria (Henderson et al., 1999; Kim and Weiser, 1998), production of colicin K and 
phage-lambda induced lysis in Escherichia coli (Mulec et al., 2003; Arkin et al., 1998), gene 
expression during infection and suboptimal lac-induction in Salmonella (Hautefort et al., 2003; 
Tolker-Nielsen et al., 1998), and cellular differentiation in Bacillus subtilis (Cahn and Fox, 1968; 
Hadden and Nester, 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-lamb-
da lysis in E. coli (Arkin et al., 1998). Alternatively, 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 (Sumner and Avery, 2002; Booth, 
2002). It has been proposed (Ferrell, Jr., 2002), for instance, that the presence of positive auto-
regulation can be sufficient to evoke a separation into two subpopulations (a so called bistable re-
sponse). Recently, theoretical modeling has substantiated this supposition 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).
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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., 2003b). In 
the present study we investigate the mechanisms that could be responsible for the differentia-
tion into competent and non-competent cells. Competent cells express a complex DNA binding, 
-uptake, and -integration machinery, and undergo severe metabolic changes, whereby replication 
and synthesis of macromolecules are arrested (Dubnau, 1991a). These cells are physically differ-
ent from non-competent cells and can be separated by means of density gradient centrifugation 
(Hadden and Nester, 1968; Cahn and Fox, 1968). It is, therefore, not surprising that the develop-
ment of competence is a strongly controlled process. Under laboratory conditions the fraction of 
cells that become competent is limited to 10 to 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 Figure 1, a simplified scheme of the com-
petence signal transduction cascade is depicted (Hamoen et al., 2003b). Premature 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 tar-
gets ComK to the ClpCP protease complex, resulting in its proteolytic degradation (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 compe-
tence and requires the response regulator DegU, which stabilizes the binding of ComK (Hamoen 
et al., 2000). 
Although the regulatory pathways involved in competence 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 network with 
positive feedback architecture, and thus explain the bistability. For several reasons, however, 
this conclusion is premature. First of all, positive feedback is no guarantee for bistable behavior 
(Becskei et al., 2001; Ozbudak et al., 2004) and bistability is not limited to systems employing 
positive auto-regulation (Walz and Caplan, 1995). Secondly, it does not take into account the 
abundant negative regulatory mechanisms that are present in the competence regulatory cascade. 
Thirdly, many of the regulators are only present, activated or deactivated, during a certain period 
in the growth of a culture (Hamoen et al., 2003b). 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 cul-
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Figure 1. Schematic representa-
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circles upstream of the gene. The 
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ture. 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 competence 
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 de-
termines the heterogeneous output of the competence signal transduction cascade. 
The abundance and intertwinement of the different regulatory pathways complicates the use of 
a simple genetic mutagenesis approach to determine the role of the individual regulatory mecha-
nisms in the establishment heterogeneity. Therefore, we decided to stepwise simplify the signal 
transduction pathway leading to competence development. Firstly, we uncoupled the comK ex-
pression from the transcriptional control exerted by the transcription factors that bind to the pro-
moter of comK, leaving the auto-stimulatory loop, and the MecA/ComS-mediated post-transla-
tional 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) (Figure 1). 
Secondly, we combined the PcomG-driven comK locus with a mecA mutation, thus creating a 
strain devoid of all regulatory inputs of competence 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 individual 
regulatory factors on bistability in competence is presented.

Results

A single cell reporter for competence development
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, 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 generated for 
a wild-type and a mecA strain containing the comG-gfp reporter (Figs. 3A and B, respectively). 
The fraction of competent cells and expression patterns are in good agreement with previously 
reported expression studies (Haijema et al., 2001; Hahn et al., 1996; Hahn et al., 1995a). 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 antibodies (Figure 4). 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 et al., 1994). The strong signal observed in the West-
ern blot for both GFP and ComK in the mecA mutant correlates well with the strong GFP signals 
observed in the H-plot in Figure 3B. Taken together, we can conclude that the comG-gfp fusion 
provides a reliable method for monitoring ComK production in single cells.
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ComK auto-stimulation is functional in a PcomG-comK background
The first step in the removal of regulatory inputs for competence development was the replace-
ment 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 transcription 
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 origi-
nal promoter of comK and the upstream located yhxC gene was replaced by the promoter 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 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 (Figure 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 initi-
ate 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 co-workers to study the regulation of comK expression 
(Hahn et al., 1996). They showed that, to obtain wild-type kinetics of comK expression, the pres-
ence of a native copy of comK (indicated here as Pwt-comK) is required. As shown in Figure 2, 
the xylose induction of Pxyl-comK in a PcomG-comK background resulted in a strong induction 
of comG-lacZ expression, with ß-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-inducable comK (Pwt-comK Pxyl-comK), the expression 
of comG-lacZ began one hour earlier and reached an even higher level (Figure 2). These results 
indicate that the autostimulatory loop, as predicted, is still functional. It is noteworthy that the 
mutant strains harboring 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 due to MecA-de-
pendent 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 (Figure 1), we looked at the effect of mutations in these genes on comG-lacZ expression 
in a PcomG-comK Pxyl-comK background. 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 transcription factor (Hahn 
et al., 1996) indicates that the observed uncoupling is not due to 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/
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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 due to an effect of these regulators on the post-translational control of ComK 
(e.g. the MecA/ClpCP complex).  Therefore, electrophoretic mobility shift assays (EMSAs) were 
performed, which ruled out the possibility that the transcription factors bind to PcomG. A de-
tailed description of these experiments is available as Supplementary material from the journal’s 
homepage. 
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 replace-
ment 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 indication of the importance of the tran-
scriptional regulation of comK for heterogeneity in competence, since 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 (Figure 2) 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 (Figures 
3C and D), in both strains the percentage 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-
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Figure 2. Effects of comK promoter replacement 
on comG-lacZ expression. comG-lacZ expression 
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Figure 3. 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 
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plots were generated as described in Materials 
and methods. 
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comK mutants is also observed in a Western blot analysis (Figure 4). It seems that the xylose-in-
duced 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 in-
tact, comK transcription is uncoupled from the transcription factors that bind to PcomK, and the 
proteolytic control of ComK is functional (see also Figure 1). By combining the PcomG-comK 
locus with a mecA mutation, we remove the last known regulatory input for competence develop-
ment, 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 Figure 4. The fact that a PcomG-comK strain containing a mecA deletion is able to ini-
tiate 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 competence was monitored at the single cell level, we 
found that fluorescence of the comG-gfp reporter was still limited to a subpopulation of cells 
(Figure 3E). Even after prolonged incubation, this fraction did not exceed 50% of the population, 
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 estab-
lishing a bimodal distribution in comG-expression during competence development. To analyze 
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 analyzed 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 Figure 5A, it can be seen that removal of the auto-stimulatory loop 
leads to a monomodal distribution in fluorescence. In contrast, the reference 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 (Figure 3A). Similar results were 

mecA

ComK

GFP

PcomG-comK mecAP PcomG-comK xyl-comKwild type Pwt-comK Pxyl-comK

0 0 0 0 01 -1 1 1 1 12 -2 2 2 2 23 3 3 34 4 4 45 5 5 5ON ON ON ON ON

Figure 4. 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.



92

Chapter 5

obtained using a range of inductions (data not shown). Fluorescence 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, since 
inductions with up to 0.5% xylose yield a graded response (Figure 5B). Together, these results 
demonstrate that the ComK autostimulatory loop is essential, and can in itself be sufficient to 
obtain phenotypic heterogeneity in a competent 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 (Figure 3A and 5A). In this study, we set out to investigate 
which factors of the competence signal transduction cascade could be responsible for the phe-
notypic variability. In order to do so, we stepwise simplified the signal transduction cascade for 
competence development, 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 (Figure 3E). Apparently, the expression 
of comK, in conjunction with the auto-stimulatory loop, is sufficient to generate phenotypic het-
erogeneity.
Moreover, simple induction of comK in the absence of the auto-stimulation resulted in a mono-
modal distribution of fluorescence (Figure 5), demonstrating 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 
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Figure 5. Flow cytometric analysis of comG-gfp 
expression in minimal medium with fructose as 
the sole carbon source (see Experimental pro-
cedures). A. Profiles of various mutants 3 hours 
after entry into stationary growth phase. Strains 
were grown in medium containing 0.5% xylose; I) 
8G5 II) comG-gfp 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. 
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obtained from the PcomG-comK mecA strain. ComK auto-stimulation thus represents the key-
determinant for the heterogeneity in competence. We postulate that the stochastic fluctuations 
(noise) in comK transcription and translation together with ComK auto-stimulation are sufficient 
to generate the bistable distribution of comK expression. This finding is in good agreement with 
recent modeling and studies on artificial gene regulatory networks, in which it was proposed 
that the presence of positive feedback architecture can lead to a bistable response (Becskei et al., 
2001; Hasty et al., 2000). 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 (Figures 3E and 4). 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 interpre-
tation of the regulatory mechanisms acting on comK transcription. It has been shown that the 
bistable behavior 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 threshold of ComK and subsequent low levels 
of competence (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 fraction 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 Figures 3B, 3C 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 protein, 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 due to 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 abolished, despite the absence of proteolytic control, and the sub-
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sequent 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 experiments demonstrate, for instance, that PcomK is leaky and 
shows significant transcription in the absence of an activator (unpublished observation), whereas 
PcomG requires ComK (Hamoen et al., 1998; Susanna et al., 2004). When mecA is mutated, 
the relatively high basal level of transcription 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 develop-
ment could be responsible for the bistable expression pattern of comK. However, prokaryotes 
employ abundant negative feedback mechanisms. This kind of regulation reduces the variability 
in gene expression (Thattai and van Oudenaarden, 2001; Becskei and Serrano, 2000) 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 there-
fore 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 pattern during competence development. We find that the ComK 
auto-stimulatory loop in itself is essential, and can be sufficient, to obtain to generate pheno-
typic heterogeneity. The mechanism represents a noise-based switch based on stochasticity in 
transcription and translation (Becskei et al., 2001; Ozbudak et al., 2002; Elowitz 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 schematically 
depicted in Figure 6. Meddling with either one of these variables will have a large impact on the 
percentage of competent cells, as demonstrated in the previous paragraphs, but will most likely 
not lead to conclusive answers with respect to the mechanism responsible for the separation into 
subpopulations. In order to do so, it would be necessary to monitor the levels of a multitude of 
regulatory 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 single cell analyses of a natural signal 
transduction cascade 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 specifically 
generate phenotypic diversity under adverse conditions, 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 anti-microbial peptides 
or stress responses.
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Figure 6. Schematic representation of the in-
fluence 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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Materials and methods

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 1, The table also contains 
the sequence of the primers, described hereafter. Chemicals used were of analytical grade and, unless indicated other-
wise, obtained from Merck, or Baker Chemical Co. Enzymes were purchased from Roche, and used according to the 
supplier’s instructions. 
B. subtilis strain 8G5 was grown in minimal medium (Hamoen et al., 2002) or TY broth. For flow cytometric analysis of 
the comK::sp Pxyl-comK strain, minimal medium was used in which glucose was replaced with the same concentration 
fructose, to relieve catabolite repression of the Pxyl-promoter (Hahn et al., 1996) and allow for lower xylose-concentra-
tions for induction. Where necessary, media were supplemented with the appropriate antibiotics (Roche, Sigma) at a 
final concentration of; ampicillin 50 mg/ml (E. coli), chloramphenicol 5 mg/ml (B. subtilis), kanamycin 50 mg/ml (E. coli) 
or 5-10 mg/ml (B. subtilis), erythromycin 150 mg/ml (E. coli) or 0.5 mg/ml (B. subtilis), spectinomycin 100 mg/ml (both 
E. coli and B. subtilis), and tetracycline 15 mg/ml (E. coli) or 6 mg/ml (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. (Kim et al., 1996). 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 manufacturer (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 
spectinomycin 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 subsequently 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 
promoter region by the comG promoter region on the B. subtilis chromosome through a double cross-over event, and 
transformants 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 primers comGprom1 and comGprom2, carrying a HindIII and 
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an EcoRI restriction site, respectively. The fragment was digested and ligated into HindIII-EcoRI digested pSG1151 
(Lewis and Marston, 1999). The resulting plasmid, pSGComGA, 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. Transformants 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 (NruI), psinN2 (NruI), psin-P1 (PstI), srfAA8 (EcoRI) and srfAA9 (BamHI). The PCR fragments 

Strains Relevant genotype  
E.coli
MC1061 F- araD139 D(ara-leu)7696 galE15 galK16 D(lac)X743 rpsL hsdR2 mcrA mcrB1
B. subtilis
8G5 trpC2 tyr-1 his ade met rib ura nic
BV2079 PcomG-comK (Sp)
BV2080 Pwt-comK amyE::Pxyl-comK (Cm)
BV2081 PcomG-comK (Sp) amyE::Pxyl-comK (Cm)
BV2082 comG-lacZ (Km)
BV2083 Pwt-comK amyE::Pxyl-comK (Cm) comG-lacZ (Km)
BV2084 PcomG-comK (Sp) amyE::Pxyl-comK (Cm) comG-lacZ (Km)
BV2085 PcomG-comK (Sp) amyE::Pxyl-comK (Cm) comG-lacZ (Km) abrB::em 
BV2086 PcomG-comK (Sp) amyE::Pxyl-comK (Cm) comG-lacZ (Km) degU::em 
BV2087 PcomG-comK (Sp) amyE::Pxyl-comK (Cm) comG-lacZ (Km) sinR::tet 
BV2088 PcomG-comK (Sp) amyE::Pxyl-comK (Cm) comG-lacZ (Km) srfAA::em 
BV2089 PcomG-comK (Sp) amyE::Pxyl-comK (Cm) comG-lacZ (Km) rok::km 
BV2090 PcomG-comK (Sp) amyE::Pxyl-comK (Cm) comG-lacZ (Km) codY::em 
BV2091 comK::sp amyE::Pxyl-comK (Cm) comG-lacZ (Km)
BV2092 comG-gfp (Km)
BV2093 Pwt-comK amyE::Pxyl-comK (Cm) comG-gfp (Km)
BV2094 PcomG-comK (Sp) amyE::Pxyl-comK (Cm) comG-gfp (Km)
BV2095 Pwt-comK mecA::sp comG-gfp (Km)
BV2096 mecA::apha PcomG-comK (Sp) comG-gfp (Cm)
BV2097 comK::sp amyE::Pxyl-comK (Cm) comG-gfp (Km)

Plasmids Relevant features Resistance
pUC18 shuttle vector for insertional intergration of genes in B. subtilis Amp
pUC19 shuttle vector for insertional intergration of genes in B. subtilis Amp
pUC19T pUC19 derivative, containing a tetracyclin resistance cassette Amp, Tet
pUC-Y pUC18 derivative, containing a fragment of yhxC Amp
pUC-YS pUC-Y derivative, containing a spectinomycin resistance cassette Amp, Sp
pUC-YSK Integrative plasmid for replacement of comK promoter, derived from pUC-YS Amp, Sp
pUC-YSK’G pUC-YSK derivative containing the comG promoter fused to comK gene Amp, Sp
pSG1151 Integrative plasmid for GFP fusion reporters Amp, Cm
pSGComGA pSG1151 containing a comG fragment Amp, Cm
pGA-GFP pUC18-based plasmid containing comG-gfp Amp, Km

Table 1 (this and next page). Strains, plasmids and primers used in this study. All plasmids were maintained in E. coli MC1061 
(Sambrook et al, 1989). lacZ and gfp reporters are both indicated in bold. Indicated restriction sites are underlined. All B. subtilis 
strain are derivatives of strain 8G5 (Bron and Venema, 1972) and constructed in this study. All plasmids, except pUC18 and 19 
(Sambrook et al., 1989) and pSG1151 (Lewis and Marston, 1999) are from this study.
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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. subtilis chromosome. The srfAA PCR fragment was 
cloned into pUC19T plasmid, carrying a tetracyclin resistance marker (Kees Leenhouts, unpublished) 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 at 600nm (OD600) and samples were taken at hourly intervals. 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). 
Chemiluminescent 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 hours at 37°C. Aliquots containing a volume of these cultures, yielding an OD600 
of 0.01 when added to 50ml 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 pre-warmed minimal medium containing 2% xylose 
and grown at 37°C under vigorous shaking. Samples for fluorescence microscopy 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 (overnight). In case of the mecA mutant, samples were taken from T-2 until T4. Cells were stained 
with DAPI at a final concentration of 10 mg/ml to visualize DNA and enable counting of the total number of cells. 2 ml 
samples 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 pictures containing between 100 

Primers Sequence (5’ > 3’) Restriction site
yhxC1 AC ATG CAT GGC TGA GCA CCA GAA CCA SphI
yhxC2 CGC GGA TCC TAA AGA ATA TGC AGC GCT BamHI
sp3 CGC GAA TTC GAT ATC CTG CAG ATC GAT TTT CGT TCG TGA AT EcoRI
sp2 CGG GAT CCG CCA AGA TGG CAT ATG CAA GGG TTT ATT BamHI
K11 ATC TTG CAG AAA AA GGA TGG AGG half EcoRV
K2 GGA AGA TCT GAG CCA CGC TGT TC EcoRI
G7 TTT TGT GCA GCG TGC CCC GC 

G12 TTA TAC GCA TAT TGT AGA AAA AG 

comGprom1 CCC AAG CTT GCC GGA ACT GAA TTG GA HindIII
comGprom2 GGA ATT CGC TTA CCT TTT CTA TTG EcoRI
AbrB1 CCG GAA TTC CGT ATA TGC STG GCC GA EcoRI
AbrB2 GTC GAC CAT TCT CCT CCC AAG AG HindII
AbrB3 GTC GAC CGA AAT CCA AAA GGA GC HindII
AbrB4 CCC AAG CTT GTA TTG TAC CGC AGC CT HindIII
psin-B1 CGG GAT CCC TTC AGC CTT GGC TTG GTA T BamHI
psin-N1 TCG CGA GGC CAA TCA ATG TCA TCA CC NruI
psinN2 TCG CGA GGA GTA GTG CCT GAG CAG AG NruI
psin-P1 AAT CTG CAG CAC TAG GAT TAG C PstI
srfAA8 CCG GAA TTC TTG TAA AAA CTT CTC TTC CG EcoRI
srfAA9 CGC GGA TCC ACG CAT CGC CAA TGT GCT GA BamHI

Table 1 (cont’d)
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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 Pharmacia 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-gener-
ated 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 analyzed on Coul-
ter Epics XL-MCL flow cytometer (Beckman Coulter, Mijdrecht, NL) operating an argon laser at 488 nm. For each 
sample 20.000 cells were analyzed.  GFP signals were collected through a FITC filter with the photomultiplier voltage 
set between 700 and 800 V. Data was captured using EXPO32 software (Beckman Coulter) and further analyzed us-
ing WinMDI 2.8 (http://facs.scripps.edu/software.html). Figures were prepared for publication using WinMDI 2.8 and 
Corel Graphics Suite 11. To distinguish background fluorescence from GFP specific fluorescence, parental strain B. 
subtilis 8G5 was analyzed with each flow cytometric experiment.
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Single cell analysis of gene expression patterns of  
competence development and initiation of sporu-
lation in Bacillus subtilis grown on chemically de-
fined media

Some pathogens are able to develop natural competence, which is a serious medical 
problem with the increased acquired multi-drug resistance of these organisms. Anoth-

er adaptive microbial response is spore formation. Because of their heat resistance and hy-
drophobicity, spores of a variety of species are of major concern for the food industry. Using 
the model organism B. subtilis, we show that competence development and sporulation in 
a chemically defined medium are initiated in a bistable and sequential manner. We further-
more provide experimental evidence that both competence and sporulation can develop 
under conditions that normally do not trigger these processes. This finding suggests that 
the developmental switch may be noise-based, which has major implications for the control 
of unwanted differentiation processes in pathogenic and food-spoilage micro-organisms.

Introduction

Among the Gram-positive bacteria, many pathogens and food-spoilage species have been identi-
fied (for reviews see Jones et al., 1999; Ohlsen et al., 2004; Jespersen and Jakobsen, 1996). Some 
pathogens are able to develop natural competence and, as a consequence of this adaptive strategy, 
show increased antibiotic resistance (Claverys et al., 2000; Lorenz and Wackernagel, 1994). Re-
sistance to a wide-range of antibiotics poses a serious epidemic threat for the community (Walsh 
and Amyes, 2004; McCormick, 1998; Dobay et al., 2004). Moreover, the occurrence of highly 
resistant spores at different stages in the production of food products, causes serious problems 
with regard to food preservation and safety (Brown, 2000; Raso and Barbosa-Canovas, 2003) 
and compromises medical hygiene as well. 
Instead of trying to develop novel antibiotics to kill pathogenic or food-spoilage bacterium, one 
could try to identify compounds that inhibit the development of the unwanted differentiation 
process (anti-differentics). In the case of sporulation, for instance, a compound that would inhibit 
this process would render the species susceptible to normal methods of sterilisation. In the case 
of competence, anti-differentics could reduce the spread of drug-resistance. For this reason, more 
information is desired about the molecular basis underlying these developmental processes. To 
study the origin of competence development and spore formation, we employ the Gram-positive 
model organism Bacillus subtilis. This rod-shaped bacterium is one of the best-studied microbial 
organism that exhibits cellular differentiation. Following exponential growth, B. subtilis is able 
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to secrete several proteins (e.g. proteases, antimicrobials and pheromones) into its extracellular 
environment, develop competence for DNA uptake and form highly resistant endospores (for 
reviews see Tjalsma et al., 2004; Chen and Dubnau, 2004; Errington, 1993). 
Competence in B. subtilis develops under specific nutritional conditions during late exponential 
and early stationary growth phase (Dubnau, 1991a). To initiate competence, the key regulator 
ComK needs to be expressed. This protein in turn activates expression of more than 100 genes, 
among which those required for DNA-uptake and recombination (Hamoen et al., 2002). 
Spore formation in B. subtilis is a last resort adaptive response to starvation (Sonenshein, 2000; 
Piggot and Losick, 2002). It is controlled by a multi-component phosphorelay in which several 
stimuli can be integrated and cause phosphorylation (activation) of the key sporulation regulator, 
Spo0A (Burbulys et al., 1991). Activation of Spo0A affects the expression of more than 10% of 
all the genes in the genome of B. subtilis and can eventually lead to the formation of a highly heat 
resistant spore (Fawcett et al., 2000). 
Competence and sporulation are subjected to multiple regulatory mechanisms and share many 
regulators in their gene-circuits (e.g. AbrB, SinR, DegU, CodY and Spo0A; reviewed in Hamoen 
et al., 2003b; Msadek, 1999). Certain conditions that stimulate competence development have a 
negative effect on sporulation and vice versa. However, other inputs stimulate or repress both 
gene-regulatory networks (Hamoen et al., 2003b; Msadek, 1999). Fascinatingly, when proper 
conditions are applied to a B. subtilis culture, only part of the population becomes competent or 
forms spores (Cahn and Fox, 1968; Hadden and Nester, 1968; Chung et al., 1994). Since, in both 
cases, there are clearly two distinguishable cell types, the systems were described as exhibiting 
bistability (Fujita et al., 2005; Maamar and Dubnau, 2005; Smits et al., 2005b; Veening et al., 
2005). We have previously shown that the observed bistability is the result of a non-linear auto-
stimulation on comK and spo0A, respectively (Smits et al., 2005b; Veening et al., 2005). This was 
demonstrated using promoter-GFP fusions (Green Fluorescent Protein) combined with micro-
scopic and flow cytometric analyses. However, single cell studies on competence development 
and initiation of sporulation have so far only been performed in complex, undefined media and 
never within the same (isogenic) strain. To determine whether competence and sporulation are 
processes that are mutually exclusive or simultaneously initiated, we make use of a chemically 
defined medium (CDM), in which both processes are initiated. This may resemble the conditions 
in industrially relevant processes, where chemically defined media are often used (e.g. Huang 
et al., 2004; Fang and Demain, 1989; Vierheller et al., 1995). Therefore, we set out to perform 
single cell analyses on the expression patterns of both competence development and initiation 
of sporulation in chemically defined media. To further extend this, we composed a chemically 
defined medium in which both processes are initiated.
While previous studies were performed in liquid media, bacterial contaminations observed in 
industry and hospitals are often derived from dense biofilms. Therefore, we set out to determine 
the single cell gene expression patterns of competence and sporulation in a variety of biofilms.
The mechanism that decides, within an isogenic and homogeneous population, which cell actu-
ally reaches the threshold level necessary to activate auto-stimulation and become competent or 
to form a spore remains elusive. It was shown that stochastic fluctuations (or noise) of regulatory 
components within certain gene-regulatory pathways, can cause bistability (Hasty et al., 2000; 
Isaacs et al., 2003). In the establishment of this kind of bistability, noise in gene expression is sup-
posed to play a key role. We quantitatively analyzed the noise, for both competence and sporula-
tion, in both liquid cultures and biofilms. We show that both competence development and initia-
tion of sporulation show significant noise. This means that a small part of the population does 
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not confine to the general rules of gene regulation and becomes competent or forms spores under 
conditions that normally should not trigger the initiation of these processes. 

Results

Competence and sporulation are sequential processes
Competence development is initiated when a threshold level of ComK is reached and ComK 
auto-activation is triggered (Smits et al., 2005b; Maamar and Dubnau, 2005). ComK in turn acti-
vates the expression of the comG operon, which encodes factors required for the uptake of exog-
enous DNA from the environment (Chung and Dubnau, 1998). Previously, it was shown that the 
promoter of the comG operon fused to the gfp gene is a good reporter to identify cells that have 
initiated competence development (Smits et al., 2005b). Since this reporter was so far only used 
in B. subtilis 8G5, a strain that poorly sporulates (Bron and Venema, 1972), we transformed this 
construct to the completely sequenced and sporulating B. subtilis strain 168 (Kunst et al., 1997), 
resulting in strain comG-gfp (PcomG-gfp). To study initiation of sporulation at the single cell level, 
we made use of the previously published IIA-gfp strain (B. subtilis 168 PspoIIA-gfp) (Veening et al., 
2005). The spoIIA operon comprises spoIIAA, spoIIAB and sigF, a forespore-specific sigma fac-
tor essential for sporulation. The operon is activated at a high threshold level of activated Spo0A 
and was shown to be a good reporter for cells that initiate sporulation (Chung et al., 1994; Fujita 
et al., 2005; Veening et al., 2005). 
Previous single cell analysis using these two reporters were performed in complex undefined 
media that are optimized to either study competence or sporulation (Smits et al., 2005b; Veening 
et al., 2005). To examine whether one of these media or a combination of both is suited for the 
analysis of both competence and sporulation and to examine whether the processes are mutually 
exclusive or happen simultaneously, flow cytometric analyses (Figure 1) of strains comG-gfp 
and IIA-gfp were performed in both minimal medium (MM) and sporulation medium (SM). As 
shown in Figure 1A, competence is not initiated in SM (left panel) and sporulation not in MM 
(right panel). Expression histograms of strains comG-gfp and IIA-gfp grown in dedicated media  
were published before (Smits et al., 2005b; Veening et al., 2005). Furthermore, when the two 
media are mixed in a range of ratios, either competence or sporulation development is poor. In-
terestingly, there is a low level of expression of spoIIA-gfp when cells were grown in MM (Figure 
1A, right panel). This is most likely caused by repression (or activation) of low-threshold Spo0A 
genes (see Discussion). 
To study both processes simultaneously and get a better idea of the timing and possible co-occur-
rence of the developmental pathways, we examined the expression pattern of strains comG-gfp 
and IIA-gfp in chemically defined competence medium (CDCM; Smits et al., 2005b), chemically 
defined sporulation medium (CDSM; Hageman et al., 1984) and a mix of both media in a 1:1 ratio 
(50/50).  As shown in Figure 1B, both competence (left panel) and sporulation (right panel) are 
initiated in a bistable manner in the aforementioned chemically defined media. With increasing 
concentrations of CDSM, more cells initiate competence development as well as sporulation, al-
though the timing of sporulation differs slightly between the media (data not shown). For further 
analysis we chose to continue with the 50/50 medium, since under these conditions both proc-
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esses seem to be initiated discretely. To better visualize the timing of both processes, an overlay 
of the expression patterns of strains comG-gfp and IIA-gfp was made in which samples were 
taken of both strains at identical points in their growth phase (Figure 1C). 
For this image, flow cytometric histograms were taken from cultures independent of the cultures 
used for figure 1B. As shown in this figure, competence development and sporulation are sequen-
tially initiated; first a subpopulation of cells becomes competent and later a subpopulation initi-
ates sporulation. Interestingly, competence is already initiated during late-logarithmic growth, 
in contrast to growth in complex medium where expression of comG is generally not observed 
until two hours after entry into stationary growth phase (Smits et al. 2005b). Furthermore, sporu-
lation is initiated from approximately two hours after entry into the stationary growth phase, 
while in SM, this occurs already at transition point (Veening et al. 2005). Overall, these results 
indicate that in the 50/50 CDM, both developmental processes occur but appear to differ in tim-
ing. Furthermore, competence bistability is clearly reversible, whereas sporulation bistability 
seems to be a unidirectional process under the conditions tested.

Competent cells can enter sporulation
To answer whether or not the two developmental pathways are mutually exclusive (can competent 
cells sporulate?), we added an integrative plasmid DNA containing an antibiotic resistance mark-
er to the culture in the timeframe where fluorescence was observed for the comG-gfp reporter 
strain. Incubation was continued until 24h after the start of growth and cells were plated on selec-
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Figure 1. Single cell analysis of PcomG-gfp 
and PspoIIA-gfp in liquid media. Time is giv-
en in hours relative to the transition point 
between the exponential and stationary 
growth phase (T0).  A. Strains comG-gfp 
(left panel) and IIA-gfp (right panel) were 
grown in liquid SM and MM, respec-
tively. B. Strains comG-gfp (left panel) 
and IIA-gfp (right panel) were grown in 
liquid 50/50 (chemical defined) medium. 
C. An overlay of single cells expression 
patterns of strains comG-gfp (light gray 
histograms) and IIA-gfp (dark gray his-
tograms) in 50/50 medium. Histograms 
of t=2 samples from both strains are in-
dicated with intermediate gray shading, 
since this point shows the last measured 
fluorescence from the competence spe-
cific GFP-reporter strain and the first 
analysis from the strain harboring the 
sporulation specific GFP reporter.
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tive and non-selective plates (to determine transformation frequency and viable count, respec-
tively). Furthermore, at this time-point samples were treated with chloroform to kill vegetative 
cells and the remaining chloroform resistant spores were plated on selective and non-selective 
plates (to determine the transformed, and non-transformed spore counts, respectively). As shown 
in Table 2, some spores were found to be resistant to spectinomycin. This establishes that compe-
tent cells are not limited to this developmental pathway, but can enter the sporulation pathway at 
a later stage. Since the optical density of a culture in stationary phase does not increase further, 
but rather decreases, and competent cells are arrested in growth (Haijema et al., 2001), it is highly 
unlikely that cells which have been competent at the end of the logarithmic growth phase divide 
again and subsequently sporulate. More likely, cells first become competent, and subsequently 
have the ability to sporulate. However, using the comG-gfp reporter we show that competence 
is already initiated during late exponential growth (Figure 1). This could mean that cells that 
become competent during logarithmic growth, could have some time to resume division and/or 
‘reset’ and later initiate sporulation. Whether such a ‘resetting’ is required to initiate sporulation 
remains to be investigated. Time-lapse and/or double-labeled fluorescent microscopy could serve 
to address this hypothesis, and is currently under investigation in our laboratory.

Effects of a comK mutation on sporulation bistability
ComK is the master regulator for competence development. The protein activates more than 100 
genes, amongst which those necessary for the uptake of DNA from the environment and integra-
tion into the genome (Hamoen et al., 2002). To date, no effects of ComK on sporulation have 
been reported. However, as mentioned before, these studies were mainly performed in media 

Figure 2. Competence and sporulation in colo-
nies from solid media. Samples were prepared 
for flow cytometric analysis as described in the 
Materials and Methods section. Strains were 
allowed to form a colony on solid chemically 
defined media (indicated on the Z-axis) after 
24h of incubation at 37°C.  A. Strain comG-gfp 
(PcomG-gfp). B. Strain IIA-gfp (PspoIIA-gfp).

Table 1. Competent cells are able to sporulate. To determine competence 
and sporulation efficiencies, cells were plated onto TY agar plates as de-
scribed in the Materials and Methods section. After overnight incubation at 
37°C, colony-forming units were counted and percentages were determined 
by normalizing on basis of the viable count.

Fraction Percentage
Viable count 100
Spore count 12
Transformed cells 60 x 10-7

Transformed spores 14 x 10-7
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designed for efficient competence or sporulation and mutational effects were only studied on 
the level of population averages. The fact that in 50/50 medium competence development and 
initiation of sporulation are sequentially initiated, prompts the question whether competent cells 
actively compete with the initiation of sporulation in this medium. To test this hypothesis, we in-
troduced a comK mutation in our sporulation reporter strain. The resulting strain, IIA-gfp/comK 
(PspoIIA-gfp, ∆comK), was grown in 50/50 medium and cells were analyzed by flow cytometry. 
As shown in Table 3, a mutation in comK has no significant effect on the final bistable sporula-
tion outcome. However, sporulation seems to initiate somewhat earlier in the comK mutant. This 
might be caused by the slight increase in growth rate that is observed for the comK mutant in the 
50/50 CDM (data not shown). We are currently looking into the reasons of this increase.

Competence and sporulation in biofilms
Above, it was demonstrated that in a chemically defined medium, competence and sporulation 
are still initiated in a bistable manner. The single cell analyses of both developmental processes 
have so far been limited to those performed in liquid media (Chung et al., 1994; Maamar and 
Dubnau, 2005; Maamar and Dubnau, 2005; Smits et al., 2005b; Veening et al., 2005). In practice, 
bacterial infections and contaminations are often observed in the form of dense biofilm-like 
structures (such as colonies on solid surfaces and pellicles on liquids). Under these circumstanc-
es, the expression patterns may be significantly different from those observed during growth 
under laboratory circumstances in which cells are homogeneously shaken and quorum sensors 
are more likely to be distributed equally throughout the culture. In biofilms however, quorum 
sensing plays a pivotal role in the initiation of adaptive responses such as competence and sporu-
lation (see for instance Ren et al., 2004; Stanley et al., 2003; Branda et al., 2001). Therefore, we 
were interested to see the flow cytometric profiles of the reporter strains under these conditions. 
Strains comG-gfp (PcomG-gfp) and IIA-gfp (PspoIIA-gfp) were inoculated on solid agar plates con-

Table 2. Competence does not significantly 
affect sporulation bistability. Cells with a fluo-
rescence level higher than channel 650 were 
considered to be in the high spoIIA state, as 
described before (Veening et al., 2005). An av-
erage of the percentage of highly fluorescent 
cells (related to the total cell count) of four in-
dependent experiments are shown; ± indicates 
the standard error in these data. Time is given 
in hours relative to the transition between ex-
ponential and stationary growth phase (T0).

Percentage of cells in the high spoIIA state
Time wildtype DcomK

1   0.1 ± 0.0   0.1 ± 0.0
2   2.5 ± 0.4   5.2 ± 0.7
3 22.6 ± 1.4 25.8 ± 1.1
4 39.6 ± 1.8 40.3 ± 2.2

Table 3. Noise of competence and sporula-
tion. Cells with a fluorescence level higher 
than channel 650 were considered highly 
fluorescent. An average of the percentage of 
highly fluorescent cells (related to the total cell 
count in which at least 105 cells were counted) 
of four independent experiments are shown; ± 
indicates the standard error in these data. MM 
is minimal medium which is commonly used to 
induce competence development (Leskela et 
al., 1996). SM is sporulation medium which is 
generally used to induce sporulation (Schaef-
fer et al., 1965).

Percentage of highly fluorescent cells *
Biofilms Liquid cultures

Strain MM † SM ‡ MM SM

168 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
IIA 0.70 ± 0.18 21.06 ± 0.90 0.06 ± 0.00 91.30 ± 0.74

comG 13.02 ± 0.48 0.07 ± 0.01 4.58 ± 0.07 0.03 ± 0.00
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taining CDCM, 50/50 and CDSM and high-cell density multicellular structures in the form of 
colonies were allowed to form overnight at 37°C. The resulting colonies were homogenized and 
analyzed by flow cytometry as described in the Materials and Methods. 
As shown in Figure 2A, in contrast to growth in liquid media, competence is poorly initiated 
when grown on solid chemically defined media (on solid MM competence is well initiated; see 
Table 4). Sporulation however, is still well initiated when grown on solid chemically defined 
media (Figure 2B). With increasing concentrations of CDSM, more cells produce GFP expressed 
from the spoIIA promoter. However, the pattern is clearly less bistable when compared to initia-
tion of sporulation in liquid chemically defined media. This suggests that sporulation is stronger 
induced in dense biofilms compared to growth in liquid shaken cultures under the conditions 
tested. To determine the competence and sporulation expression patterns in liquid-air pellicle-
like biofilms (as described by (Branda et al., 2001), a standing 50 ml Greiner tube was filled with 
10 ml of CDCM, 50/50 and CDSM, respectively, and strains comG-gfp and IIA-gfp were allowed 
to growth in these tubes for 72h at 37°C without shaking. Cells were extracted from both the pel-
licle (liquid-air interface) and the liquid-phase (planktonic cells) and homogenized and analyzed 
by flow cytometry as described in the Materials and Methods. As shown in Figure 3 (left panels), 
competence development is poorly initiated in both the pellicle and standing liquid culture in all 
chemically defined media tested. While sporulation (Figure 3, right panels) is poorly initiated in 
CDCM (Figure 3A) and 50/50 (Figure 3B) media, it is efficiently initiated in CDSM (Figure 3C). 
In all cases however, sporulation is more efficiently initiated in the pellicle. 

Figure 3. Gene expression patterns 
in biofilms. Samples were prepared 
for flow cytometric analysis as de-
scribed in the Materials and Methods 
section. Strains were grown for 72h 
at 37°C, without shaking. Black lined-
histograms indicate gene expression 
profiles of cells extracted from the 
liquid-phase of the growth medium. 
Gray lined-histograms indicate gene 
expression patterns of cells extracted 
from the pellicle formed on top of the 
liquid medium. Strains comG-gfp (left 
panel) and IIA-gfp (right panel) grown 
in CDCM (A), 50/50 (B) and CDSM 
(C).
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Noise under non-stimulatory conditions
Recently, it was demonstrated that the bistability in gene expression that is observed in complex 
liquid media, requires the presence of a positive feedback loop involving the key-regulators of 
competence and sporulation (Maamar and Dubnau, 2005; Smits et al., 2005b; Veening et al., 
2005). This type of bistability is thought to originate from noise in the expression of the key-reg-
ulators. However, limited experimental studies have been performed to quantify this. Maamar 
and Dubnau postulated a role for noise in competence development based on the occasional 
observation of cells expressing the reporter under atypical conditions (Maamar and Dubnau, 
2005). Dawes and Thornley studied sporulation in B. subtilis using continuous chemostat cul-
tures (Dawes and Thornley, 1970). They observed that even at very high dilution rates, condi-
tions that should not trigger sporulation, some cells sporulate. We propose that this may well be 
contributed to noise within the sporulation network. Motivated by these previous findings, we 
were interested in extending this work and quantitatively analyze the noise, if present, in both 
competence and sporulation in both liquid cultures and biofilms. We set out to quantify noise in 
our system, by looking at cells that initiate sporulation and competence under non-stimulatory 
conditions. To this end, we adapted the conditions for flow cytometric measurements, to count 
large numbers of cells (at least 100,000), and to filter out false negative signals by rigorous gat-
ing, which removes particles with a different size than a single cell from the analysis and only 
counts cells with a very high fluorescence level (noise-measurement). This strategy eliminates 
background signals and false-positives, but may also reduce the amount of true positives, and 
thus effectively gives an under-representation of the fluorescent signals. To obtain significant 
‘noise’ data, it is essential to measure many single cells within a population. The use of flow cy-
tometry in combination with promoter-GFP fusions as described in this work greatly facilitates 
such studies. Strains comG-gfp and IIA-gfp were grown on solid and liquid MM and SM, respec-
tively. To allow single cell analyses, colonies were homogenized and analyzed by flow cytometry 
as described in the Materials and Methods. Cells from liquid cultures were immediately analyzed 
on a flow cytometer. For each culture condition, 4 individual colonies or cultures were mea-
sured. As mentioned in the first paragraph of this study, no clear development of competence was 
observed on complex sporulation medium (Figure 1A), nor sporulation on a complex medium 
dedicated to induce competence (Figure 1B) using standard flow cytometric settings. However, 
using noise-measurements, it becomes clear that under all conditions tested, there are some cells 
that demonstrate development of competence or sporulation, despite the lack of triggers for these 
processes (Table 4). Importantly, a negative control (a strain without fluorescent reporter) gives 
no fluorescent signals at all under the conditions tested using noise-measurements. Furthermore, 
it seems that the sporulation pathway is noisier than the competence pathway. Interestingly, both 
developmental processes show a higher degree of noise in dense-biofilms compared to liquid cul-
tures. Overall, by quantifying the atypical initiation of the developmental pathways for the first 
time, these observations strengthen the hypothesis that noise contributes to the establishment of 
heterogeneity for competence and sporulation. In addition, it suggests that the levels of noise dif-
fer between different cellular processes. 
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Discussion

Competence for genetic transformation and sporulation form a major problem for food and medi-
cal industry because they render bacteria insusceptible to conventional methods of sterilization 
and treatment. To effectively counter these bacterial adaptive strategies, one approach would 
be to specifically inhibit the unwanted developmental process. For this reason, detailed knowl-
edge is required about the molecular mechanisms governing the development of competence and 
sporulation. Most studies so far have been performed under conditions in shaken batch cultures 
in complex media. These conditions may not reflect industrial or medical circumstances. 
In literature, some investigations of competence and sporulation in chemically defined media 
are available. However, all the studies evaluate gene expression patterns at the population level 
instead of looking at single cell gene expression patterns (Hageman et al., 1984; Murayama et al., 
2004). Here, we present the first single cell analysis of competence development and the initia-
tion of sporulation in the same genetic background, in a chemically defined medium, and under 
biofilm-promoting conditions. 
Our results demonstrate that also in chemically defined liquid media both competence and sporu-
lation show a bistable distribution in gene expression (Figure 1). Though the ratio between high- 
and low-expressing cells seems to vary depending on culturing conditions, bistability is inde-
pendent of media. 
As shown in Figure 1A right panel, the expression of spoIIA-gfp is higher than the background 
fluorescence and all cells are in this so-called low state (Veening et al., 2005). Recently, it was 
found that, for instance abrB, is repressed by Spo0A at a low threshold level (Fujita et al., 2005). 
AbrB represses the gene encoding sigH, a gene encoding an alternative sigma factor (Weir et 
al., 1991). Since the spoIIA operon is expressed from a sigma-H dependent promoter (Wu et al., 
1991), the low level of expression observed in the right panel of Figure 1B might be caused by the 
relief of AbrB-repression on the sigH promoter. For a high activation of spoIIA however, high lev-
els of Spo0A are required (Fujita et al., 2005; Bongers et al., 2005). This observation might also 
explain why competence development is stimulated in MM, since it was shown that to initiate 
competence, Spo0A needs to downregulate abrB and does this already at a low threshold level 
(Hahn et al., 1995b; Fujita et al., 2005).  Interestingly, not only the ratio between both populations 
seems to vary depending on the media, also the timing of the processes seems to differ between 
complex media and chemically defined media. Competence, for instance, is normally initiated in 
stationary growth phase in complex medium, whereas in the CDM, comG was already expressed 
during the late exponential growth phase (Figures 1B and 1C). This difference could be due to 
the fact that in the CDM, cultures reach a much higher optical density than in complex compe-
tence medium. Since a key step in the development of competence is regulated through quorum 
sensing, the threshold for the quorum sensing response may be reached earlier. Consistent with 
this hypothesis, it was reported that overproduction of a downstream component of the quorum 
sensing event, ComS, leads to precocious and increased competence development (Maamar and 
Dubnau, 2005).  Next, it was found that competence and sporulation are subsequent processes 
(Figure 1). The fact that amongst the total population of spores it was possible to identify those 
transformed earlier in growth indicates that the two developmental pathways are not mutually ex-
clusive (Table 2). Competence bistability can therefore be classified as a reversible bistable proc-
ess that does not exclude cells from entering the sporulation pathway. Through the introduction 
of the comK mutation in the IIA-gfp strain, it was established that abolishment of competence 
does not significantly affect the final bistable sporulation outcome (Table 3). This indicates that 
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there is no direct relation between comK expression and the bistable expression pattern of sporu-
lation genes. Taken together, these results form a strong argument to view both bistable processes 
as independently regulated under the conditions tested. The origin of this strong independency 
in regulation remains an intriguing question, since both processes respond to similar triggers 
(Hoch, 1991; Dubnau, 1991a). In addition, the key-regulator of sporulation, Spo0A, is also es-
sential for competence development. This was verified by single cell analysis of our reporter 
strains in which a spo0A mutation was introduced (comG-gfp/spo0A and IIA/spo0A). For both 
strains, the bistable expression patterns were abolished, and no fluorescence was observed (data 
not shown). It is important to realize that the fact that no bias is observed in sporulation of cells 
that have or have not been competent, does not exclude the existence of a regulatory mechanism 
that temporally separates the two developmental pathways.
A bistable expression pattern was also observed under biofilm-promoting conditions. Interest-
ingly, development of spores seems to occur preferentially at the liquid air interface of pellicle-
like biofilms on liquid. These results are consistent with the results of Branda and co-workers, in 
which it was shown that sporulation is preferably initiated within aerial structures of a biofilm 
(Branda et al., 2001). Formation of biofilms was recently reported to involve a master regulator, 
SinR (Kearns et al., 2005). Interestingly, SinR was initially identified as a sporulation inhibitor 
(Bai et al., 1993; Mandic-Mulec et al., 1995), indicating the close relationship between both proc-
esses. Competence in biofilms in CDM seems to be poorly developed (Figures 2 and 3), while in 
colonies grown on solid MM agar, competence is well initiated (Table 4). This difference might 
be attributed to the fact that for the flow cytometry analyses of colonies from CDM, cells were 
harvested after prolonged incubation, up to 72 hours and for the noise measurements after 24 
hours. Since competence is a reversible process, cells may have reverted to a non-expressing state 
or have lysed. Interestingly, the cells that did express comG, showed very high levels of expres-
sion, and little or no intermediate levels of expression (Figures 2 and 3). Conceivably, in biofilms, 
micro-environments differ significantly between areas, and lead to strong induction of a specific 
developmental pathway. 
Finally, the quantitative analysis of the expression of competence and sporulation reporters un-
der atypical conditions indeed seems to suggest a role for noise in both processes (Table 4). 
Although unlikely, it cannot be excluded that some of the observed fluorescent cells demonstrate 
expression due to a secondary mutation. This could be tested by sorting out the ‘noisy’ cells and 
perform competence and/or sporulation efficiency assays. However, the results are in excellent 
agreement with previous reports that suggest that noise in gene expression is key to both compe-
tence (Maamar and Dubnau, 2005) and sporulation, and that the decision to enter either of these 
pathways is stochastic (Maughan and Nicholson, 2004). From an industrial or medical point of 
view, noise in gene expression has major implications. From our study, it becomes apparent that, 
although the number of expressing cells can significantly be reduced using specially developed 
media, there are always certain cells that behave atypically, due to the noisy character of the de-
velopmental routes. On a laboratory scale, these may be negligible, but in industrial fermentations 
or food-industrial processes for instance, the occurrence of highly resistant spores in the system 
can have big consequences. Also, increased resistance to a wide-range of antibiotics, which can 
be linked to genetic transformation (Dobay et al., 2004), is more and more becoming a serious 
epidemic threat for the community. Therefore, future research must be aimed at localizing the 
noisiest regulatory components in developmental pathways and neutralizing these targets.
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Table 1. Bacterial strains and 
plasmids.

Strains and plas-
mids Genotype Reference
B. subtilis
168 trpC2 Kunst et al. (1997)
IIA-gfp 168, PspoIIA-gfp, Cmr Veening et al. (2005)
IIA-gfp/DcomK 168, PspoIIA-gfp, Cmr, comK::Sp, Spr This study

IIA-gfp/Dspo0A
168, PspoIIA-gfp, Cmr, spo0A::Km, 
Kmr This study

comG-gfp 168, PcomG-gfp, Cmr This study

G-gfp/Dspo0A
168, PcomG-gfp, Cmr, spo0A::Km, 
Kmr This study

G-gfp/DcomK 168, PcomG-gfp, Cmr, comK::Sp, Spr This study
BV2004 comK::Sp, Spr Hamoen et al. (2002)
SWV215 spo0A::Km, Kmr Xu and Strauch (1996)
Plasmids
pSGComGA bla, cat, PcomG-gfp Smits et al. (2005b)

Materials and methods

Media and growth conditions
Chemicals used were of analytical grade and, unless indicated otherwise, obtained from Merck, or Baker Chemical 
Co.  Liquid B. subtilis cultures were grown at 37 °C and continuously shaken at 230 rpm, unless indicated otherwise. 
To study the development of competence and sporulation in colonies, cells were spread onto plates consisting of the in-
dicated media type, supplemented with 1.5% agar and incubated overnight at 37°C. Biofilms with a liquid-air interface 
were obtained by inoculating B. subtilis directly from a frozen stock (-80°C) to 10 ml of chemically defined medium 
as indicated, and subsequent incubation at 37°C for 72 hours without shaking. TY medium (tryptone/yeast extract) 
contained Bacto-Tryptone (1%), Bacto-yeast extract (0.5%) and NaCl (1%). Sporulation medium (SM) was prepared as 
described before (Schaeffer et al., 1965) and contained dehydrated nutrient broth (0.8%), NaOH (0.5 mM), MgSO4 (1 
mM), KCl (1 g/l), Ca(NO3)2 (1 mM), MnCl2 (0.01 mM) and FeSO4 (0.001 mM). Minimal medium (MM) was prepared as 
described before (Leskela et al., 1996) and contained K2HPO4 (62 mM), KH2PO4 (44 mM), (NH4)2SO4 (15 mM), sodium 
citrate (6.5 mM), MgSO4 (0.8 mM), 0.02% of casamino acids, glucose (27.8 mM) and L-tryptophan (0.1 mM). The pH 
was set to 7 using a KOH solution. Chemically defined competence medium (CDCM) was prepared as described before 
(Smits et al., 2005a) and contained K2HPO4 (62 mM), KH2PO4 (44 mM), MnCl2 (0.05 mM), (NH4)2SO4 (15 mM), sodium 
citrate (6.5 mM), MgSO4 (0.8 mM), glucose (27.8 mM), L-glutamic acid (5.35 mM) and L-tryptophan (0.1 mM). The 
pH was set to 7 using a KOH solution. Chemically defined sporulation medium (CDSM) was prepared as described 
before (Hageman et al., 1984) and contained MOPS (40 mM, pH 7), KH2PO4 (4.0 mM), (NH4)2SO4 (9.5 mM), L-lactate 
(5.0 mM), L-glutamic acid (8.0 mM), L-tryptophan (0.1 mM), D-glucose (20 mM) and 1x MT mix. A 50x MT mix was 
prepared as described before (Vasantha and Freese, 1980) and contained MgCl2 (0.2 M), CaCl2 (70 mM), MnCl2 (5 mM), 
ZnCl2 (0.1 mM), thiamin-hydrochloride (0.2 mM), HCl (2 mM) and FeCl3 (0.5 mM). To obtain a chemically defined 
medium in which both competence and sporulation are initiated, CDCM and CDSM were mixed in a 1:1 ratio (50/50). 
When appropriate, media for B. subtilis were supplemented with chloramphenicol (Cm; 5 µg/ml), spectinomycin (Sp; 
100 µg/ml) or kanamycin (Km; 10 µg/ml).

Strains and plasmids
Table 1 lists the plasmids and bacterial strains used. All strains used in this study are isogenic derivatives of B. subtilis 
168 (Kunst et al., 1997). B. subtilis was transformed as described before  (Leskela et al., 1996). 
B. subtilis strain comG-gfp was obtained by a Campbell-type integration (single crossover) of plasmid pSGComG 
(Smits et al., 2005b) into the chromosomal comGA promoter region of B. subtilis 168. Transformants were selected on 
TY agar plates containing Cm, after overnight incubation at 37°C. Correct integration was verified by PCR (data not 
shown). B. subtilis strain IIA-gfp/∆comK (PspoIIA-gfp, ∆comK) was obtained by transformation of strain IIA-gfp (Veen-
ing et al., 2005) with chromosomal DNA of strain BV2004 (Hamoen et al., 2002). Transformants were selected on TY 
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agar plates containing Cm and Sp, after overnight incubation at 37°C. B. subtilis strain IIA-gfp/∆spo0A (PspoIIA-gfp, 
∆spo0A) was obtained by transformation of strain IIA-gfp (Veening et al., 2005) with chromosomal DNA of strain 
SWV215 (Xu and Strauch, 1996). Transformants were selected on TY agar plates containing Cm and Km, after over-
night incubation at 37°C. B. subtilis strain G-gfp/∆spo0A (PcomG-gfp, ∆spo0A) was obtained by transformation of strain 
comG-gfp with chromosomal DNA of strain SWV215 (Xu and Strauch, 1996). Transformants were selected on TY agar 
plates containing Cm and Km, after overnight incubation at 37°C. B. subtilis strain G-gfp/∆comK (PcomG-gfp, ∆comK) 
was obtained by transformation of strain comG-gfp with chromosomal DNA of strain BV2004 (Hamoen et al., 2002). 
Transformants were selected on TY agar plates containing Cm and Sp, after overnight incubation at 37°C. 

Flow cytometric analyses
Cells were analysed by flow cytometry essentially as described (Smits et al., 2005b; Veening et al., 2005). For each 
sample, at least 20,000 cells were analyzed. To determine levels of ‘noise’ (see Table 4), at least 100,000 cells were 
analyzed. To analyze biofilms, samples were first resuspended in 1 ml of MM and subsequently homogenized for 1 
min using a mini bead-beater (Biospec Products, Bartlesville, OK, USA) before flow cytometric analysis. The gate of 
the forward and side scatter of the flow cytometer (which indicates the particle size) were set such that only single cells 
were counted for fluorescence analysis.

Competence and sporulation assays
Strain comG-gfp was grown in 3 ml of the chemically defined 50/50 medium and initiation of competence was deter-
mined by flow cytometric analysis at hourly intervals. Plasmid DNA (pWK-Sp; unpublished cloning vector containing 
a Sp marker between the flanking regions of the amyE gene of B. subtilis) was added to the culture when the presence 
of comG-gfp expressing cells first appeared. Incubation was continued for another 24 hours, and the presence of phase-
bright spores was verified by phase-contrast microscopy. To determine transformation frequencies, aliquots of the cul-
ture were diluted and plated onto TY agar plates without (viable count) or with (transformation count) Sp. Furthermore, 
to determine the total viable spore population and the transformed spores formed, samples were treated with a 1/10 
volume of chloroform for 10 min (killing vegetative cells, while the chloroform-resistant spores survive). Chloroform 
treated samples were plated on TY (spore count) and on TY plates containing Sp (transformed spore count).
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Chapter 7 
 

Temporal separation of distinct differentiation 
pathways by a dual specificity Rap-Phr system in 
Bacillus subtilis

In bacterial differentiation, mechanisms have evolved to limit cells to a single developmen-
tal pathway. The establishment of genetic competence in Bacillus subtilis is controlled 

by a complex regulatory circuit that is highly interconnected with the developmental path-
way for spore formation, and the two pathways appear to be mutually exclusive. Here we 
show by in vitro and in vivo analyses that a member of the Rap family of proteins, RapH, 
is activated directly by the late competence transcription factor ComK, and is capable 
of inhibiting both competence and sporulation. Importantly, RapH is the first member of 
the Rap-family that demonstrates dual specificity, by dephosphorylating the Spo0F~P re-
sponse regulator and inhibiting the DNA-binding activity of ComA. The protein thus acts 
at the stage where competence is well initiated, and prevents initiation of sporulation in 
competent cells as well as contributing to the escape from the competent state. A de-
letion of rapH induces both differentiation processes and interferes with their temporal 
separation. Together, these results indicate that RapH is an integral part of a multifactorial 
regulatory circuit affecting the cell’s decision between distinct developmental pathways.

Introduction

Bacterial differentiation is accompanied by the synthesis of a dedicated set of proteins. It is there-
fore energetically unfavorable for single cells to enter more than a single developmental pathway 
at the same time and from this it follows that mechanisms have evolved to limit cells to a single 
differentiation process.
The Gram-positive soil bacterium Bacillus subtilis is characterized by a complex developmental 
pathway that, under appropriate conditions of nutrient limitation, may lead to the formation of 
dormant, environmentally resistant spores (Errington, 1993). However, spore formation may be 
the final choice among a series of responses that the cell can initiate in an attempt to survive 
a hostile environment.  The alternative responses of B. subtilis, aimed at tapping into new re-
sources and eliminating competitors, include synthesis and secretion of degradative enzymes, 
production of antibiotics, motility and the development of competence for genetic transformation 
(for reviews see: Piggot and Hilbert, 2004; Phillips and Strauch, 2002; Dubnau and Lovett, 2002). 
Common triggers, such as nutrient limitation and high cell density, have led to the incorporation 
of shared elements in the regulatory cascades governing these adaptive responses (Hamoen et 
al., 2003b). For instance, competence and sporulation are negatively affected by the same repres-
sors, CodY and AbrB, during exponential growth, when nutrients are plentiful (Strauch, 1993; 
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Sonenshein, 2005). Additionally, some proteins, like Spo0A, are indispensable for both processes 
(Hahn et al., 1995b; Fujita and Losick, 2003). 
Competence development is a transient process that requires the key transcriptional regulator 
ComK (van Sinderen et al., 1995b; Hahn et al., 1994). The comK gene is subject to complex 
regulation at the transcriptional as well as the post-translational level (Hamoen et al., 2003b; 
Dubnau and Lovett, 2002). Sporulation is a last-resort adaptive process, governed by the master 
regulator Spo0A (Fujita and Losick, 2003; Errington, 2003). In order to exert its effect as a tran-
scriptional regulator, the protein needs to be phosphorylated and the level of phosphorylation is 
tuned by a series of kinases and phosphatases, including the phosphorelay intermediate Spo0F~P 
(Burbulys et al., 1991; Perego et al., 1994). Early events in the competence regulatory cascade 
involve the activation of the essential competence gene comS by the transcription factor ComA 
(Nakano et al., 1991b; Hamoen et al., 1995). At the same time, ComA activates the expression of 
two phosphatases, RapA and RapE, which inhibit sporulation (Mueller et al., 1992; Jiang et al., 
2000). Therefore, it is believed that cells that have entered competence development do not enter 
sporulation.
High levels of phosphorylated Spo0A lead to the induction of sporulation genes, but also activa-
tion of the sinI gene and repression of abrB (Shafikhani et al., 2002; Perego et al., 1988). sinI 
encodes the antagonist for SinR, which is both a negative regulator for sporulation and a positive 
requirement for competence development (Bai et al., 1993; Mandic-Mulec et al., 1995). AbrB is 
a negative regulator of competence (Hamoen et al., 2003a), but for reasons poorly understood is 
also required for this process (Hahn et al., 1995b; Hahn et al., 1994). Therefore, once a cell has 
reached a high level of Spo0A~P, competence is prevented and sporulation is stimulated. A sche-
matic overview of this complex regulatory circuit is depicted in Figure 1.
Upon prolonged nutrient limitation, it can be envisaged that competent cells progress into sporu-
lating cells. Indeed, the formation of spores from previously competent cells has been shown 
(de Lencastre and Piggot, 1979; Veening et al., 2006b). As competent cells are metabolically 

Figure 1:  Regulatory circuit controlling sporulation initiation and competence development. Only selected proteins involved in 
the interconnected pathways regulating competence development and sporulation initiation are shown.  Arrows indicate posi-
tive control while perpendiculars indicate negative control.  Black lines represent regulation by protein-protein interaction and 
gray lines represent regulation at the level of gene transcription.  Dotted lines indicate regulatory effects defined by genetic 
analyses but whose mechanism is still unknown. Bold lines indicate the findings from this study.
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inert (Nester and Stocker, 1963), this requires a return to vegetative growth. If the two pathways 
are not mutually exclusive from the first stage on, it suggests the existence of a mechanism that 
ensures a delay of sporulation in competent cells. Previously identified mechanisms act either 
before competence development is in full swing (RapA and RapE) or at the stage where sporula-
tion gene expression already occurs (SinR and SinI).
In this report, we identify a novel factor involved in the temporal separation of competence and 
sporulation. RapH, a member of the Rap family of proteins, is specifically activated by the late 
competence transcription factor ComK. RapH is the first member of this family that has a dual 
specificity by acting on two distinct response regulators. It promotes the dephosphorylation of 
Spo0F~P and inhibits the DNA-binding activity of ComA.  RapH thus exerts a negative feedback 
control on early competence events that may contribute to the escape from the competent state, 
as originally postulated by Hahn et al. (1994) and, importantly, prevents sporulation as long as 
competence prevails.

Results

ComK activates rapH by reversing RghR repression 
Previous studies suggested a direct role for the late competence transcription factor ComK in the 
regulation of the rapH gene (Berka et al., 2002; Hamoen et al., 2002; Ogura et al., 2002).  In vivo 
studies revealed a four-fold reduction of rapH transcription in a comK mutant compared to a wild 
type strain (Figure 2A and Hayashi et al., 2006). In vitro binding experiments demonstrated that 
the affinity of ComK for the rapH promoter (KD ~150 nM) is comparable to the affinity observed 
for the well characterized ComK-target promoter comG (KD ~100 nM; Susanna et al., 2004), 
confirming that the induction is most likely the result of direct binding of ComK to the rapH 
promoter region (Figure 2B). 
The product of the yvaN gene (now renamed rghR) was recently shown to act as a repressor of 
rapH (Hayashi et al., 2006). To determine whether any epistatic relationship existed between 
ComK and RghR (YvaN) with respect to rapH regulation, we assessed the pattern of rapH tran-

Figure 2:  ComK regula-
tion of rapH transcription.  
A. Time courses of b-ga-
lactosidase activity of the 
rapH-lacZ transcriptional 
fusion in the parental strain 
(--) or in the comK dele-
tion strain (--).  B. Electro-
phoretic mobility shift as-
says were carried out in the 
presence of purified ComK 
using [γ-32P]-ATP-labeled 
fragments of the promoter 

ComKX

PcomG

complex

complex

free probe

free probePrapH

3
M

12
nM

-2 -1 0 1 2 3 4 5 6
Time (hr)

control comK

0

70

140

210

280

350

M
ill

er
U

ni
ts

A B

regions of rapH (PrapH), and comG (PcomG).  Fragments were incubated with 
increasing amounts of purified ComK protein. Grey bars indicate shifted com-
plexes. Black bars indicate unshifted probe. X marks the lane to which no protein 
was added.



116

Chapter 7

Figure 3:  Fluorescence microscopy of a rapH-icfp comGA-yfp strain in comK and/or rghR mutants.  Fluorescence of both re-
porters was visualized as described in Materials and Methods. ΔcomK indicates the samples from the isogenic comK::sp strain,   
ΔrghR indicates the isogenic yvaN::tet strain and amyE::Phs-comK indicates an isogenic strain in which comK is expressed 
from an IPTG-inducible promoter (Maamar and Dubnau, 2005). All strains were grown in minimal medium until two hours after 
entry into stationary growth phase, except the Phs-comK strain, which was grown in sporulation medium. Induction of comK 
expression from the amyE::Phs-comK locus was accomplished by the addition of 200 mM of IPTG, and cells were visualized 
after an additional 2 hours of growth.
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scription in single cells by means of a translational fusion of rapH to an improved version of the 
cyan fluorescent protein (icfp; Veening et al., 2004).  The expression of rapH-icfp was compared 
to that of the ComK-controlled comG promoter in the same cells by analyzing a comG-yfp (yel-
low fluorescent protein) fusion (Figure 3) in strains singly or doubly mutated for comK and rghR. 
In a wild type strain rapH and comG are co-expressed, whereas expression of both rapH and 
comG is completely abrogated in a ΔcomK strain. In an rghR mutant, 100% of the cells express 
rapH, independently of comK. Sporadically (<1%) these cells also demonstrate fluorescence from 
the comG-yfp fusion, dependent on the presence of comK. When ComK was ectopically ex-
pressed from an IPTG-inducible promoter, both comG and rapH fusions were expressed in all 
cells, independent of the presence of rghR (data not shown).  Importantly, expression of rapH was 
not detected in a rich medium (TY) that does not sustain competence development unless the 
rghR gene was deleted or comK was artificially induced (Figure 3 and data not shown).  
These results suggested that in vivo ComK acts as an anti-repressor, by reversing the repression 
exerted by RghR at the rapH promoter. It was proposed that RghR recognizes a 5’- ATTGAC 
– 3’ motif, which occurs as an inverted repeat and a single motif in the rapH promoter (Hayashi 
et al., 2006). The latter motif overlaps with the ComK box, raising the possibility that ComK 
eliminates binding of the repressor protein. Electrophoretic mobility shifts demonstrated that the 
addition of each one of the proteins results in a reduced mobility of the PrapH probe, as expected. 
Interestingly, the addition of RghR protein to mixtures that already contain ComK protein leads 
to a super-shifted complex (Supplemental Figure 1). This indicates that both proteins can bind 
simultaneously to the PrapH fragment that was used as a probe, and suggests that they can rec-
ognize different surfaces of the DNA helix.

Genome wide analysis of RapH overproduction reveals an effect on competence 
and sporulation 

Recently, the effects of a rghR mutation on ComA dependent gene expression were attributed to 
RapG and RapH overproduction (Hayashi et al., 2006). However, this analysis was performed 
under conditions where the rapH gene is normally not significantly expressed and Spo0A-de-
pendent regulation is limited. Furthermore, some of the observed effects may be caused directly 
by RghR rather than via RapG and/or RapH. Therefore, we mapped the genome-wide transcrip-
tional effects of the RapH/PhrH overproduction three hours after entry into stationary growth 
phase in both minimal and sporulation medium. For these experiments, RapH/PhrH overex-
pression was obtained from a xylose inducible promoter (see Materials and methods).  Raw and 
normalized data of these experiments, including a list of genes significantly affected by RapH-
PhrH overproduction, is available from the secure website http://molgen.biol.rug.nl/publications/
rapH_data/. 
Overexpression of RapH/PhrH significantly affected as much as 9% and 41% of all B. subtilis 
ORFs in minimal and sporulation medium, respectively. A more stringent cut-off (3-fold differ-
ence, Bayes-p < 0.0001) still identified 3% and 23% of the open reading frames to be differen-
tially expressed. We correlated the observed regulatory effects to known regulons, derived from 
the DBTBS database (Makita et al., 2004) using the in-house developed FIVA software (Blom et 
al., 2007). This analysis showed that in minimal medium, RapH-PhrH primarily affected the ex-
pression of the ComA- and ComK-regulons (Supplemental Figure 2). In sporulation medium, the 
overproduction of RapH-PhrH lead to a very clear negative effect on sporulation gene expression, 
exemplified by the identification of sporulation specific regulons (e.g. SigE, SigF, SigG, SigK, 
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SpoIIID and SpoVT). In addition, a transcriptional response was observed for many of previous-
ly identified target genes for Spo0A (Molle et al., 2003; Fujita et al., 2005), but due to the absence 
of these genes as entries in the DBTBS these are not represented in Supplemental Figure 2.
Together, these results indicate that overexpression of RapH/PhrH is sufficient to explain the 
majority of the transcriptional responses observed in the rghR mutant (Hayashi et al., 2006). 
Moreover, the data show not only an effect on competence, as previously suggested (Hayashi et 
al., 2006), but also on sporulation gene expression.

Flow cytometric analysis of competence and sporulation reporters 
As the negative effects exerted by Rap proteins on these processes are generally more pronounced 
upon protein overproduction, we conducted flow cytometric analyses of green fluorescent protein 
(GFP) reporter fusion strains harboring the ectopic xylose inducible rapH/phrH locus (XH) pre-
viously used for the DNA array analysis.
The single cell analyses confirmed that upon overproduction of RapH/PhrH the expression of 
early (srfA-gfp) and late (comGA-gfp) competence genes as well as a stage II sporulation gene 
(spoIIA-gfp) was drastically reduced compared to the parental strain (Figure 4). Importantly, in 
the absence of xylose there was no detectable difference between the strains (data not shown). 
The observed inhibition of spoIIA promoter activity was consistent with an observed sporulation 
deficient phenotype on Schaeffer’s sporulation agar plates (see below). The absence of fluores-
cence in the comGA reporter strain resembled a comK mutant strain, while the srfA reporter 
strain showed a single cell profile comparable to a strain deleted for the spo0A gene or overpro-
ducing the AbrB transition state regulator (Figure 4).
In summary, these results validate the effects observed in the DNA array analysis, but do not ad-
dress the effects of the phrH that is co-transcribed with the rapH gene (Hayashi et al., 2006).

RapH is antagonized by PhrH and inhibits the formation of Spo0A~P 
Fragments carrying the rapH or the rapH and phrH genes preceded by the native promoter 
(209bp of upstream sequence) were inserted into the multicopy pBS19 plasmid (Bron, 1990), re-
sulting in pBS19-RapH2 and pBS19-RapH3, respectively. On Schaeffer’s sporulation agar plates, 
the production of RapH from this plasmid led to a clear sporulation deficient phenotype, whereas 

Figure 4:  Flow cytometric analysis of competence and sporulation reporter strains.  Analyses were performed as described 
in Materials and Methods. A. PspoIIA-gfp reporter strains were grown in SM medium supplemented with 1% xylose until 3 
hours after entry into stationary growth phase. B. PcomG-gfp reporter strains were grown in MMF supplemented with 1% xy-
lose until two hours after entry into stationary growth phase. C. PsrfA-gfp reporter strains were grown in MMF supplemented 
with 1% xylose until two hours after entry into stationary growth phase. Fluorescence is indicated in arbitrary units (AU) on a 
logarithmic scale.
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this appeared less drastic when PhrH was co-expressed. This observation confirms that PhrH 
acts as an inhibitor of the RapH protein.
Quantitative transcriptional analyses to investigate this effect in more detail were carried out 
on strains carrying a phosphorelay reporter gene (abrB-lacZ), a ComA-dependent reporter gene 
(rapA-lacZ) and a ComK-dependent reporter gene (comG-lacZ) (Figure 5). The abrB gene pro-
vides a good indication of the phosphorylation state of the phosphorelay due to its negative regu-
lation by Spo0A (Perego et al., 1988; Jiang et al., 2000).  As shown in Figure 5A, expression of 
RapH resulted in consistently higher levels of abrB transcription compared to the control strain. 
The co-expression of PhrH slightly reduced the overall level of abrB expression.  A flow cyto-
metric analysis of an abrB-gfp reporter strain confirmed that the normal progressive stationary 
phase decline in abrB transcription was prevented when rapH-phrH was induced (Supplemental 
Figure 3). 
Results obtained from the strain containing a rapA-lacZ or a comG-lacZ reporter construct dem-
onstrated that the transcription from both promoters was strongly inhibited by RapH overexpres-
sion (Figure 5B and 5C). Strikingly, coexpression of PhrH with RapH did not significantly effect 
rapA expression, whereas it restored comG expression to almost 50%. These results demonstrate 
that PhrH can counteract the activity of RapH, though full inhibition of RapH activity was not 
achieved under all conditions. Moreover, RapH evidently inhibits sporulation at its first stage (the 
repression of abrB transcription), as well as early and late competence development.
We considered two possible scenarios that explain the results from the reporter assays: 1) RapH 
acts on the phosphorelay at the level of the Spo0F intermediate, as previously reported for RapA, 
B and E (Perego et al., 1994; Jiang et al., 2000). In this case, the abrogation of competence gene 
expression would be the result of insufficient inhibition of AbrB production, as this is a require-
ment for competence development (Hahn et al., 1995b). 2) RapH directly inhibits both the com-
petence pathway and the sporulation pathway (via both ComA and Spo0F~P). The possibility 

Figure 5:  Transcriptional analysis of competence and sporulation genes in RapH-PhrH overexpressing strains.  Time courses 
of b-galactosidase activity were taken at hourly intervals before and after the transition from vegetative growth to stationary 
phase (T0).  A. abrB-lacZ fusion-carrying strains grown in SM medium; B. rapA-lacZ fusion-carrying strains grown in SM 
medium; C. comG-lacZ fusion-carrying strains grown in Spizizen minimal medium.  Symbols: - -: strains carrying plasmid 
control pBS19; --: strains carrying plasmid pBS19-RapH2 expressing RapH only; --: strains carrying pBS19-RapH3 ex-
pressing RapH and PhrH.
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that RapH acts on ComA alone, as might be expected based on previous reports (Hayashi et al., 
2006), was dismissed a priori, since overexpression of the RapC and RapF proteins, that specifi-
cally inhibit DNA-binding of ComA, or the deletion of comA does not inhibit sporulation initia-
tion (M. Perego, unpublished observations).

RapH negatively affects ComA-activation independent of the phosphorelay 
Since high levels of abrB transcription due to RapH overexpression could account for the inhibi-
tion of ComA-dependent gene activation (Figure 4), we determined whether the RapH effect on 
competence gene expression was indirect or direct.  
Fragments carrying the rapH or rapH and phrH ORFs were cloned into the multicopy shuttle 
vector pHT315S (Worner et al., 2006), yielding pHT315S-RapH2 and pHT315S-RapH3, respec-
tively. These plasmids were transformed into a spo0A mutant also lacking the abrB gene (spo0A12 
ΔabrBCm). In such a strain, competence development is uncoupled from the regulatory effect 
brought about by the phosphorelay (Hahn et al., 1995b and Supplemental Figure 5), and thus 
allows the investigation of an effect directly on ComA (and ComK). As shown in Figure 6A, 
overexpression of RapH severely inhibited the induction of rapA expression (~10-fold), while a 
two-fold inhibition was observed in the strain co-expressing RapH and PhrH.  
We also analyzed the effects of a deletion of rapH on ComA-dependent gene expression. When a 
srfA-lacZ reporter fusion was analyzed in an otherwise wild type strain, its transcription was not 
significantly affected by the rapH mutation. This is in agreement with the observation that the 
transformation efficiency of a rapH mutant strain did not differ from the efficiency of the wild 
type strain (data not shown) and previous reports (Hayashi et al., 2006). We reasoned that the 
overlapping and contrasting effects due to other Rap proteins on the phosphorelay or on ComA 
(RapA, B, E and RapC and F, respectively) could mask the effect resulting from the lack of RapH, 
if this were moderate. Therefore, we assessed the transcriptional profile of a srfA-lacZ reporter 
fusion in a spo0A abrB double mutant strain in the presence and absence of the rapC and rapF 
genes. Figure 6B shows that RapH negatively affects ComA-activated gene expression independ-
ently of the phosphorelay, as the spo0A abrB rapH triple mutant shows a slight but consistent 
higher level of srfA-lacZ expression than the control strain. Notably, this effect was amplified by 

Figure 6: RapH affects ComA-dependent gene 
expression independently of sporulation.  A. Time 
courses of b-galactosidase activity of a rapA-lacZ 
transcriptional fusion in a spo0AabrB double mu-
tant strain carrying the plasmid control pHT315S 
(--), the RapH expressing plasmid pHT315S-
RapH2 (--) or the RapH-PhrH expressing plas-
mid pHT315S-RapH3 (--).  B. Time courses of 
b-galactosidase activity of a srfA-lacZ transcrip-
tional fusion in a spo0AabrB double mutant strain 
(--) also carrying the deletion of rapH (--), 
the deletion of rapC and rapF (--) or the triple 
mutations rapC, rapF and rapH (--).  Cells were 
grown in SM medium and time points were col-
lected at hourly intervals before and after the tran-
sition between vegetative growth and stationary 
phase (T0). The graphs are representative of two 
independent experiments.
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the introduction of mutations in rapC and rapF, as these genes also encode negative regulators 
of ComA-dependent expression.
RapH thus not only seems to affect the phosphorelay, but independently also acts on ComA. 
Since RapH is transcriptionally controlled by ComK, this establishes a negative feedback loop in 
the competence regulatory network as originally postulated to exist by Hahn et al. (1994).

RapH is a dual function protein targeting both Spo0F~P and ComA
In order to prove a direct role of RapH in modulating the phosphorylation level of the sporulation 
phosphorelay, we purified the protein from an E. coli overexpression strain and tested it in vitro 
against the Spo0F protein that had been phosphorylated by the B. subtilis KinA histidine kinase. 
Figure 7A shows that RapH can promote the dephosphorylation of Spo0F~P. This result concurs 
with the bioinformatics observation that RapH shares the highest level of similarity with RapA 
(47% identity) and clusters in an evolutionary tree with RapA, RapB and RapE (Figure 7B), 
which have been shown to target Spo0F~P (Perego et al., 1994).
To ascertain a direct role for RapH in inhibiting ComA-dependent transcription, we carried out 
an in vitro binding assay under native conditions as previously done to demonstrate the interac-
tion of ComA with its negative regulators RapC and RapF (Core and Perego, 2003; Bongiorni et 
al., 2005).  As shown in Figure 8A, purified RapH interacted with the full length ComA protein 
or the carboxy-terminal DNA-binding domain of ComA but not with its amino-terminal re-
sponse regulator domain. Consistent with this, RapH inhibited the binding of ComA to a DNA 
fragment containing the rapC promoter in a gel mobility shift assay (Figure 8B).  The ability of 
RapH to bind ComA is unique among the Rap proteins known to date to act as phosphatases of 
Spo0F~P; RapA, for example, does not bind to ComA in the native gel binding assay, nor does it 
inhibit binding of ComA to the DNA (Supplemental Figure 4A and B). Notably, we additionally 
established that RapH does not promote dephosphorylation of ComA~P (data not shown).

Figure 7:  RapH promotes the de-
phosphorylation of the Spo0F~P 
response regulator and clusters 
with phosphorelay phosphatases. 
A. Purified, phosphorylated Spo0F 
(2 μM) was incubated in the pres-
ence or absence of RapH (4 μM) 
for the time indicated. The posi-
tions of the Spo0F protein and the 
inorganic phosphate released by 
the reaction are indicated.  The 
samples were run on a 15% SDS 
polyacrylamide gel. B. Evolution-
ary tree of Rap proteins. Asterisks 
indicate Rap proteins encoded 
on mobile elements or prophage 
regions of the B. subtilis chromo-
some (Jiang et al., 2000; Auchtung 
et al., 2005).
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Since it was suggested that RapH might target DegU (Hayashi et al., 2006), we also carried out a 
native gel binding assay using purified RapH and DegU proteins, but no interaction was detected 
(Supplemental Figure 4C).

RapH regulates the temporal separation of competence and sporulation 
Under laboratory conditions, competence and sporulation do generally not occur simultaneously 
(Veening et al., 2006b); however, in nature, conditions may occur that trigger both process-
es.  Given that competence is a transient differentiation process (Suel et al., 2006; Dubnau and 
Lovett, 2002), whereas sporulation is irreversible from stage II on (Errington, 1993; Dworkin and 
Losick, 2005), competent cells may have developed strategies to delay sporulation while favoring 
DNA uptake. The ComA-dependent activation of phosphatases of the Spo0F component of the 
phosphorelay (RapA and RapE) was originally proposed as one of these strategies (Perego et al., 
1994; Jiang et al., 2000). Here, we showed that ComK-activated RapH negatively regulates sporu-
lation initiation and ComA-dependent competence gene expression. This suggested that RapH 
might affect the temporal separation of these two processes by a two-fold mechanism. First, the 
protein prevents the expression of sporulation genes in competent cells. Second, RapH imposes 
negative feedback on competence by the ComK-activated inhibition of ComA, and might con-
tribute to the escape from the competent state. Based on this hypothesis, we predicted that the 
expression of late-competence genes would be distinct from the sporulation gene expression in 
a wild type strain but might overlap in a rapH mutant. Indeed, under conditions that sustained 
both competence and sporulation (see Materials and methods) a strong negative correlation was 
observed between comG (comG-cfp) and spoIIA (spoIIA-iyfp) in wild type cells (Figure 9). In 
contrast, there was a significantly higher amount of cells that simultaneously expressed both re-
porters in a rapH mutant background whereas the frequency of cells expressing either one of the 
reporters was comparable between wild type and rapH mutant (comG-cfp: 10.7 ± 2.5 and 8.5 ± 
1.2, spoIIA-iyfp: 6.6 ± 1.4 and 5.1 ± 1.0, wild type and rapH mutant, respectively). The data were 
quantitatively analyzed by determining the fraction of fluorescent cells in one channel that also 
demonstrated fluorescence in the other channel (Figure 9B).  The results indicated that approxi-

Figure 8:  RapH interacts with ComA and inhibits its DNA-binding activity.  A. Native gel binding assay carried out with purified 
RapH and ComA; each protein was at 20 μM final concentration. Native gel analysis was carried out on 10% native Tris-Tricine 
gels as described in Bongiorni et al. (2005). B. Gel mobility shift assay of ComA binding to the rapC promoter in the presence 
or absence of RapH. X: labeled probe only; RapH (lane 2: 5 μM, triangle: 5, 10 and 20 μM); ComA (5 μM).  
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mately 30% of comG and spoIIA expressing cells also expressed the other reporter in the mutant 
while only 5% of coexpression was observed in the wild type.  
Overall, this data indicates that in a rapH mutant sporulation initiation and competence develop-
ment are no longer strictly separated and certain cells initiate both pathways at the same time.

Discussion

The ComK transcription factor has been defined as the key transcriptional regulator of genetic 
competence in B. subtilis (van Sinderen et al., 1995b; Hamoen et al., 1998).  The identification 
of genes that are differentially expressed between wild type and comK mutant cells but have no 
documented function in competence has led to the introduction of the general term K-state to 
encompass all the physiological effects exerted by ComK (Berka et al., 2002; Hamoen et al., 
2002). Here we identify a novel function for ComK-activated genes; i.e. to ensure appropriate 
timing between competence and other developmental pathways. Based on the presence of several 
putative regulators among the core ComK regulon (Hamoen et al., 2002) we postulate that other 
ComK-regulated genes have a role in this interplay.
In addition to activating the expression of the late competence genes and other genes that to-
gether result in the establishment of the K-state, ComK also stimulates its own transcription 

Figure 9: RapH contributes to the 
temporal separation of compe-
tence and sporulation. A. Rela-
tive fluorescent intensities in the 
CFP and YFP channels for wild 
type and rapH mutant cells. Each 
dot represents a single cell. 95% 
of the cells that highly express 
PcomG-CFP in a wild type strain, 
demonstrate PspoIIA-IYFP fluo-
rescence below the dotted line. 
B. The fraction of cells that ex-
press both reporters compared 
to the total number of cells that 
express either PcomG-CFP or 
PspoIIA-IYFP. Error bars indicate 
the standard error of the meas-
urements. 
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(van Sinderen and Venema, 1994). Recently, it was found that ComK auto-stimulation is both 
necessary and sufficient to explain the bistable expression pattern of the late competence genes 
(Maamar and Dubnau, 2005; Smits et al., 2005b; Smits et al., 2006). The transiency of the com-
petent state was first described in 1963, when it was found that the return from metabolically 
inert competent cells to vegetative growth occurs 3-5 hours after the onset of competence (Nester 
and Stocker, 1963). Transiency can be achieved by the induction of a negative regulator of com-
petence development. Hahn and coworkers observed repression of early competence gene (srfA-
comS) expression (Hahn et al., 1996), and showed that interference with the proteolytic pathway, 
which includes ComS, interferes with the escape from the competent state (Hahn et al., 1995a). 
Subsequently, it was postulated that ComK-dependent negative feedback on srfA-expression is 
involved in the escape from the competent state (Suel et al., 2006). Here, we provided the first 
mechanistic evidence that the negative feedback loop exists by showing that RapH is able to 
interact with ComA and thus inhibits srfA expression (Figures 4C, 6B, 8A and B). Under the 
conditions tested, the in vivo effect of RapH on ComA dependent gene expression was found to 
be minor, but it could clearly be demonstrated in a spo0A abrB mutant strain, where it was more 
pronounced in the absence of rapC and rapF. It remains to be established whether native levels of 
RapH result in a downregulation of srfA in vivo, or merely act as a limiter for ComA-dependent 
gene expression.
RapH is a member of the Rap family of proteins (Perego and Brannigan, 2001). It is the first 
member of this family for which dual target specificity is documented, since it promotes the 
dephosphorylation of the phosphorelay intermediate Spo0F~P, next to binding to ComA. The 
dual specificity of the protein is also reflected in the evolutionary tree based on the aminoacid se-
quences of all members of the Rap family (Figure 7B). The protein shares the highest homology 
with the phosphorelay phosphatases RapA, RapB and RapE, and then with the ComA interacting 
RapC and RapF proteins. The other Rap proteins (RapG; Ogura et al., 2003), RapI (Auchtung 
et al., 2005), RapD, RapJ and RapK)  are more distantly related. It is unknown how the target 
recognition is achieved, but it is likely that the 6 TPR domains that structurally characterize the 
Rap family of proteins are involved (Perego and Brannigan, 2001).
These domains are also believed to be responsible for the interaction between the pentapeptide 
inhibitors of Rap proteins, which are encoded by the phr genes and have been identified for most 
Rap proteins (Perego and Brannigan, 2001). In some aspects of this study we used overexpression 
constructs containing the complete rapH transcriptional unit, which comprises a rapH and phrH 
gene, as independently found by us and others (Hayashi et al., 2006). Whereas several phr genes 
can be transcribed from a secondary promoter, phrH seems to form a single transcript with rapH 
only (McQuade et al., 2001; Hayashi et al., 2006). Though we could demonstrate that PhrH can 
counteract the inhibition imposed by RapH in vivo (Figure 5), the effects were moderate and sub-
ject to variations in media and growth conditions. This may be the result of differential mRNA 
stability or the efficiency of import, export and processing of the PhrH protein into the inhibitory 
peptide. Thus, the effects observed in the array and flow cytometric analyses can be assumed to 
present mainly the effect of RapH overproduction, as was confirmed by lacZ-reporter assays. 
The results from our DNA array analysis differ substantially from a recent report using a similar 
setup, for unknown reasons (Auchtung et al., 2006). However, they are in good agreement with 
an analysis of the transcriptional effects of a rghR mutation that leads to overproduction of RapG 
and RapH (Hayashi et al., 2006). Consistent with this, we found that a deletion of rghR not only 
affects competence, but also results in a sporulation deficient phenotype (data not shown). The 
mechanism that regulates RghR has not been identified, but potentially, inactivation of the re-
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pressor could block both competence and sporulation through RapH. In addition to RapH, other 
factors play a role in ComK-dependent inhibition of developmental pathways, as a rapH mutation 
is not sufficient to bypass the abrogation of srfA and spoIIA expression upon artificial induction 
of comK (W.K. Smits, unpublished observations).
The transcription of rapH in a wild type strain is activated by ComK. Several lines of evidence 
suggest that ComK is required as an anti-repressor to reverse RghR-mediated repression of tran-
scription. First, ComK-independent transcription of rapH can occur in an rghR mutant, but does 
not occur in wild type cells (Figure 2). Secondly, the presence of rapH under its native promoter 
on a multicopy plasmid resulting in ~15 copies per cell (pHT315-RapH2) in otherwise wild type 
cells did not result in a detectable competence or sporulation phenotype, whereas this was clearly 
detected when a plasmid was used that was present at 50 copies per chromosome (pBS19-RapH2; 
Bongiorni and Perego, unpublished). This indicates that titration of a repressor (i.e. RghR) is 
required to allow expression of rapH. When transcription was driven by the constitutive spac 
promoter in plasmid pHT315S (Worner et al., 2006), which is independent of RghR, results were 
comparable to those obtained from the pBS19-derived vectors (data not shown). While ComK is 
generally an activator of transcription (Susanna et al., 2004; Hamoen et al., 1998), the induction 
of rapH most likely represents the third case where the protein acts as an anti-repressor, next to 
recA (Hamoen et al., 2001) and comK itself (W.K. Smits, T.T. Hoa, L.W. Hamoen, O.P. Kuipers, 
D. Dubnau, see chapter 4). Strikingly, in all these cases, ComK seems to be able to bind simulta-
neously with the repressor protein. This feature may relate to the fact that ComK binds through 
the minor groove of the DNA, placing the protein on a different face of the DNA helix than most 
other DNA-binding proteins. 
In this study, we showed that RapH overproduction results in a drastic inhibition of sporulation 
and competence gene expression (Figures 4, 5, and 6A). A rapH mutant strain showed a pro-
nounced effect on ComA-mediated srfA expression when additional mutations were introduced 
(Figure 6B). Moreover, a small but reproducible reduction in abrB transcription consistent with 
higher levels of Spo0A~P was observed (Bongiorni and Perego, data not shown). These data 
show that deletion of rapH induces both the competence and sporulation pathways, and sug-
gest that its effects may be masked by additional positive and negative regulators. However, a 
clear phenotype was observed in the fluorescent microscopic analysis of a comGA-cfp spoIIA-yfp 
strain. The negative correlation between the two expression patterns observed in the wild type 
strain was significantly reduced in the rapH mutant strain (Figure 9) indicating an important 
role for RapH in maintaining the temporal separation between competence and sporulation gene 
expression. Previously, RapA and RapE were postulated to be of importance for the early deci-
sion to become competent or sporulate. Since RapH is induced by the competence transcription 
factor ComK, it functions at a later stage to delay sporulation while cells are competent. Upon the 
escape, which might be influenced by the negative feedback imposed by RapH, cells can proceed 
to form an endospore. It remains to be established whether this progression occurs directly or via 
vegetative growth.

Both competence and sporulation require the synthesis of a complex macromolecular apparatus 
which is energy intensive and requires abundant resources.  When cells enter the stationary 
growth phase neither of these are in excess, and a negative feedback loop mechanism such as the 
one described here serves to limit the cell to a single differentiation pathway and ensures that 
sporulation is indeed the last resort adaptive response.  
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Materials and methods 

Strains and plasmids 
All plasmids were maintained in E. coli MC1061 or DH5a unless indicated otherwise (Sambrook et al., 1989). B. subti-
lis strains used in this study (Supplemental Table 1) are isogenic derivatives of strain 168 or strain JH642. Plasmids and 
oligonucleotides used in this study are shown in Supplemental Table 2 and 3. 
Mutants of rapH and rghR were constructed by replacing the open reading frames with a tetracycline resistance cas-
sette. For rapH, a fragment containing the upstream and downstream regions was generated using primers rapHup-
F/rapHup-R and rapHdownF/rapHdown-R, respectively. Note that this fragment corresponds to the rapH open reading 
frame according to the sequence in SubtiList R16.1 (Moszer et al., 2002), but to rapH/phrH according to our sequencing 
data and Hayashi et al. (Hayashi et al., 2006). A tetracycline resistance marker was obtained by PCR using plasmid 
pDG1514 as a template (Guerout-Fleury et al., 1995). The PCR product of the upstream region, downstream region and 
antibiotic marker were digested with BamHI, KpnI and both enzymes, respectively, and joined together in a 3-point 
ligation for 1hr at room temperature. Subsequently, a PCR was performed on a 1:100 dilution of the purified ligation 
mixture, using PWO DNA polymerase (Roche). The PCR product was transformed directly into B. subtilis 168, and 
selected on appropriate antibiotics. Correct integration was verified by PCR analysis. A tetracycline resistant mutant of 
the transcriptional regulator encoding gene yvaN (rghR) was obtained as follows: the chromosomal region of yvaN, in-
cluding the up- and downstream genes was obtained by PCR amplification using primers yvaNup-F and yvaNdown-R. 
The obtained 1.8kb fragment was cloned into the pGEM-T Easy vector (Promega), yielding plasmid pGT-yvaN, which 
was maintained in E. coli XL1BLUE. A PCR was performed on a 1:100 dilution of this plasmid using primers yvaNup-
R and yvaNdown-F. The obtained product was digested with BamHI and HindIII, and ligated to a similarly digested 
tetracycline marker, obtained as described above, yielding pGT-yvaN-1514. Subsequently, the plasmid was transformed 
into B. subtilis. Double crossover integration of the construct was verified by PCR analysis.  It should be noted that 
strain BFA1118 generated by the Bacillus Functional Analysis project (Kobayashi et al., 2003), listed as a yvaN mutant 
in both the Micado (http://locus.jouy.inra.fr/cgi-bin/genmic/madbase_home.pl) and BSORF (http://bacillus.genome.jp) 
databases, does not contain a disruption of the gene. The construct contains a fragment upstream of the yvaN coding 
sequence, and therefore it introduces a yvaN-lacZ reporter upstream of a native copy of the gene. Accordingly, no phe-
notype with respect to rapH or comG expression was observed when this strain was analyzed (data not shown).
Fluorescent reporter fusions were constructed by cloning appropriate DNA fragments into plasmids pICFP, pIYFP 
(Veening et al., 2004) or pSG1151 (Lewis and Marston, 1999), pSG1186 and pSG1187 (Feucht and Lewis, 2001). A 
rapH-icfp fusion was constructed as follows: a 1615bp DNA fragment carrying rapH and a 302bp-upstream sequence 
was generated by PCR amplification using primers rapHFP-F and rapHFP-R on chromosomal DNA of B. subtilis 168. 
The fragment was digested with EcoRI and KpnI and ligated into similarly digested pICFP (Veening et al., 2004). The 
resultant plasmid, pICFP-rapH, was checked by restriction mapping and introduced into B. subtilis via Campbell-type 
integration at the native rapH locus.  This placed the fusion under the native promoter, and left an intact copy of rapH 
driven from its own promoter. Strain comGA-YFP(Cm) and comGA-CFP(Cm) were constructed as follows: a 594 bp 
fragment of the promoter region of comG was amplified by PCR using primers comGprom1 and comGprom2 (Smits 
et al., 2005b). After restriction with HindIII and EcoRI, this fragment was ligated into similarly digested pSG1186 
or pSG1187 (Feucht and Lewis, 2001), respectively. The plasmids pSG-GACFP and pSG-GAYFP were integrated 
by Campbell-type isotopic integration into the chromosome of B. subtilis. To obtain comGA-YFP(Em) and comGA-
CFP(Em), the chloramphenicol resistant strains were transformed with pCm::Em, in a similar fashion as described for 
strain XH(Em). To construct plasmid pGFP-srfA, carrying the B. subtilis srfAA promoter region followed by a perfect 
ribosomal binding site fused with the gfpmut1 gene, a PCR with the primers srfA-F and srfA-R was performed, using 
chromosomal DNA of B. subtilis 168 as a template.  The amplified fragment was subsequently cleaved with HindIII 
and EcoRI, and ligated into the corresponding sites of pSG1151 (Lewis and Marston, 1999).  B. subtilis strain srfA-gfp 
was obtained by a Campbell-type integration of plasmid pGFP-srfA into the chromosomal srfAA promoter region of 
B. subtilis 168.  Transformants were selected on TY agar plates containing chloramphenicol (5μg/ml), after overnight 
incubation at 37ºC.  Correct integration was verified by PCR (data not shown). Strain IIA-IYFP(Sp) was constructed by 
transforming a previously constructed spoIIA-iyfp construct (Veening et al., 2005) with plasmid pCm::Sp (Steinmetz 
and Richter, 1994) as described above.
Overexpressing of RapH, or RapH and PhrH achieved on the basis of multicopy plasmids pHT315 (Arantes and Lere-
clus, 1991), pHT315S (Worner et al., 2006), pBS19 (Band and Henner, 1984) or xylose-induction (Kim et al., 1996). 
Strains XH carrying the rapH and phrH gene under a xylose inducible promoter was constructed as follows: a 1327 
bp DNA fragment was amplified using primers pXrapH-F and pXrapH-R, using chromosomal DNA of B. subtilis 168 
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as a template. The fragment was digested with XbaI/BamHI, and subsequently ligated into SpeI/BamHI-digested pX 
(Kim et al., 1996). The plasmid, pXH, was checked by restriction digestion and subsequently introduced by a double 
cross-over event into the ectopic amyE-locus of the B. subtilis 168 chromosome, yielding strain XH(Cm). Transform-
ants were selected on chloramphenicol agar plates and correct integration was verified by checking the absence of 
amylase activity on plates containing 1% of starch. To obtain strain XH(Em), strain XH(Cm) was transformed with 
plasmid pCm::Em (Steinmetz and Richter, 1994), replacing the chloramphenicol marker with an erythromycin cassette. 
The resultant strain was checked for resistance against erythromycin and sensitivity towards chloramphenicol. Over-
expression of RapH alone or RapH and PhrH from their own promoter in the multicopy vectors pHT315 (Arantes and 
Lereclus, 1991) or pBS19 (Band and Henner, 1984) was obtained by cloning PCR amplified fragments generated with 
the oligonucleotide pairs RapH5’Kpn-RapH3’Bam2 and RapH5’Kpn-RapH3’Bam3, respectively, and digested with 
KpnI and BamHI.  Overexpression of RapH or RapH and PhrH from the spac promoter in plasmid pHT315S (Worner 
et al., 2006) was obtained by cloning PCR amplified fragments generated with the oligonucleotide pairs RapH5’Kpn2-
RapH3’Bam2 and RapH5’Kpn2-RapH3’Bam3.  The spac promoter in plasmid pHT315S is constitutively expressed due 
to the lack of the lacI gene.
E. coli lacZ fusion constructs were based on plasmid pJM115, a derivative of pDH32 carrying a kanamycin resistance 
marker in place of the chloramphenicol acetyl transferase gene (Cosmina et al., 1993). An E. coli rapH-lacZ fusion was 
obtained by cloning a 270bp fragment, generated by PCR amplification using oligonucleotide primers RapH5’Kpn-
RapHprom3’Bam, and digested with BamHI in the SmaI-BamHI sites of pJM115.  This fragment contains 215bp up-
stream of the start codon of the rapH gene.  The transcriptional fusion of the comG promoter to the E. coli lacZ gene was 
constructed using a fragment generated by PCR amplification, with oligonucleotide primers comG5’ and comG3’.  The 
329bp fragment digested with EcoRI and BamHI was cloned in the similarly digested pJM115 vector and the resultant 
plasmid used to transform strain JH642 generating strain JH11205 upon double crossover integration in the chromo-
somal amyE locus. The srfA-lacZ transcriptional fusion was constructed by cloning a 720bp fragment obtained by PCR 
amplification using oligonucleotide primers srfApromEco and srfApromBam.  The promoter-carrying fragment was 
cloned in the EcoRI-BamHI restriction sites of vector pJM115.  The plasmid was transformed into B. subtilis JH642 
generating strain JH11694 upon double crossover integration in the chromosomal amyE locus.
Strains containing mutations at multiple loci were obtained by transformation with chromosomal DNA from the single 
mutant strains. In the case of the reporter strains, DNA containing mutations was introduced in the reporter strain, as-
suring the same genetic background for the flow cytometric analyses and fluorescent microscopy.
Fidelity of PCR amplification was checked by DNA sequencing analysis; two discrepancies (Hayashi et al., 2006) with-
in the rapH-phrH region with the sequence deposited in SubtiList were confirmed also in the genome of strain JH642.

Media and growth conditions
Both B. subtilis and E. coli strains were routinely grown in TY or LB, supplemented with selective antibiotics when 
appropriate. TY consist of 10 g/L trypton (Difco), 5 g/L yeast extract (Difco) and 5 g/L NaCl, pH 7.4. In addition, B. 
subtilis was grown in Spizizen minimal medium (Anagnostopoulos and Spizizen, 1961) to induce competence, and on 
sporulation medium (SM) (Schaeffer et al., 1965) to induce expression of sporulation genes. To induce rapH expression 
from the Pxyl-promoter, cells were grown in fructose minimal medium (MMF) (Smits et al., 2005a), and SM medium 
supplemented with 1% xylose. Finally, to allow expression of competence and sporulation genes in the same culture, B. 
subtilis was grown in a chemically defined medium supporting both processes (dubbed CDMLG), which was adapted 
from a previously described medium (Veening et al., 2006b). The medium contains 5mM MgSO4.7H2O, 40 mM 3-(N-
morpholino-) propanesulfonic acid (MOPS; pH7.1), 4 mM KH2PO4, 9.5 mM (NH4)2SO4, 6 mM sodium-L-glutamate, 
0.15% glucose, 1x MT mix (Vasantha and Freese, 1980), and auxotrophic requirements (0.1 mM L-tryptophan). Note 
that in this medium, competence development occurs from late exponential growth phase to stationary growth phase, 
even when cells were precultured in a rich medium. Antibiotics were used at the following concentrations: chloram-
phenicol 5μg/ml; erythromycin and lincomycin 5μg/ml and 25μg/ml, respectively; kanamycin 2μg/ml; spectinomycin 
50μg/ml.

Protein expression and purification
Expression of RapH in E. coli was obtained from plasmid pET28 (Novagen) by cloning the rapH coding sequence, 
generated by PCR amplification using oligonucleotide primers RapH5’Bam-RapH3’Bam2, in the BamHI site of the 
vector thus generating a fusion to six histidine codons at the 5’ end of the gene.  The resulting plasmid, pET28-RapH, 
was transformed in the E. coli expression strain BL21(DE3)pLysS (Novagen) and cells were grown at 37ºC in M9ZB 
medium (Studier et al., 1990) until the density reached OD600=0.5.  The culture was transferred to a 16ºC shaker incu-
bator and protein expression was induced by the addition of 0.2mM isopropyl-beta-D-thiogalactopyranoside (IPTG).  
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Cells were grown for 18 hours before harvesting by centrifugation.  Cell pellet was resuspended in 50mM Tris-HCl 
pH 7.5, 300mM NaCl, 15mM β-mercaptoethanol, 1mM phenylmethylsulfonyl fluoride (PMSF), 10mM imidazole and 
1/1000 dilution of Protease Inhibitor Cocktail (Sigma).  Cells were lysed with a French press and the lysate was ultra-
centrifugated at 45,000 rpm in a Type 60TI rotor for 1 hour.  The clear lysate was recovered and incubated for 1 hour 
with Ni-NTA agarose (Qiagen) before loading it into a column.  The column was then washed with the cell resuspension 
buffer before eluting the RapH protein with a step gradient of imidazole.  Fractions containing the protein were pooled 
and dialyzed against 50mM Hepes pH 7.2, 200mM NaCl, 10mM DTT.  Glycerol was added to 30% final concentration 
and the protein was stored at -20ºC.
Expression of DegU in E. coli was obtained from plasmid pET20b (Novagen) by cloning the degU coding sequence 
generated by PCR amplification using oligonucleotide primers DegU5’ and DegU3’ in the NdeI-XhoI sites of the vector.  
This resulted in the fusion of six histidine codons to the 3’ end of the degU gene.  Plasmid pET20-DegU was trans-
formed in the E. coli expression strain BL21(DE3)pLysS (Novagen) and cells were grown at 37ºC in LB supplemented 
with ampicillin.  At OD600=0.7 protein expression was induced by the addition of 3mM IPTG and cells were grown for 
an additional 2 hours at 37ºC.  Harvested cells were resuspended in 50mM potassium phosphate buffer pH 7.8, 30mM 
NaCl, 5mM β-mercaptoethanol, 1mM PMSF.  Cells were lysed by sonication and the lysate was centrifuged for 30 min-
utes at 27,000g.  The clear lysate was recovered and incubated with Ni-NTA agarose (Qiagen) for 2 hours at 4ºC before 
pouring into a column.  The column was washed with the cell resuspension buffer before eluting the DegU protein with 
a step gradient of imidazole.  The protein was stored at -20ºC in the elution buffer supplemented with 25% of glycerol.
His6-YvaN was isolated from an E.coli strain harboring the pHis-YvaN plasmid (Hayashi et al., 2006) as follows. An 
overnight culture was diluted 1:100 into fresh TY with appropriate antibiotics. Growth was continued until OD 0.70 
under continuous shaking (250 rpm, 37°C). At that moment, expression of His6-YvaN was induced by the addition of 
1mM IPTG, and continued for 1 hour. Subsequently, cells were pelleted by centrifugation (10 minutes, 8000 rpm, 4°C), 
and stored at -80°C. The pellet was resuspended in 5 ml of buffer A (20mM Tris-HCl pH 8.0, 0.2M NaCl, 10mM MgCl2, 
7% glycerol, 1mM b-mercaptoethanol, 5mM imidazole), supplemented with Complete Mini Protease Inhibitor (Roche), 
and cells were disrupted by sonication. Cellular debris was removed by centrifugation (10 minutes, 14000 rpm, 4°C), 
and the supernatant fraction was incubated with 2ml of equilibrated Superflow NiNTA resin (Qiagen) in a total volume 
of 15ml of buffer A for 2 hours under continuous mixing. The column material was packed in a Poly-Prep Chromatog-
raphy Column (BioRad) and washed by gravity flow with 30 column volumes buffer A and 30 column volumes buffer B 
(identical to buffer A, but with 20 mM of imidazole). The protein was eluted from the column with buffer C (identical to 
buffer A, but with 500 mM imidazole), and 0.5 ml fractions were collected. Fractions were checked for protein content 
and purity by SDS-PAGE. Soluble protein was quantified using the RC/DC protein determination kit (BioRad), using a 
commercial bovine serum albumin solution (New England Biolabs) as a standard.
Purification of Spo0F, Spo0F~P, ComA, ComA-N-terminal domain, ComA-C-terminal domain,  RapA, and ComK 
were carried out as previously described (Bongiorni et al., 2005; Ishikawa et al., 2002; Susanna et al., 2006; Hamoen 
et al., 1998).

Electrophoretic mobility shift assay (EMSA)
EMSAs with ComK were performed essentially as described (Albano et al., 2005). In short, a 343bp DNA fragment 
comprising 302bp of the upstream region of rapH was amplified using primers PrapHFP-F and RapHFP-R and Exten-
sor polymerase (ABgene). The resulting fragment was end-labeled with T4 polynucleotide kinase (Roche) and [γ-32P] 
ATP, and premixed with ComK protein on ice. After incubation for 15 minutes at 37°C free probe and complexes were 
separated on a non-denaturing 6% polyacrylamide gel, in a 0.5-2x TAE gradient, dried and autoradiographed. For 
comparison a region upstream of the comGA open reading frame was included. EMSAs with ComA were carried out 
as described in Core and Perego (2003).

Alignment and construction of evolutionary tree
Amino acid sequences of RapA, RapB, RapC, RapD, RapE, RapF, RapG, RapI and RapJ were derived from SubtiList 
(http://genolist.pasteur.fr/SubtiList/; Moszer et al., 2002). The RapH amino acid sequence was based on published in-
formation (Hayashi et al., 2006) and DNA sequencing results. Proteins were aligned using ClustalW (Thompson et al., 
1994) and an evolutionary tree was generated using Treecon software (Van de Peer and De Wachter, 1994) as described 
before (van Hijum et al., 2002). Treecon output was prepared for publication using Corel Graphics Suite 11.
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Fluorescence microscopy 
Fluorescence microscopy of fluorescent reporter strains was carried out essentially as described (Smits et al., 2005b; 
Veening et al., 2004). To quantitate fluorescent signals from individual cells, captured images were imported into 
Quantity One software (BioRad). A grid for all cells was generated based on the phase-contrast image, and subse-
quently overlaid on unprocessed images from the CFP- and YFP-channels. Data from both channels was combined in 
Microsoft Excel for further analysis and graphs for publication were prepared in Corel Graphics Suite 11.

Reporter analyses
Single cell analyses of the GFP-reporter strains were performed as described before (Smits et al., 2005b). Cultures for 
b-galactosidase assays were grown at 37ºC in Schaeffer’s sporulation medium (Schaeffer et al., 1965) or in Spizizen 
minimal medium (Anagnostopoulos and Spizizen, 1961) with the appropriate antibiotics.  Samples were taken at hourly 
intervals, cells were harvested by centrifugation, resuspended in equal volume of Z buffer (Miller, 1972) and incubated 
at 37ºC for 5 minutes with 100μg/ml of lysozyme.  After treatment at room temperature with 0.1% Triton X-100, sam-
ples were assayed for b-galactosidase activity by the method of Miller (Miller, 1972).  The results shown are representa-
tive of at least two independent experiments.

Phosphatase and native gel protein-binding assay
The phosphatase activity of 6xHis-RapH against Spo0F~P was assayed essentially as described before (Bongiorni et 
al., 2006). The native polyacrylamide gel electrophoresis binding assay was carried out essentially as previously de-
scribed (Bongiorni et al., 2005).  Gels were run for 36 hours at 60V (constant voltage) at 4ºC.

DNA array analyses
To assess global transcriptional profiles, we employed in house developed microarrays, representing all open read-
ing frames of B. subtilis and several additional control genes. Details about the design of these arrays is described 
elsewhere (Lulko et al., 2007). Data was analyzed essentially as described before (den Hengst et al., 2005b). In short, 
three independent cultures per medium were grown for parental and RapH overproducing strains. Each open reading 
frame is represented by duplicate spots on the array. The indirect labeling of 20 mg of total RNA included a dye swap 
to compensate for possible dye-specific effects. After hybridization fluorescent signals were quantified with ArrayPro 
analyzer, and processed with MicroPrep (van Hijum et al., 2003). Statistical analysis was performed using CyberT 
(Baldi and Long, 2001; Long et al., 2001). Genes with a Bayes p-value below 1.0x10-4 with at least two-fold differential 
expression were considered to be significantly affected. Raw and normalized data as well as a hybridization scheme of 
these experiments can be obtained from http://molgen.biol.rug.nl/publication/rapH_data/.
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Supplementary material

Supplemental Figure 1: ComK and RghR can bind simultaneously to the promoter of rapH. A. Sequence of the upstream region 
of rapH and the start codon (white box, start) are derived from SubtiList (http://genolist.pasteur.fr/SubtiList/). Putative binding sites 
for RghR (RghR, in yellow), as well as the core promoter elements (-35 and -10, in gray) and transcriptional start site (+1), were 
determined by Hayashi and coworkers (Hayashi et al., 2006). The putative ComK binding site, composed of two AT boxes (AT1 
and AT2), is postulated on the basis of the published consensus sequence (Hamoen et al., 1998) and the position compared 
to the core promoter elements (Hamoen et al., 2002). It has to be noted that another ComK binding-site can be identified that 
overlaps the promoter elements (Berka et al., 2002; Hamoen et al., 2002). B. Electrophoretic mobility shift assays of a [γ-32P]-
ATP labeled rapH promoter fragment in the presence of purified ComK and/or RghR. Grey bars indicate shifted complexes of 
DNA and protein, triangles indicate super-shifted complexes. A black bar indicates unshifted probe. X marks the lane to which 
no protein was added. ComK was added to a final concentration of 300 nM.
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Supplemental Figure 2:  Analysis of 
the genome-wide transcriptional ef-
fect of RapH/PhrH overexpression 
in strains isogenic with 168 (trpC2) 
(Kunst et al., 1997).  Genes signifi-
cantly affected in a CyberT analy-
sis (see Materials and methods) 
were analyzed using FIVA software 
(Blom et al., 2007)  A.  Effect of 
RapH/PhrH overproduction in Spiz-
izen minimal medium.  B.  Effect 
of RapH/PhrH overproduction in 
Schaeffer’s sporulation medium.
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Supplemental Figure 3:  Time course analysis of abrB-gfp reporter strains grown in MMF medium supplemented with 1% 
xylose.  A.  Wild type strain B.  Strain XH, ectopically overexpressing RapH/PhrH from a xylose inducible promoter. Strains 
were grown in the presence (grey) or absence (red) of xylose. Colors are darker at later timepoints. Note the down-regulation of 
abrB transcription, as indicated by lower levels of fluorescence, in wild type or uninduced XH strains. Fluorescence is indicated 
in arbitrary units (AU) on a logarithmic scale.
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Supplemental Figure 5:  Time 
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of a srfA-lacZ (A) and a rapA-lacZ 
(B) reporter constructs in the follow-
ing background strains: wild type 
(- - ); spo0A (--); spo0AabrB 
(-- ).  Strains were all isogenic to 
JH642 (trpC2 phe-1).  Cells were 
grown in Schaeffer’s sporulation 
medium.  Samples were taken at 
hourly or half hourly intervals to 
represent the time of transition 
from exponential growth to station-
ary phase.
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Supplemental Figure 4:  Controls for RapH interaction assays.  A. RapA does not interact with ComA in the native gel binding 
assay.  Each protein was at 12 μM final concentration.  B. RapA does not inhibit the DNA binding activity of ComA. Concentra-
tions as in Figure 8. C. RapH does not interact with DegU in the native gel binding assay.  H: RapH; U: DegU; each protein was 
at 10 μM final concentration. Native gel analysis was carried out on 10% native Tris-Tricine gels as described in Bongiorni et 
al. (Bongiorni et al., 2005).
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Strain Description Relevant Genotype6 Reference

1681 parental trpC2 Kunst et al (1997)

yvaN deletion of yvaN yvaN::tet This study

Htet deletion of rapH  and phrH rapH-phrH::tet This study

HIC pICFP-rapH x3 168 PrapH-icfp, cat This study

XH(Cm) pXrapHphrH xx4 168 amyE, rapHhi 7-phrHhi, cat This study

XH(Em) pCm::Em xx XrapH(Cm) amyE, rapHhi-phrHhi, erm This study

GAY(Cm) pSG-comGAYFP x 168 PcomGA-yfp, cat This study

GAC(Cm) pSG-comGACFP x 168 PcomGA-cfp, cat This study

GAY(Em) pCm::Em xx GAY(Cm) PcomGA-yfp, erm This study

GAC(Em) pCm::Em xx GAC(Cm) PcomGA-cfp, erm This study

abrB-gfp pGFP-abrB x 168 PabrB-gfp, cat Veening et al. (2006a)

abrB-gfp XH XH(Em) 5 abrB-gfp PabrB-gfp, amyE, rapHhi-phrHhi, cat, erm This study

iyfp-IIA pIYFP-spoIIA x 168 PspoIIA-iyfp, cat Veening et al. (2004)

IIA-IY(Sp) pCm::Sp xx iyfp-IIA PspoIIA-iyfp, spc This study

GAC IIA-IY GAC  IIA-IY (Sp) PcomGA-cfp, PspoIIA-iyfp, cat, spc This study

GAC IIA-IY Htet Htet  GAC IIA-IY PcomGA-cfp, PspoIIA-iyfp, rapH-phrH::tet, 
cat, spc

This study

IIA-gfp pGFP-spoIIA x 168 PspoIIA-gfp, cat Veening et al. (2005)

IIA-gfp XH XH(Em)  IIA-gfp PspoIIA-gfp, amyE, rapHhi-phrHhi, cat, erm This study

srfA-gfp pGFP-srfA  x168 PsrfA-gfp, cat This study

srfA-gfp 0A SWV215  srfA-gfp PsrfA-gfp, spo0A::kan, cat This study; spo0A 
from SWV215 (Xu and 
Strauch, 1996)

srfA-gfp abrB ΔabrB  srfA-gfp PsrfA-gfp, abrB::erm, cat This study; abrB from 
Smits et al. (2005b)

srfA-gfp Psp-abrB BD2238  srfA-gfp PsrfA-gfp, Pspac-abrB, amyE, cat, spc This study; Pspac-abrB 
from BD2238 (Hahn et al., 
1995b)

srfA-gfp XH XH(Em)  srfA-gfp PsrfA-gfp, amyE, rapHhi-phrHhi, cat, ermi This study

GA-gfp pSG-comGA x 168 PcomGA-gfp, cat Veening et al., 2006b

GA-gfp(Km) pGA-GFP x 168 PcomGA-gfp, kan This study; pGA-GFP 
(Smits et al., 2005b)

GA-gfp comK BV2004  GA-gfp PcomGA-gfp, comK::spc, cat This study; comK from 
BV2004 (Hamoen et al., 
2002)

GA-gfp Htet Htet  GA-gfp PcomGA-gfp, rapH-phrH::tet, cat This study

GA-gfp(Km) 
XH(Cm)

XH(Cm)  GA-gfp(Km) PcomGA-gfp, amyE, rapHhi-phrHhi, cat, kan This study

GA-gfp XH(Em) XH(Em)  GA-gfp PcomGA-gfp, amyE, rapHhi-phrHhi, cat, erm This study

GAY HIC HIC  GAY(Em) PcomGA-yfp, PrapH-icfp, erm, cat This study

GAY HIC Phs-
comK

BD3836  GAY HIC PcomGA-yfp, PrapH-icfp, amyE, Phyper-
spank-comK, erm, cat, spc

This study; Phs-comK 
from BD3836 (Maamar 
and Dubnau, 2005)

GAY HIC comK 8G32  GAY HIC PcomGA-yfp, PrapH-icfp, comK::kan, erm, 
cat

This study

GAY HIC yvaN yvaN  GAY HIC PcomGA-yfp, PrapH-icfp, yvaN::tet, erm, 
cat

This study

Supplemental Table 1. B. subtilis strains used in this study.
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Strain Description Relevant Genotype6 Reference

GAY HIC yvaN 
comK

GAY HIC comK  GAY 
HIC yvaN

PcomGA-yfp, PrapH-icfp, yvaN::tet, comK::
kan, erm, cat

This study

JH6422 parental trpC2, phe-1

JH11028 rapA-lacZ in amyE in 
spo0A/abrB double mutant

rapA-lacZ, spo0A12, abrB::cat, kan Perego et al., 1988; 
Stephenson et al., 2003

JH12981 rapA-lacZ in amyE rapA-lacZ, amyE, kan Stephenson et al., 2003

JH11432 abrB-lacZ in amyE abrB-lacZ, amyE, spc Strauch et al., 1989

JH11205 comG-lacZ in amyE comG-lacZ, amyE, kan This study

JH11694 srfA-lacZ in amyE srfA-lacZ, amyE, kan This study

JH12546 spo0A abrB double mutant spo0A12, abrB::Tn917erm Perego et al., 1988

JH23065 rapC rapF double mutant rapC::spc, rapF::cat Bongiorni et al., 2005

JH27087 pBS19  JH11205 comG-lacZ, amyE, kan, cat This study

JH27088 pBS19-RapH2  JH11205 comG-lacZ, amyE, kan, cat, rapHhi 7 This study

JH27089 pBS19-RapH3  JH11205 comG-lacZ, amyE, kan, cat, rapHhi, phrHhi This study

JH27090 pBS19  JH12981 rapA-lacZ, amyE, kan, cat This study

JH27091 pBS19-RapH2  JH12981 rapA-lacZ, amyE, kan, cat, rapHhi This study

JH27092 pBS19-RapH3  JH12981 rapA-lacZ, amyE, kan,, cat, rapHhi, phrHhi This study

JH27093 pBS19  JH11432 abrB-lacZ, amyE, spc, cat This study

JH27094 pBS19-RapH2  JH11432 abrB-lacZ, amyE, spc, cat, rapHhi This study

JH27095 pBS19-RapH3  JH11432 abrB-lacZ, amyE, spc, cat, rapHhi, phrHhi This study

JH19207 pHT315S  JH11028 rapA-lacZ, amyE, kan, spo0A12, abrB::
cat, erm

This study

JH19208 pHT315S-RapH2  
JH11028

rapA-lacZ, amyE, kan, spo0A12, abrB::cat, 
erm, rapHhi

This study

JH19209 pHT315S-RapH3  
JH11028

rapA-lacZ, spo0A12, abrB::cat, erm, amyE, 
kan, rapHhi-phrHhi

This study

JH27096 pJM115-RapHlac  JH642 rapH-lacZ, amyE, kan This study

JH27097 QB4721  JH27096 rapH-lacZ, amyE, kan, comK::cat This study; QB4721 from 
Msadek et al. (1994)

JH19239 JH11694  JH12546 srfA-lacZ, spo0A12, abrB::Tn917erm, 
amyE, kan

This study

JH27117 Htet  JH19239 srfA-lacZ, spo0A12, abrB::Tn917erm, 
amyE, kan, rapH::tet

This study

JH27118 JH23065  JH19239 srfA-lacZ, spo0A12, abrB::Tn917erm, 
amyE, kan, rapC::spc, rapF::cat

This study

JH27119 Htet  JH27118 srfA-lacZ, spo0A12, abrB::Tn917erm, 
amyE, kan, rapC::spc, rapF::cat, rapH::tet

This study

1) Following strains are all derivatives of strain 168 and therefore carry the trpC2 auxotrophic marker.
2)  Following strains are all derivatives of JH642 and therefore carry the trpC2, phe-1 auxotrophic markers.
3)  x: indicates construction by transformation with plasmid DNA followed by single cross over homologous recombination.
4)  xx: indicates construction by transformation with plasmid DNA followed by double cross over integration.
5)  : indicates construction by transformation using chromosomal DNA or a replicative plasmid as donor.
6)  Antibiotic resistance genes: cat=chloramphenicol; erm=erythromycin; kan=kanamycin; spc=spectinomycin, tet=tetracyclin
7)  hi indicates overproduction due to presence of multiple copies of the locus on a replicative plasmid (pBS19 derivatives), or 
overexpression by xylose induction (pX derivatives) or spac promoter constitutive transcription (pHT315S derivatives).

Supplemental Table 1 (cont’d)
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Plasmid Description Reference

pGEM-T Easy Cloning vector Promega
pGT-yvaN pGEM-T Easy derived vector containing a fragment of the B. Subtilis 

chromosome encompassing the yvaN gene
This study

pGT-yvaN-1514 pGT-yvaN derived vector where the yvaN ORF has been replaced with 
a tetracyclin resistance marker

This study

pICFP Cloning vector for making C-terminal fusions with cfp variant Veening et al., 2004
pICFP-rapH pICFP derived vector containing the promoter region and part of the 

ORF of rapH
This study

pSG1151 Cloning vector for GFP C-terminal fusions Lewis and Marston, 
1999

pSG1186 Cloning vector for CFP C-terminal fusions Feucht and Lewis, 
2001

pSG1187 Cloning vector for YFP C-terminal fusions Feucht and Lewis, 
2001

pX Integration vector containing a xylose inducible promoter Kim et al., 1996
pGFP-srfA pSG1151-derived vector containing the PsrfA promoter fused This study
pSG-comGACFP pSG1186 derived vector containing PcomGA fused to CFP This study 
pSG-comGAYFP pSG1186 derived vector containing PcomGA fused to YFP This study
pXrapHphrH pX derivative harboring the rapHphrH locus This study
pCm::Em (pECE72) Plasmid for the exchange of a chloramphenicol marker with a erythro-

mycin marker
obtained from BGSC, 
(Steinmetz and Rich-
ter, 1994)

pCm::Sp (pECE74) Plasmid for the exchange of a chloramphenicol marker with a spec-
tinomycin marker

obtained from BGSC, 
(Steinmetz and Rich-
ter, 1994)

pGA-gfp pUC-derived vector containing PcomGA fused to GFP Smits et al., 2005b
pBS19 Replicative shuttle vector derivative of pBS42 Band and Henner, 

1984 and unpublished 
data

pHT315 Replicative shuttle vector Arantes and Lereclus, 
1991

pHT315S Replicative shuttle vector containing the spac promoter Worner et al., 2006
pJM115 Transcriptional lacZ fusion vector KmR derivative of pDH32 Perego, 1993
pET28a Vector for protein expression Novagen
pET28-RapH pET28 carrying the rapH coding sequence as a BamHI fragment This study
pBS19-RapH2 pBS19 carrying the rapH gene and its promoter, 1350bp This study
pBS19-RapH3 pBS19 carrying the rapH-phrH  genes and their promoter, 1560bp This study
pHT315S-RapH2 pHT315S carrying the rapH gene and its promoter, 1350bp This study
pHT315S-RapH3 pHT315S carrying the rapH-phrH  genes and their promoter, 1560bp This study
pJM115-RapHlac rapH-lacZ transcriptional fusion This study

Supplemental Table 2.  Plasmids used in this study.
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Oligonucleotide Sequence (5’ > 3’)
rapHup-F GCG AAC TTG CTG GAA TAT GG

rapHup-R CGG GAT CCA CGG TAT GGC TTG ACT CAA C

rapHdown-F GGG GTA CCT TCC ACA TCG CGG CAT TCC T

rapHdown-R TCG GCA CGC TGT AAG TCT TC

RNlacZfw GGT TTT CCC AGT CAC GAC GTT GTA A

RNlacZrv GTG AGC GGA TAA CAA TTT CAC ACA GG

yvaNup-F GGA AAC TGC AGG GAT TCG CTT GGC TAC AAC T

yvaNdown-R GGA AAC TGC AGG AAC TCT GCC GCT TAG AT

yvaNdown-F CGG GAT CCC TGC TGA TGA CTG ACT CTT G

yvaNup-R CGG AAT TCG CAA TGC CCG TAA TTG TTC G

rapHFP-F GGG GTA CCT AGT TGC CCA GGA AGA GCA T

rapHFP-R AAA ACT GCA GGC TAA GGG CTT TCT TCT GAT C

PrapHFP-R GGA ATT CCG AAG ACG GTA TGG CTT GAC

pXrapH-F GCT CTA GAG AAG GAG GGA AGC CG

pXrapH-R CGG GAT CCC TAG CTA AGG GCT TTC TTC

srfA-F CCC AAG CTT GCT GAG AGA GCG TGA GCA GGA TAT G

srfA-R
CGG AAT TCC ATT TCC TCT CCT CCT CTA ATC TTT ATA AGC AGT GAA 
CAT GTG C

RapH5’Kpn TTT GAG GTA CCT GAG GAA CAG GTG AAG GTT C

RapH3’Bam2 CAT CAG GAT CCT TCT TAT ATG GCA TAT AAA CAC

RapH3’Bam3 GAA GGG ATC CGC GAT GTG GAA AAT GGA AC

RapH5’Bam GAA GGA TCC TTG AGT CAA GCC ATA CC

RapHprom3’Bam TTA TAG GAT CCA TTA ATC TTA ACA CCA AC

comG5’ CAG AAA GAA TTC GTT TTT CAG CAT ATA ACA TC

comG3’ CGT AAG GGA TCC GTT TTG CGG CTT TCG CCT TTC

DegU5’ GCG TGG CAT ATG ACT AAA GTA AAC ATT GTT ATT ATC

DegU3’ CTA TTC TCG AGT CTC ATT TCT ACC CAG CCA TTT TTA ATG

srfApromEco TAT GGA ATT CAT TGA TAT CGA CAA AAA TGT C

srfApromBam CTT ACG GAT CCC CGC AAG ATT TGA AAT G  

Supplemental Table 3:  Oligonucleotide primers used in this study
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Tricksy business: transcriptome analysis reveals 
the involvement of thioredoxin A in redox  
homeostasis, oxidative stress, sulfur metabolism 
and cellular differentiation in Bacillus subtilis

Thioredoxins are important thiol-reactive proteins. Most knowledge about this class of 
proteins is derived from proteome studies, and little is known about the global transcrip-

tional response of cells to varying thioredoxin levels. In Bacillus subtilis, thioredoxin A is 
encoded by trxA, and is essential for viability. In this study we report the effects of minimal 
induction of a strain carrying an IPTG-inducible trxA gene (ItrxA) on transcription levels, as 
determined by DNA macro-arrays. The effective depletion of thioredoxin A leads to induc-
tion of genes involved in the oxidative stress response (but not those dependent on PerR), 
phage-related functions, and sulfur utilization. Also, several stationary phase processes, 
such as sporulation and competence, are affected. The majority of these phenotypes are 
rescued by a higher induction level of ItrxA, leading to an approximate wild-type level of 
thioredoxin A protein. Comparison with other studies shows that the effects of thioredoxin 
depletion are distinct from, but show some similarity to, oxidative stress and disulfide stress. 
Some of the transcriptional effects may be linked to thioredoxin-interacting proteins. Finally, 
thioredoxin-linked processes appear to be conserved between prokaryotes and eukaryotes. 
 
Introduction

Thioredoxins 
Thioredoxins are relatively small (~13 kDa), heat-stable, ubiquitous proteins, characterized by 
the presence of a conserved amino acid motif, WCGPC. In the bacterial cell, thioredoxins are 
involved in a number of important reactions (for reviews see Arner and Holmgren, 2000; Danon, 
2002; Gleason and Holmgren, 1988). First of all, they are implied in the maintenance of the 
intracellular redox state. Secondly, thioredoxins are involved in the response of cells to oxida-
tive stress. Thirdly, this class of proteins can serve as efficient oxidoreductases of disulfides in 
low MW compounds and proteins, through thiol-disulfide exchange reactions. In this respect, 
thioredoxins are thought to be key-players in the prevention of the formation of disulfide bonds, 
especially for cytoplasmic proteins. Finally, thioredoxins can exert an effect through functional 
association with other proteins. Many of these functions depend on the reducing potential of 
thioredoxin. Recycling of this reducing potential of thioredoxins is mediated by a thioredoxin 
reductase in a NADPH-dependent manner.
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Thioredoxin A (TrxA)
In the Gram-positive bacterium Bacillus subtilis, thioredoxin A is encoded by the trxA gene. Its 
product is essential for cell viability (Kobayashi et al., 2003), and is induced by multiple kinds 
of stresses (Scharf et al., 1998). Expression of the gene is driven from a sigma A (housekeeping) 
or sigma B (general stress) promoter (Scharf et al., 1998). Although thioredoxin has been rather 
well studied in several other organisms, little is known about the B. subtilis protein and its func-
tion. Interestingly, none of the other  9 thioredoxin-like genes (ybdE/skfH; Gonzalez-Pastor et al., 
2003), ydbP, ydfQ, ykuV, ykvV (spoIVH/stoA; Imamura et al., 2004; Tanaka et al., 2004; Erlends-
son et al., 2004), yneN, yosR, ytpP, yusE) encoded on the genome of this bacterium is essential, 
indicating a critical role for thioredoxin A in the cell (J-Y.F. Dubois, unpublished observations). 

Aim of this study
Most of the knowledge about thioredoxin A is inferred from proteome studies in other organisms 
than B. subtilis. Furthermore, little is known about the possible pleiotropic effects of thioredoxin-
depletion on global transcription levels. In this study, we assessed the effects of thioredoxin A 
levels on transcription when B. subtilis is grown in minimal medium, by comparing the gene 
expression profiles of an IPTG-inducible trxA strain (ItrxA) with those of a wild type strain in 
the early stationary growth phase. This analysis was primed by the observation that several sta-
tionary phase processes seemed affected in the ItrxA mutant in a phenotype screen. The minimal 
medium is frequently used in B. subtilis research and contains a low amount of redox active 
compounds, if any. By inducing with minimal amounts of IPTG (25 µM), thioredoxin A is effec-
tively depleted, whereas induction with 100 µM of IPTG restores the protein to an approximately 
wild-type level (Figure 1 and J.-Y.F. Dubois, unpublished observations). To our knowledge this 
is the first assessment of the transcriptional effects of thioredoxin depletion in bacteria, which 
contributes to the understanding of the cellular functions of the thioredoxin protein.

Results and discussion

Changes in global transcription levels
In this study we present the first overview of the global effects of thioredoxin A levels on tran-
scription in the Gram-positive bacterium B. subtilis. To this end, we made use of the strain ItrxA 
harbouring an IPTG-inducible variant of trxA, encoding thioredoxin A. Induction with 25 µM of 
IPTG permits wild-type growth, yet levels of thioredoxin A are below the detection limits of a 
Western blot. In contrast, when the strain is induced with more than 100µM of IPTG, thioredoxin 
A levels are similar to wild type (Figure 1). Hence, comparison of the transcription profiles of the 
ItrxA strain grown in 25 µM or 100 µM of IPTG to those of a wild type B. subtilis strain allows 
the assessment of the transcriptional response to thioredoxin A depletion, and indicates if these 
can be reverted to wild-type by inducing to near-wild type levels of thioredoxin A.

Figure 1. Western blot detection of TrxA protein in a wild-type B. sub-
tilis 168, and the ItrxA strain grown in the presence of 25 or 100 µM 
IPTG.

168 I
0 25 500

trxA

TrxA
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A total number of 636 genes showed a greater than 2-fold change in transcription level, com-
bined with a p-value below 0.025, in at least one of the conditions tested. This list is available 
as Supplementary material from the journal’s website (Table S1). The number of affected genes 
corresponds to about 15% of all the open reading frames of the B. subtilis genome. Of these, 
435 were only affected in the ItrxA cells induced with 25 µM of IPTG (hereafter referred to as 
ItrxA 25 cells), in which thioredoxin A is effectively depleted, and these are hereafter referred 
to as class I. A small group, class II (consisting of 63 genes), was only affected in the ItrxA cells 
induced with 100 µM of IPTG (hereafter referred to as ItrxA 100 cells). The third group (class 
III), of 138 genes, contains genes that have p-values below 0.025 for both conditions tested, and 
show a greater than 2-fold change in transcription in at least one of the ItrxA transcription pro-
files. In fact, the majority of the genes from this class shows a greater than 1.5-fold restoration of 
transcription levels in the direction of a wild-type strain in the ItrxA 100 cells, suggesting that the 
phenotype associated with thioredoxin depletion might be rescued by higher induction levels of 
the ItrxA strain. Remarkably, only a small group of genes shows an increase in fold-difference in 
expression in the ItrxA 100 cells, compared to the ItrxA 25 cells. Together, these results indicate 
that the thioredoxin A levels rather than constitutive expression cause the transcriptional changes 
in the ItrxA mutant. 

Thioredoxin-related proteins
In response to the depletion of thioredoxin A, caused by the minimal induction of ItrxA, it can 
be expected that B. subtilis employs a strategy to counter the effects of the resulting stress. Other 
thioredoxins or thioredoxin-related proteins are excellent candidates for this response. Indeed, in 
the ItrxA 25 cells, transcription of the thioredoxin B gene, encoding the thioredoxin reductase, 
is about 8-fold increased. Thioredoxin reductase (trxB) is required to recycle the reducing po-
tential of thioredoxin, and increased transcription of trxB could therefore indicate a high ratio of 
oxidized TrxA compared to its reduced form, or low availability of TrxA in general. In the ItrxA 
100 cells, the difference in transcription of trxB between wild-type and mutant is reduced to 2.3-
fold. Another gene, ydbP, encodes a thioredoxin A-like protein. The transcription of this gene is 
increased moderately in the ItrxA 25 cells (2.3-fold), but shows no significant difference in ex-
pression level in the ItrxA 100 cells. Interestingly, a gene encoding a protein with high homology 
to glutaredoxin (PFAM000462, COG0695), ytnI, is up-regulated about 450-fold in ItrxA 25 cells, 
whereas the difference with wild type in the ItrxA 100 cells is only 5-fold. The ytnI gene is part 
of the putative ytmI operon, encoding a transporter for L-cystine uptake (Burguière et al., 2004). 
It has also been reported that ytnI (renamed moxB in that study, for methionine sulfoxide oxidase) 
is part of a transcript containing ytmO (Sekowska et al., 2001). The genes in this region show 
similar up-regulation (see Stationary-phase processes below). As B. subtilis lacks the enzymes 
to synthesize glutathione (Kunst et al., 1997), an increase of the glutaredoxin-like protein YtnI 
could serve to reduce oxidized disulfides. Alternatively, it can be envisaged that glutathione from 
the medium is taken up and used as cellular reductant, as has been suggested for L. lactis SK11 
(Li et al., 2003). In this case the YtnI could serve to regenerate functional glutathione.
Thioredoxin A is thought to be a key-player in maintaining the intracellular redox state. Since no 
obvious effect of minimal induction of trxA on growth or viability was observed, we wondered 
whether the observed up-regulation of the thioredoxin-like genes might restore the intracellular 
redox state to levels that approximate those observed in wild-type B. subtilis. To investigate 
this, a xylose-inducible redox-sensitive variant of GFP was introduced in the amyE-locus of the 
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B. subtilis chromosome. Previous work has demonstrated that the fluorescent properties of this 
variant of GFP change depend on the bonding state of the cysteines that have been introduced 
(Dooley et al., 2004; Hanson et al., 2004). The mean fluorescence of the cells, when analyzed by 
flow cytometry, increases as the cytoplasm becomes more oxidized. From Figure 2 it can be seen 
that fluorescence in the ItrxA 25 cells is significantly higher than in the same strain induced with 
100 or 500 µM IPTG. Thus, despite the up-regulation of thioredoxin-like genes, the cytoplasm in 
the ItrxA 25 cells is more oxidized than in the ItrxA 100 cells. There is no appreciable difference 
between the ItrxA 100 and 500 cells, consistent with biochemical data that shows that levels of 
TrxA are similar to wild-type in both cases (data not shown). 
The results above demonstrate that although depletion of thioredoxin A leads to increased tran-
scription of trxB, ydbP and ytnI, encoding (putative) thiol-reactive proteins, this up-regulation is 
insufficient to restore the cytoplasmic redox state of TrxA-depleted cells to that observed in cells 
with wild-type levels of thioredoxin. Thioredoxin A thus plays a critical role in maintaining the 
intracellular redox state of B. subtilis.

Redox catalytic proteins
For several enzymes it has been demonstrated that transiently formed disulfide bridges are part 
of their catalytic cycle. These proteins include ribonucleotide reductases, methionine sulfox-
ide reductases and phosphoadenosyl phosphosulphate (PAPS) reductases. The thiol-dependent 
oxido-reductase activity of thioredoxin is thought to be of importance for the functionality of 
these enzymes. Therefore, we examined the effects of thioredoxin depletion on the genes coding 

Figure 2. Flow cytometric analysis of xylose-in-
duced expression of a redox-sensitive GFP in 
the ItrxA mutant upon induction with 25, 100 or 
500 µM of IPTG. A. Fluorescence distribution of 
a typical experiment; B. Mean fluorescence of a 
culture based on flow cytometric data.
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for these proteins. In B. subtilis, nrdEF codes for ribonucleoside diphosphate reductase (Scotti 
et al., 1996). A putative homologue of these genes, yosP, is also found in the ItrxA results. The 
genes behave like class I genes in the transcriptome experiments with the ItrxA strain, showing 
a 3.2-3.5-fold up-regulation in ItrxA 25 cells. Methionine sulfoxide reductases are encoded by 
the msrA gene (Hayes et al., 1998), and its putative homologue yppQ. Both genes show a greater 
than 2-fold up-regulation only in the ItrxA 25 cells. cysH, finally, was identified as the gene 
encoding the PAPS sulfotransferase or thioredoxin-dependent PAPS reductase (Berndt et al., 
2004; Mansilla and de Mendoza, 1997). Upon depletion of thioredoxin A, this gene is 7.7-fold 
up-regulated.

Phage-related functions
A single group of genes stood out clearly, being strongly induced upon thioredoxin A depletion. 
In the ItrxA 25 cells, operons and genes with annotated phage-related functions (xhlAB, yqaK 
and the xkd-, xtm-, xtr-, yqb-, yqc-, and yqx-operons), in general show an up-regulation of 2-72 
fold, whereas these genes are not affected in the ItrxA 100 cells. Most of the genes belong to the 
PBSX prophage that is present in the B. subtilis chromosome (Wood et al., 1990). Thus, it seems 
that thioredoxin A depletion stress is a novel trigger for the induction of the PBSX prophage 
located in the B. subtilis genome. Despite the transcriptional response of the PBSX genes, we 
observed no lysis of ItrxA 25 cells in the timeframe of our transcriptome study, nor under any 
other condition of growth tested. At least partially, the induction of the prophage genes can be 
explained by the fact that PBSX induction is part of the so called SOS-response (McDonnell et 
al., 1994). However, the severity of the transcriptional up-regulation of (pro)phage-related genes 
in general is much greater than the other SOS-related genes (uvrA, dinB, tagC), indicating that 
another regulatory mechanism may be involved. A known transcriptional repressor of the PBSX 
prophage, Xre (McDonnell and McConnell, 1994), contains no cysteines. A positive regulator 
of PBSX, Xpf (McDonnell et al., 1994), contains a single cysteine residue, but this residue is 
predicted to be in a non-bonded state based in a CysPred analysis (http://gpcr.biocomp.unibo.it/
cgi/predictors/cyspred/pred_cyspredcgi.cgi). This indicates that, if thioredoxin should have an in-
teraction with either one of these regulators, it is not likely to be due to thiol-reactivity. Together, 
these results indicate that thioredoxin stress-dependent induction of (pro)phage genes, may rely 
on a yet unknown mechanism, in addition to the SOS-response.

Stationary phase processes
Amongst the genes that are most strongly repressed in the ItrxA 25 cells, a large group is formed 
by those involved in competence for genetic transformation. Expression of late competence genes, 
and therefore competence development as a whole, is governed by the key-regulator ComK (van 
Sinderen et al., 1995b). The macroarray results from the ItrxA strain clearly reveal that the low 
expression of the late-competence genes in the ItrxA 25 cells is due to low expression levels of the 
gene encoding the key-regulator for competence, ComK. The comK gene is over 8.5-fold lower 
expressed in the ItrxA 25 cells compared to wild type, which is similar to the results obtained 
with a comK disrupted strain (Hamoen et al., 2002). All but three genes of the so called core 
ComK-regulon, defined in the same study, were similarly repressed in the ItrxA 25 cells. Moreo-
ver, several other genes for which ComK-dependency was demonstrated were also represented 
in the results from this study (Table 1). In the ItrxA 100 cells, transcription levels of most of the 
late competence genes were comparable to wild type, or showed at least a substantial correction 
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towards wild type levels. Consistent with these findings, transformation frequencies of ItrxA 25 
cells as tested in a standard assay (Hamoen et al., 2002) were extremely low, whereas ItrxA 100 
cells were readily transformed (data not shown). Further characterization of the level at which 
thioredoxin A acts in the competence signal transduction cascade is currently in progress (see 
Chapter 9). 
Comparison of the results from the DNA macroarrays carried out with a comK disruption mutant 
(Hamoen et al., 2002) and the ItrxA strain, leads to some additional interesting observations. For 
instance, it was reported that the nucA-nin region of the genome of B. subtilis contains several 
ComK-dependent genes. Yet, based on the ComK-regulon study it was difficult to comment 
on transcriptional organization, possibly because of the presence of anti-sense RNA detection 
(Baerends et al., 2004; Hamoen et al., 2002) and indirect effects. In the ItrxA arrays, most of the 
genes in this region behave like ComK-regulated genes (i.e. severely down-regulated in the ItrxA 
25 cells, see Figure 3 and Table 1). However, two genes, yckG and yckF (hxlA and hxlB (Yasueda 
et al., 1999)) show opposite behavior. This indicates that these genes do not strictly depend on 
ComK for their regulation, or that they are subject to regulation by another factor. A logical 
candidate (yckH, or hxlR), which has been shown to positively regulate these genes (Yasueda 

Similar to comK Similar to comK

Classb Gene namec Classb Gene namec

I bmrU III yhxD

III comC III ykzA

III comEABC I yqgJ

III comER III yqzE

III comFABC III yrhL

III comGABCDEFG III ysxA

I comK I yvrNM

I cwlJ I yvrP

II maf III ywfL

III med III ywfM

I nin III ywpH

III nucA I yxiP

I rapH III yyaF

I sacX

III sacY

III spoIIB

I sucC Not similar to comK

I tlpC Class Gene name

III ybdK I dinB

I ybyB I tagC

III ycbP I trpC

III ycbR I yckF

III yckBA I yckG

III yckCDE I yorB

I yckH III yqeN

Table 1. ComK-regulated genes affected in the ItrxA mutanta

a The study of Hamoen and colleagues (2002) was used as 
reference because of similarities in experimental procedures

b I) significantly affected in ItrxA 25, II) significantly affected in 
ItrxA 100, III) significantly affected in both ItrxA 25 and 100 

c Genes indicated in bold belong to the core ComK-regulon 
(Hamoen et al., 2002)
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et al., 1999), behaves like a ComK-dependent gene. The results thus point towards the latter 
mechanism, and suggest that the putative ComK-dependent induction of yckGF (hxlAB) may be 
through yckH (hxlR). Similarly, the genes dinB, tagC, trpC, yorB and yqeN do not behave like 
classical ComK-dependent genes. In the case of the first two, this may be because these are are 
members of the SOS regulon (Yasbin et al., 1991), which is induced by oxidative stress. yqeN, 
whose product shows similarity to DNA polymerase III, is a gene located downstream of comEC. 
It was suggested that the observed ComK-dependency was due to transcriptional read-through 
from the comE-operon (Baerends et al., 2004).
In our list of genes we also noted a transcriptional effect on several genes involved in sporulation, 
of which the regulatory network is closely intertwined with competence development. However, 
the directionality of the response of the sporulation genes was not conserved. For instance, the 
gene encoding the stage II protease spoIIGA, which activates sigma E (Jonas et al., 1988), shows 
a consistent up-regulation of about 12-fold in both the ItrxA 25 and the ItrxA 100 cells. Similarly, 
spo0F, spoIIP and spoVD are up-regulated. In contrast, spoIIB, spoIIIAD and spoIVCB (encod-
ing the N-terminal part of sigma K) are down-regulated. Therefore, a standard sporulation test 
was performed in sporulation medium, which revealed that in the ItrxA 25 cells no chloroform 
resistant spores are formed (data not shown). Most likely, TrxA influences spore formation at 
the later stages of sporulation. Consistent with this hypothesis, it was recently reported that the 
thiol-disulfide oxidoreductase YkvV (SpoIVH or StoA; Erlendsson et al., 2004; Imamura et al., 
2004; Tanaka et al., 2004) is essential for cortex formation, and it was suggested that its action 
depends on thioredoxin A (Erlendsson et al., 2004). Depletion of TrxA could lead to an altered 
functionality of this protein, and loss of a chloroform-resistant cortex.

Sulfur uptake and utilization
In the list of genes affected in the ItrxA 25 cells, those involved in cysteine metabolism and the 
closely related sulfur metabolism are clearly up-regulated (summarized in figure 4, for review 
see Grundy and Henkin, 2001). The effects extend to multiple pathways, such as the uptake 
and utilization of sulfates (ylnBC (now renamed sat and cysC), cysH, ylnDF, and cysK) and 
sulfonates (the ssu-operon), and the synthesis of cysteine from S-adenosyl homocysteine (SAH) 

Figure 3. A. The transcriptional 
response of the nucA-nin ge-
nome region in the ItrxA mutant 
cells. B. The transcriptional re-
sponse of the cah-ycg genome 
region in the ItrxA mutant cells. 
Thin black arrows indicate 
no significant fold-difference 
with wild-type. Thick gray ar-
rows indicate a transcriptional 
response upon thioredoxin A 
depletion (p<0.025). Fold differ-
ences in expression-levels are 
given above the gene names.
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via S-ribosyl homocysteine (SRH) homocysteine and cystathionine (requiring mtn (also known 
as mntN), luxS, yrhAB). In addition, recently identified uptake systems of cystine (the oxidized 
form of cysteine) and, possibly, organic sulfur-containing compounds  (ytmJKLM (also known 
as tcyJKLMN), yhcL (tcyP), yckKJI (tcyABC) and yxeMNO, respectively) show a similar pat-
tern (I. Martin-Verstraete, personal communication, and Burguière et al., 2004). ytmJKLM has 
also been implied in methionine sulfoxide degradation by Sekowska and coworkers, and was 
renamed mdgOPQT in that study (Sekowska et al., 2001). In fact, only three genes from the sulfur 
uptake and –utilization pathways are not significantly affected; cysP, and cysJI. The cysP gene 
product is the transporter involved in the uptake of sulfate from the environment (Mansilla and 
de Mendoza, 2000). Upon closer inspection, this gene showed a rather large up-regulation, but it 
was ignored because of the cut-off settings imposed in the experiment (p<0.025). The products 
of cysJI (previously known as yvgRQ) are responsible for the conversion of the sulfite pool in 
the cell into sulfide. This operon is under additional control of CysL (YwfK) (Guillouard et al., 
2002). The differential regulation of cysJI and the other sulfur related genes suggest that an ad-
ditional regulator involved in this process may exist, and that CysL is probably not a target for 
thioredoxin A in B. subtilis. 
In a number of studies a link between oxidative stress and auxotrophy for certain amino acids 
has been reported (Benov et al., 1996; Benov and Fridovich, 1999; Carlioz and Touati, 1986). 
Most notably, auxotrophy for cysteine in E. coli has been attributed to the leakage of sulfite 
from the cells (Benov and Fridovich, 1997). Based on proteome studies in other organisms (see 
Supplementary material), several candidate proteins interacting with thioredoxin, and involved 
in cysteine metabolism, were identified (cysteine synthetase, sulfite reductase and sulfate adeny-
lyl transferase). CysK, cysteine synthetase (van der Ploeg et al., 2001), is suggested to be a central 
checkpoint for sulfur metabolism (I. Martin-Verstraete, personal communication), and reduced 
activity of this enzyme is thought to be responsible for the leakage of sulfite from the cells (Ben-
ov et al., 1996). In addition, Berndt and colleagues recently reported that CysH from B. subtilis, 

Figure 4. The effect of thioredoxin A 
depletion on the transcription of genes 
involved in sulfur uptake and -utiliza-
tion. Gene names are indicated in ital-
ics. Alternative gene names for some 
of the genes are given in paragraph 
3.6. Fold regulation of genes in ItrxA 
25 cells compared to wild-type is given 
in brackets behind the gene names. 
When gene names are in brackets too, 
p-values did not meet our criteria. SAH 
= S-adenosyl homocysteine, SRH 
= S-ribosyl homocysteine. Question 
marks indicate the involvement of an 
unknown factor, or a postulated func-
tion.
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a 3’-phospho/adenosine-phosphosulfate-sulfonucleotide reductase complex (Figure 4), can use 
thioredoxin as reductant (Berndt et al., 2004). CysJI is the B. subtilis sulfite reductase (Guillou-
ard et al., 2002; van der Ploeg et al., 2001). Although transcription of the genes encoding this en-
zyme complex is not affected in the ItrxA mutants, this does not exclude an interaction between 
the protein(s) and thioredoxin A. Finally, a TRX1/2 double mutant of yeast has been proved to be 
unable to grow in a defined medium without methionine or cysteine (Muller, 1991). Considering 
this information, we wondered whether the ItrxA 25 cells would be auxotrophic for cysteine. To 
test this hypothesis, we grew the ItrxA strain in a chemically defined medium, containing either 
25 or 100 µM of IPTG, and with or without cysteine (Figure 5). The results demonstrate that the 
ItrxA strain with 100µM of IPTG shows similar growth characteristics in the medium with or 
without cysteine. However, the ItrxA 25 cells is severely impaired in growth in this CDM. Note, 
however, that in the minimal medium used for the array experiment, no significant difference in 
growth was observed. The growth defect of the ItrxA 25 cells in CDM is partially restored when 
the cells are grown in the presence of cysteine, yet, it does not reach ItrxA 100 levels. The fact 
that no absolute auxotrophy is observed can be due to the small amount of thioredoxin that is still 
present in the ItrxA 25 cells (the thioredoxin A gene is essential; Kobayashi et al., 2003). 
In conclusion, the results from this study suggest a critical role for thioredoxin A in sulfur utiliza-
tion of B. subtilis. This characteristic might contribute to the essentiality of the TrxA protein.

Comparison with transcriptome results from related stresses in B. subtilis
The results from the DNA macroarray analysis of ItrxA show substantial similarity to the results 
from studies on the transcriptional response of B. subtilis to related stresses. Therefore, a more 
careful comparison seems to be justified.
Thioredoxin A is involved in maintaining the intracellular redox state, which is greatly influ-
enced by the presence or absence of intracellular reactive oxygen species (ROS).  ROS in the cell 
can be formed as a byproduct of natively occurring chemical reactions, such as the respiratory 
chain reactions, or as a results of exposure of the cells to ionizing radiation or chemicals, such 
as hydrogen peroxide. Also, thioredoxin A of B. subtilis has been implied in the oxidative stress 
response (Scharf et al., 1998). In B. subtilis, Mostertz and colleagues performed transcriptome 
and proteome analyses of cells in response to superoxide and peroxide stress (oxidative stress), 
induced by treatment with paraquat and hydrogen peroxide, respectively (Mostertz et al., 2004). 
When the data from the ItrxA strain is compared with the list of 355 genes identified in the study 

Figure 5. Growth of the ItrxA mutant in chemi-
cally defined medium with cysteine (squares), 
or without cysteine (triangles). Medium supple-
mented with 25 µM (open symbols) or 100 µM 
(closed symbols) of IPTG. Time in hours after 
inoculation.
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by Mostertz and colleagues, 94 genes were found to be in common between the two datasets. 
Interestingly, these genes do not include the PerR regulon (Chen et al., 1995; Fuangthong et al., 
2002), or genes involved in the stringent response (Eymann et al., 2002). On the other hand, we 
observed a similar effect with respect to some genes from the SOS-regulon (dinB, tagC, uvrA), 
Fur regulon (ydbN, yuiI, dhbACE, ykuNOP), and many genes involved in sulfur metabolism. 
Thioredoxin A is thought to keep cytoplasmic proteins in a reduced state (Prinz et al., 1997). 
Loss of the reducing potential by depletion of thioredoxin A could therefore lead to illegitimate 
disulfide bond formation. This is also observed when cells are treated with thiol-crosslinking 
agents, such as diamide. Leichert and colleagues performed transcriptome and proteome analy-
ses of B. subtilis upon treatment with diamide (disulfide stress; Leichert et al., 2003). Comparison 
of the data from the disulfide stress experiments with the data obtained from the ItrxA arrays 
shows that 170 genes are identified in both experiments. Interestingly, more than half of these 
are genes with no annotated function (so called y-genes). It is striking that also in this case, some 
of the major effects of disulfide stress, such as induction of the canonical oxidative stress genes 
(PerR regulon), induction of class III heat shock and stringent response genes, are absent from 
the ItrxA dataset.
Recently, it was reported that transcriptional control by the protein Spx is induced by thiol-spe-
cific oxidative stress (Nakano et al., 2003a). spx is a gene initially identified as a bypass mutation 
for the competence-deficient phenotype of a clpP or clpX mutant strain (Nakano et al., 2001). 
Furthermore, Nakano and colleagues identified genes that are affected by an interaction between 
Spx and RNAP, and it was shown that Spx is responsible for the induction of genes involved 
in thiol-homeostasis, including thioredoxin A and B (Nakano et al., 2003b). The transcription 
activation of trxA and trxB by Spx was subsequently shown to depend on the formation of an in-
tra-molecular disulfide bond under oxidizing conditions, making Spx a redox-sensitive regulator 
(Nakano et al., 2005). Considering the above, we also made a comparison of the ItrxA macroar-
ray data with the results from the study of Nakano and colleagues. A total of 81 genes from this 
study are also found in the thioredoxin A array studies. The most striking similarities are the 
down-regulation of several so called rap/phr-modules, involved in cell-cell signaling, and the up-
regulation of trxB, ydbP and the L-cystine transporter yckIJK (tcyABC; Burguière et al., 2004). 

Type of stressa  
 Directionb  

 ItrxA 25 mMc  
 ItrxA 100 mMc

   down up down up

Diamide down [64] 38 21 13 5

[170; 18%] up [106] 9 94 4 13

ROS down [23] 8 4 10 3

[94; 26%] up [71] 7 62 3 7

Spx down [49] 34 12 8 3

[81; 29%] up [32] 1 30 0 7

Unique   164 195 83 64

Table 2. Comparison of thioredoxin depletion stress with related stresses in B. subtilis
a numbers and percentages indicate the overlap in the results of the studies on diamide stress (Leichert et al., 2003), oxidative 
stress (ROS; Mostertz et al., 2004) and Spx overproduction (Nakano et al., 2003b) and this study
b down = lowered expression; up = elevated expression; in response to the specific stresses (Leichert et al., 2003; Mostertz et 
al., 2004; Nakano et al., 2003b) 
c 25 and 100 mM correspond to the concentration of IPTG in the medium. Down and up indicate the directionality of the re-
sponse in the ItrxA array experiments
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It is likely to assume that part of the transcriptional response of cells to thioredoxin A depletion, 
resulting in more oxidizing conditions, is mediated through the redox-sensitive Spx protein.
In Table S1, available as Supplementary material from the journal’s website, it is indicated wheth-
er or not the genes showing altered transcription patterns in the ItrxA macroarray study were also 
identified in the related studies discussed above. The comparison is numerically summarized in 
Table 2. This data indicates that, although there is generally a good correlation between the be-
havior of genes in response to diamide, reactive oxygen species, Spx-overproduction and thiore-
doxin depletion, in some cases they react oppositely. 402 of the affected genes upon thioredoxin 
depletion stress do not seem to be affected by any of the other afore-mentioned stress conditions. 
This may be in part due to differences in experimental setup and criteria for calling a gene dif-
ferentially expressed, but could also indicate that some of the effects are specific for thioredoxin 
depletion stress. In this respect, it is interesting to note that an ItrxA spx double mutant strain dis-
plays a severe growth defect, whereas the corresponding single mutant strains show no growth 
defects. Moreover, thioredoxin A is indispensable for growth and viability of B. subtilis, whereas 
Spx is not (Kobayashi et al., 2003). These findings underscore the view that the effects of the in-
dividual ItrxA and spx mutations are not identical. Accordingly, it is well conceivable that the cel-
lular responses to thioredoxin A depletion and the absence of Spx are at least partially different.
The largest groups of genes unique to thioredoxin stress are those involved in stationary phase 
processes (especially competence and sporulation) and the group of prophage and phage-related 
genes. About half of the genes uniquely identified in this study belong to the group of genes with 
no defined function, yet many have putative functions which fall into one of the categories al-
ready discussed. In Table S2, available as Supplementary Information, y-genes are summarized 
for which a function could be inferred or a Cluster of Orthologous Groups (COG) class was 
described. Interestingly, many genes encode proteins with thioredoxin-related functions, such as 
a predicted oxidoreductase (yvaA), a putative tRNA 5-methylaminomethyl-2-thiouridylate meth-
yltransferase (yrrA, or trmU on basis of homology), a flavodoxin (yhcB), a NADH dehydroge-
nase (yumB), and a gene encoding a protein with similarity to organic hydroperoxide resistance 
proteins (ykzA). The fact that the transcription of these genes is altered by thioredoxin A levels 
supports their putative or inferred functions. Further experiments will be needed to confirm the 
functions of these proteins biochemically, as was recently done for ykzA (now renamed ohrB; 
Fuangthong et al., 2001).

Indirect effects of thioredoxin A on transcription
So far, thioredoxin has not been reported to act as a transcription factor. As such, the severe 
transcriptional response to thioredoxin A depletion as observed in the DNA-macroarray experi-
ments shown here are likely to represent indirect effects. These may arise from transcription 
factors that show altered transcription patterns in the ItrxA strain (such as abrB, senS, or one of 
the many putative regulators – see Table S1), but if the effects on certain transcription factors are 
exerted post-translationally their role may remain undetected. The presence of almost the entire 
Fur regulon (yclP, dhbAC, ydbN, ykuNOP, yuiI, yclN and fhuB; Baichoo et al., 2002) as class I 
genes in our dataset, for instance, suggests that the activity of Fur is modulated by thioredoxin 
in B. subtilis, a supposition that is supported by the identification of Fur in a proteome analysis 
of thioredoxin-interacting proteins in E. coli (Kumar et al., 2004). Alternatively, the activity of 
redox-sensitive regulators, such as Spx for instance (Nakano et al., 2005), can be modulated by 
the more oxidized state of the cytoplasm (Figure 2, paragraph 3.1). Also, some other regulators, 
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such as the LysR-type regulator YcgK (Figure 3B) or YtlI, seem to be associated with genes that 
show a significant change in transcription in the ItrxA arrays analysis.
In addition to the effect on transcription factors described above, thioredoxin A may interact 
or influence other proteins than transcription factors by direct association (Johnson and Rich-
ardson, 2003; Singha et al., 2003), or thiol reactivity (Berndt et al., 2004; Bloomfield et al., 
2003). It would be interesting to compare an analysis of thioredoxin-interacting proteins from 
B. subtilis with the results from our transcriptome data, but currently this data is not available. 
In order to evaluate whether some of the results from the transcriptome study could be linked to 
thioredoxin-interacting proteins, we therefore took a closer look at the available proteome data 
from other organisms. Although the relationship between a direct protein-protein interaction 
and a transcriptional response of the gene encoding the protein is unclear, there is a remarkable 
overlap between the two approaches. Primarily through affinity chromatography, a substantial 
number of thioredoxin-interacting partners was identified in cereal starchy endosperm (Wong et 
al., 2003), plant chloroplasts and mitochondria (Balmer et al., 2003; Balmer et al., 2004), Syn-
echocystis (Lindahl and Florencio, 2003), Chlamydomonas reinhardtii (Lemaire et al., 2004), 
Arabidopsis thaliana cytosol (Yamazaki et al., 2004), and the E. coli cytosol (Kumar et al., 
2004; Leichert and Jakob, 2004). We compared the lists of thioredoxin-interacting proteins from 
these proteome studies to the list of genes affected by thioredoxin A levels from our study. In-
terestingly, many of the affected genes from the ItrxA array encode proteins with similarity to 
the identified thioredoxin-interacting partners. Aside from the well-characterized interactions 
(such as ribonucleoside diphosphate reductase), the similarities include dehydrogenases, (Clp-) 
proteases, chaperones, catalases, oxidoreductases, proteins involved in terrapyrrole synthesis 
and sulfur, carbon and purine metabolism, oligopeptide- and phosphate uptake systems, and 
ribosomal proteins. A detailed description of the comparison of the data from this study and the 
proteome studies is available as Supplementary material (Text S1). The possible links between 
eukaryotic and prokaryotic proteome data on the one side and our study on the other suggests 
that many thioredoxin-linked processes may be conserved between prokaryotes and eukaryotes. 
In Table S1, available as Supplementary Material, the final column indicates genes encoding 
putative thioredoxin-interacting proteins based on the proteome analyses discussed above. The 
proteins identified may account for at least part of the transcriptional response to thioredoxin A 
depletion.
Finally, two other mechanisms can be envisaged through which thioredoxin A can modulate 
transcription. Thioredoxin could alter the availability of co-factors such as NADH or metal ions, 
which are necessary for proper functioning of an enzyme. In the list of genes affected by thiore-
doxin depletion (Table S1) for instance, a zinc uptake system (ykvW/zosA; Gaballa and Helmann, 
2002) is identified, which might influence proteins that requiring zinc as a co-factor. In this 
respect, it is interesting to note that 2 genes of the Zur-regulon (yciA and ytiA), which responds 
to zinc-availability (Gaballa et al., 2002; Nanamiya et al., 2004), are among the few true class 
III genes, showing no restoration in the ItrxA 100 cells. It is also conceivable that thioredoxin A 
affects transcription by altering transcriptional or translational efficiency. It was demonstrated 
that thioredoxin modulates the processivity of T7 DNA polymerase (Johnson and Richardson, 
2003; Singha et al., 2003), and thioredoxin has been identified as RNAP interacting partner in 
Synechocystis (Lindahl and Florencio, 2003). It was reported that disulfide stress (which shows 
significant similarities to thioredoxin stress) in Streptomyces coelicolor, affects translation 
(Paget et al., 2001), and multiple proteome studies identified thioredoxin as interacting partner of 
elongation factors (Balmer et al., 2003; Balmer et al., 2004; Kumar et al., 2004; Lemaire et al., 
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2004; Lindahl and Florencio, 2003; Yamazaki et al., 2004). In our study, we identified rplA, yhzA 
and ytiA as class III genes.  All the mechanisms described above are likely to contribute to the 
pleiotropic effect of thioredoxin A on transcription.

Concluding remark
Thioredoxin A is the product of one of the 271 essential genes of B. subtilis (Kobayashi et al., 
2003). This implies that thioredoxin A is much more important for B. subtilis than for other 
organisms, such as E. coli, in which thioredoxin A is not essential. Nevertheless, very little ex-
perimental data is available concerning its physiological functions in B. subtilis. Although there 
are certainly drawbacks to the use of transcriptome analyses for the study of post-translational 
effects, like the ones caused by thioredoxin A depletion, this type of analysis gives valuable in-
sights in the resulting pleiotropic effects on transcription. Importantly, the results of the present 
transcriptome analyses will serve as leads to identify relevant targets for further research on 
thioredoxin A function in B. subtilis.

Materials and methods

Strains
The transcriptional effects of thioredoxin depletion were investigated using a derivative of B. subtilis 168 (trpC2)(Kunst 
et al., 1997), containing an IPTG-inducible trxA gene that was essentially constructed as described by Scharf et al. (53; 
J-Y.F. Dubois, laboratory strain collection). In order to compare the in vivo redox state of the cytoplasm of this strain 
using different induction levels of IPTG, a xylose-inducible redox-sensitive GFP was introduced in the amyE-locus. 
This strain was constructed as follows. Using primers rbs-gfp-f (5’- GCTCTAGAAGGAGGGCTGAATTCATGAGTAAAG-
GAGA – 3’) and GFP-R (5’- CTCGGATCCTTATTATTTGTATAG – 3’), a PCR was performed on pRSETb encoding a pre-
viously described redox-sensitive GFP (Dooley et al., 2004; Hanson et al., 2004). The resulting fragment was cleaved 
with XbaI/BamHI (the sites are underlined in the primer sequence) and ligated into SpeI/BamHI digested pX (Kim 
et al., 1996). The resulting plasmid (pXro2GFP) was checked by restriction, and introduced by transformation into B. 
subtilis 168. Transformants were selected on plates containing appropriate antibiotics, and screened for an amyE-nega-
tive phenotype on starch-containing plates. Subsequently, the ItrxA mutation was introduced by transformation with 
chromosomal DNA from the ItrxA strain. Transformants were checked for IPTG-dependency, because of the unstable 
nature of the ItrxA mutation.

Media and growth conditions
B. subtilis cells were grown in minimal medium (Venema et al., 1965) supplemented with isopropyl-b-D-thiogalacto-
side (IPTG). The ItrxA strain was grown with 25 and 100 µM of IPTG, and the control strain was cultured in medium 
containing 25 µM IPTG, since for this condition the largest effects were expected based on the phenotypic screen. 25 
ml of medium was inoculated to an OD600 of 0.01 from an overnight culture, and incubated at 37 ºC under vigorous 
shaking. Cultures were continuously monitored for OD600, and cells were harvested 3 hours after the transition point 
to stationary growth phase. For the in vivo comparison of the redox state of the ItrxA strain with a range of IPTG induc-
tion levels, cells were grown in minimal medium in which glucose was replaced by fructose, in order to alleviate the 
glucose-repression of the xylose-inducible promoter (Kim et al., 1996) of the pXro2GFP plasmid. This medium was 
supplemented with 0.5 % xylose and 25-500 µM of IPTG to induce the expression of ro2GFP and ItrxA, respectively.
For the effects of cysteine on the growth of the ItrxA strain, cells were grown in chemically defined medium (CDM), 
supplemented with 25 or 100 µM of IPTG. CDM was based on B. subtilis minimal salts (per liter); 2 g K2SO4, 10.8 g 
K2HPO4, 6 g KH2PO4, 1 g Na-citrate, and 0.02 g MgSO4. After adjustment of the pH to 7.0 and sterilization, the fol-
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lowing components were added to complete the CDM: 0.5 % glucose, 0.1 % sodium glutamate, 50 µM MnCl2, 20 mg/L 
tryptophane (Trp). For cysteine-containing medium 20 mg/L cysteine was added.

RNA isolation, cDNA preparation and hybridization
RNA was isolated by spinning down the cells from 4 ml of culture and resuspending the pellet in 300 µl of ice-cold 
starvation medium (Venema et al., 1965). The cell suspension was added to a 1.5 ml screw cap Eppendorf tube contain-
ing 1.5 g of glass beads (Sigma, 75-150 µm), 0.5 ml phenol:chloroform:isoamylalcohol (12:12:1), 50 µl 10% SDS and 50 
µl 3 M sodium acetate (pH 5.2). All solutions were prepared with diethylpyrocarbonate (DEPC)-treated water. After 
vortexing, the tube was frozen in liquid nitrogen and stored at -80ºC. Cells were broken in a Bio101 FastPrep machine 
(QBiogene) for 45 seconds at speed 6. Following 5 minutes  of centrifugation (Eppendorf centrifuge, 10,000 rpm, 4ºC), 
the water phase (0.4 ml) was transferred to a clean tube containing 0.4 ml chloroform. After vortexing and centrifuga-
tion (2 minutes, Eppendorf centrifuge, 14,000 rpm, 4ºC), the water phase was transferred to a clean tube and the RNA 
was isolated with a High Pure RNA Isolation Kit (Roche). RNA was eluted in 50 µl elution buffer and quantified with 
GeneQuant (Amersham). RNA integrity was checked with a BioAnalyzer 2100 (Agilent) according to the instructions 
of the supplier.
Reverse transcription and purification of cDNA were carried out as described previously (Hamoen et al., 2002). 32P-
labeled cDNA was hybridized to Bacillus subtilis Panorama™ Arrays (Sigma-Genosys), as described by the manu-
facturer. After hybridization and washing, Cyclone phospho-imager screens (Packard) were exposed for 46-48 hours. 
The Cyclone readouts were analyzed with Array-Pro Analyzer 4.5 (Media Cybernetics). After background subtraction, 
duplicate spots were averaged, and the signal was normalized against the total signal of all open reading frames (ORFs) 
on the array.

Data analysis and visualization
The normalized array data were subjected to a statistical analysis using Cyber-T, a program based on t-test variant 
combined with a Bayesian statistical framework as described (Hamoen et al., 2002). The raw and normalized data for 
the complete gene sets can be downloaded from http://molgen.biol.rug.nl/publication/trx_data/. Genes with p<0.025 
and a greater than 2-fold up- or down-regulation were considered to be significantly affected. Spots were associated 
with gene names using the spreadsheet “B. subtilis Array information.xls”, provided by Sigma-Genosys. Gene descrip-
tions were derived from this file, and checked against the SubtiList database (http://genolist.pasteur.fr/SubtiList/) and 
PubMed website (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi) for newer annotations. Some affected genes without 
description in either of these sources and a greater than 3-fold change in expression were used as a query in an online 
BlastP (http://www.ncbi.nlm.nih.gov/BLAST/) and checked for conserved domains with the CD-search option. Results 
from the analysis were visualized on a linear genome map using Genome2D (Baerends et al., 2004).

Flow cytometric analysis
Cells were diluted 12.5-50x in 0.2 µM filtered starvation medium (Hamoen et al., 2002) and directly analyzed on Coul-
ter Epics XL-MCL flow cytometer (Beckman Coulter, Mijdrecht, NL) operating an argon laser at 488 nm. For each 
sample 20.000 cells were analyzed.  GFP signals were collected through a FITC filter with the photomultiplier voltage 
set between 700 and 800 V. Data was captured using EXPO32 software (Beckman Coulter) and further analyzed using 
WinMDI 2.8 (http://facs.scripps.edu/software.html). Figures were prepared for publication using WinMDI 2.8, Micro-
soft Excel 2000 and Corel Graphics Suite 11.

SDS-PAGE and Western blotting analyses
The presence of TrxA in cell lysates was assayed by Western blotting. For this purpose, cellular or secreted proteins 
were separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes (Roche Molecular Biochemi-
cals). Subsequently, TrxA was detected with specific polyclonal antibodies. The detection of bound antibodies was 
performed with horseradish peroxidase-conjugated goat anti-rabbit IgG and the Super Signal® West Dura Extended 
Duration Substrate (Pierce).
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Redox modulation of ComS affects competence  
development in Bacillus subtilis

Early events in the development of competence for genetic transformation in Bacillus 
subtilis are dominated by a quorum sensing event that leads to the liberation of the 

key-regulator ComK from a proteolytic complex. This process involves a small protein, 
ComS. Here, we present evidence that inhibition of competence under thioredoxin-de-
pletion is at least partly due to reduced transcription of the srf-operon, which harbors 
the comS gene. Overproduction of ComS, however, only partially bypasses this pheno-
type. We demonstrate that mutation of both cysteines in the ComS protein leads to a 
dramatic increase in ComK levels and in the timing of ComK accumulation, indicating 
the importance of these redox sensitive residues for the functionality of ComS. These 
novel observations focus interest on a possible interplay of thioredoxin A and ComS in 
the development of competence and the subsequent escape from the competent state.

Introduction

The ability of a bacterium to take up DNA from the environment and integrate it into its genome, 
known as competence for genetic transformation, has been identified in many bacterial species 
(Lorenz and Wackernagel, 1994). The process has been studied in great detail in the Gram-
positive soil bacterium Bacillus subtilis, making it into the paradigm for natural competence. 
Competence is a transient differentiation process that occurs at the onset of stationary growth 
phase, when nutrients become limiting and cell density is high. In order for cells to incorporate 
exogenous DNA, a complex uptake and integration machinery needs to be synthesized (reviewed 
in Chen and Dubnau, 2004). In B. subtilis, the expression of the genes encoding this machinery 
requires the presence of the competence transcription factor, ComK (van Sinderen et al., 1995b). 
All genes under the regulation of ComK that are required for natural transformation are referred 
to as “late competence genes”. In contrast, genes required for the activation of comK expression 
are called “early competence genes”. In addition to driving the expression of the late competence 
genes, ComK is required to stimulate its own expression. This auto-activation ensures a rapid 
increase in ComK levels once a certain threshold has been reached, and is critical for the segre-
gation into a competent and a non-competent subpopulation of cells in a competent culture (van 
Sinderen and Venema, 1994; Maamar and Dubnau, 2005; Smits et al., 2005b). To ensure proper 
timing of competence development, the production of ComK is tightly controlled at both the 
transcriptional and the post-translational level. The expression of comK is negatively regulated 
by the proteins CodY, AbrB and Rok, that all act by direct binding to the comK promoter region 
(Ratnayake-Lecamwasam et al., 2001; Hamoen et al., 2003a; Hoa et al., 2002). Despite this elab-
orate transcriptional control, limited amounts of ComK may be produced. To prevent untimely 
expression of the late competence genes, ComK is sequestered into a ternary proteolytic complex 
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consisting of the adapter protein MecA and the protease complex ClpC/ClpP, and is subsequently 
degraded (Turgay et al., 1998; Turgay et al., 1997). Eventually, the activation of a quorum sensing 
regulatory cascade leads to the breakdown of the proteolytic complex, release of ComK and the 
development of competence in stationary phase.
During growth, two quorum sensing molecules, CSF (a processed form of PhrC) and ComX, ac-
cumulate in the culture medium (Solomon et al., 1996). The combined action of the two pherom-
ones is required for the activation of ComA-dependent gene expression. ComA is the response 
regulator of the two component system ComP/ComA (Weinrauch et al., 1990). ComA-dependent 
activation is inhibited by at least two distinct regulatory mechanisms. Firstly, the response regu-
lator RapC prevents DNA-binding through protein-protein interactions (Core and Perego, 2003). 
Its action is antagonized by CSF, derived from the phrC gene located downstream of rapC (Solo-
mon et al., 1996).  Secondly, the Spx protein interferes with ComA-activation through an inter-
action with the RNA polymerase (Nakano et al., 2003b). In addition, an earlier study has linked 
Spx to competence development through enhancement of binding of MecA/ComK (Nakano et 
al., 2002). Spx also acts as a redox regulator by activating thioredoxin A (trxA) and thioredoxin 
reductase (trxB) transcription under oxidizing conditions (Nakano et al., 2005). 
Phosphorylated ComA (ComA~P) stimulates the expression of the comS gene, the open read-
ing frame of which is embedded in the srfA operon (Roggiani and Dubnau, 1993; D’Souza et 
al., 1994; Hamoen et al., 1995). ComS is a protein containing 46 amino acid  residues, with no 
apparent higher order structure (Schlothauer et al., 2003). It is required for the auto-activation 
of comK and, thus, for the expression of the late competence genes. This is achieved by bind-
ing of the N-terminal domain of ComS with MecA (Ogura et al., 1999). ComS thus releases 
ComK from degradation by the ClpC/ClpP proteolytic complex which, instead, targets the newly 
formed MecA/ComS complex for degradation (Turgay et al., 1998; Turgay et al., 1997). At least 
two proteins, PnpA and YlbF, have been implicated in the post-transcriptional modulation of 
ComS. (Luttinger et al., 1996; Tortosa et al., 2000). Recently, the PerR transcriptional regulator 
that responds to oxidative stress was shown to regulate srf/comS transcription by binding to the 
srf-promoter (Hayashi et al., 2005).

Figure 1. Schematic represen-
tation of the regulatory events 
affectecting competence 
development relevant to this 
study. Production of protein, 
or activation, is indicated with 
arrows. Negative regulatory 
events are indicated with per-
pendiculars. The ComK-pro-
teolytic complex is encircled. 
Boxes indicate the general 
status of cells. ComS* indi-
cates the functional form of 
the protein, as postulated in 
this study, and ComS the non-
functional form.
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Interestingly, the link between competence and the redox state of cellular proteins as suggested 
by the involvement of Spx and PerR in competence development, was recently underscored by 
the finding that cells depleted for TrxA show a significantly reduced expression level of late 
competence genes (Smits et al., 2005a). Thioredoxins are small, heat stable thiol-disulfide oxi-
doreductases that are involved in a large variety of processes (Arner and Holmgren, 2000; Smits 
et al., 2005a; Tanaka et al., 2000). Their active site comprises a canonical redox sensitive motif, 
consisting of two cysteines separated by two residues, the second of which is frequently a pro-
line. During catalysis, the active site cysteine residues undergo a reversible oxidation-reduction 
reaction. With few exceptions, such as redox regulators that act in the oxidative stress response, 
it seems that bacterial cytoplasmic proteins have evolved in such a way that they are biologically 
active only when their cysteines are reduced. Therefore, an important function of thioredoxins is 
to prevent the oxidation of cytoplasmic proteins, and reactivate oxidized proteins by reduction. 
In turn, thioredoxin is reduced by thioredoxin reductase, at the expense of NADPH (Holmgren, 
1989).
The regulatory network described above is schematically summarized in Figure 1.
In this work, we present evidence that redox control of competence development revolves around 
the production of functionally active ComS molecules. Using a previously characterized strain 
which can be depleted for TrxA (ItrxA; Smits et al., 2005a), we demonstrate that srf/comS-tran-
scription in such a strain is reduced throughout growth. Interestingly, overproduction of ComS, 
uncoupled from srf-transcription, only partially bypasses the ItrxA phenotype. Moreover, over-
production of a cysteine-less ComS leads to a stable overproduction of ComK, distinct from the 
transient overproduction provoked by the overproduction of wild type ComS, both in B. subtilis 
ItrxA and the parental strain B. subtilis 168. The presented data suggests that the cysteine resi-
dues of ComS play a role in the regulation of ComS activity, in a TrxA-dependent manner. If so, 
the redox regulation of ComS activity might constitute a new redox switch that contributes to the 
temporal regulation of competence.

Results

Thioredoxin depletion inhibits competence development
Thioredoxin A is an essential gene of B. subtilis (Kobayashi et al., 2003; Scharf et al., 1998), and 
is a key gene in redox homeostasis (Arner and Holmgren, 2000; Smits et al., 2005a). In a previous 
study, we analyzed the effects of thioredoxin depletion on global transcription levels in B. subtilis 
(Smits et al., 2005a). In order to be able to deplete cells for thioredoxin, the trxA gene was placed 
under the control of the IPTG-inducible Pspac promoter. In the course of that study, we observed 
that induction with 25 µM IPTG, although sufficient for cell viability, resulted in the depletion 
of TrxA to a level below the detection limit of Western blot. The expression profiling results 

Table 1. Transformation efficiencies of the ItrxA strain. 
Transformation frequencies were determined in a standard 
transformation assay as described (Hamoen et al., 2002). 
The transformability compared to wild type (B. subtilis 168) 
was calculated using the formula given in the table.

IPTG (mM)
 

transformation frequency transformability 
(ItrxA/168)*100168 ItrxA

25 5,7x10-2 3,7x10-4 0,65

50 6,2x10-2 5,1x10-3 8,2

100 5,6x10-2 3,5x10-2 62
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showed that the depletion of TrxA affected the expression of a wide range of genes, including the 
ComK regulon (Smits et al., 2005a). When tested for transformability, we observed that very few 
transformants could be obtained in a minimally induced ItrxA mutant (Table 1). To verify that 
the competence defect of minimally induced B. subtilis ItrxA was due to the limited availability 
of TrxA, the cells were grown in minimal media containing 25, 50 or 100 µM IPTG and tested 
for transformability. As predicted, the transformation frequencies increased progressively up to 
~62% of the wild type level when the concentration of IPTG in the medium was raised to 100 
µM (Table 1), conditions in which cellular levels of TrxA are similar to those in wild type (Smits 
et al., 2005a). In addition, the transformants obtained with cells grown in the presence of 25 µM 
IPTG no longer displayed the IPTG-dependent growth characteristic of the ItrxA strain, unlike 
transformants obtained with cells grown in the presence of 100 µM IPTG. This shows that the 
ItrxA mutation of the transformants obtained when grown in the presence of 25µM IPTG was 
somehow suppressed. The transformation assays clearly demonstrate an effect of TrxA levels on 
transformability. Combined with the results of Smits and coworkers (2005a) on the cellular level 
of TrxA in presence of 25 and 100 µM IPTG, this strongly suggests that cellular ComK levels are 
affected by TrxA depletion. Therefore, we assessed by means of Western blotting cellular ComK 
levels in the ItrxA strain, with different levels of induction. Figure 2A shows that upon minimal 
induction of the ItrxA strain, no ComK was detectable in the cells. In contrast, the ComK level 
increased significantly when the trxA gene was induced with 100 or 500µM of IPTG. 

TrxA does not affect ComK functionality
The absence of ComK in ItrxA cells when grown in presence of 25 µM IPTG either suggests 
that the quorum sensing regulatory cascade is affected by the depletion of TrxA, or that ComK 
auto-stimulation is disrupted. The latter hypothesis could be caused by ComK entrapment in 
the MecA/ClpCP proteolytic complex or by an impaired ComK functionality. It has been docu-
mented previously that a mecA mutation interferes with the ClpC/ClpP mediated degradation of 
ComK, leading to the overproduction of this protein (Kong and Dubnau, 1994). To investigate 
whether the deregulated expression of comK in the absence of MecA requires TrxA, we analyzed 
the amount of ComK in cells of an ItrxA mecA double mutant strain, grown in the presence 
of 25 µM of IPTG. As shown by Western blotting, the ItrxA mecA double mutant cells pro-
duced amounts of ComK comparable to those observed in mecA single mutant cells (Figure 2B). 
Consistent with their high level of ComK production, the ItrxA mecA double mutant cells were 
transformable with a similar frequency as the mecA single mutant cells (data not shown). These 
findings indicate that TrxA is not required for ComK activity per se. The effect of thioredoxin 
stress on competence development is therefore likely to occur at the early stages of competence 
development.

Figure 1. Immunological detection of ComK using ComK-specific antiserum and chemiluminescent detection of bound anti-
body Samples were taken 3 hours after the transition point into stationary growth phase. For all experiments (A and B), equal 
amounts of protein were loaded in each lane. A. Western blot against the ComK protein present in cells of Bacillus subtilis 
168 (wild type), and the IPTG inducible ItrxA. The ItrxA cells were grown in minimal medium in the presence of 25 µM IPTG, 
100 µM IPTG, and 500 µM IPTG, respectively. B. Western blot against the ComK protein present in B. subtilis 168, B. subtilis 
mecA, and B. subtilis ItrxA mecA mutant grown with 25 µM IPTG.
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TrxA depletion leads to a reduced srfA/comS expression
The above results indicate that the role of TrxA in the development of competence in B. sub-
tilis occurs at an early stage of the regulatory cascade. Therefore, we investigated whether the 
transcription of genes involved in the early stages of competence development were affected 
when cells were depleted for TrxA. In addition to the ComK regulon, several ComA~P regulated 
genes were down-regulated when TrxA was depleted, such as the rapC/phrC (respectively, 3- 
and 7-fold down-regulated ItrxA25; 1.5- and 2-fold down-regulated in ItrxA100) and the srfAA/
srfAB/comS/srfAC/srfAD operons (2.5-fold down-regulated in ItrxA25; no significant change in 
ItrxA100) (Smits et al., 2005a; Figure 3A). However, the reduction in comS mRNA level in the 
ItrxA strain grown in the presence of 25 µM IPTG was at the limit of the significance cut-off 
imposed in the array experiment, and it was unsure if this was sufficient to explain the com-
petence phenotype. To verify that the transcription of the sfrA operon is indeed reduced when 
TrxA is depleted, we compared the expression of a sfrA-gfp reporter strain (kindly provided by 
J.W. Veening, University of Groningen, The Netherlands) in the parental and ItrxA backgrounds, 
by means of a single cell analysis. The flow cytometric profiles demonstrated that transcription 
levels in the ItrxA strain grown in presence of 25 μM of IPTG are significantly lower than those 
in the parental strain. Furthermore, the expression of srfA is shifted towards the wild-type level 
when the TrxA level is increased by induction with 100μM IPTG (Figure 3B). Importantly, the 
temporal regulation, which is primarily caused by ComA~P in the parental strain (Hahn and 
Dubnau, 1991), is observed in all mutant strains  (Figure 3C). These results thus suggest that the 
effect of TrxA depletion does not affect ComA functionality.

Overproduction of ComS leads to premature ComK expression and partially by-
passes the ItrxA mutation

Since the expression of the srf-operon, and therefore that of comS, was reduced in the ItrxA strain 
grown in the presence of 25 µM IPTG, we verified whether ComK production in this strain could 
be restored by a constitutive and ectopic expression of comS, under the same growth condi-
tions. For this purpose, we used a previously constructed ComS overproduction system based 
on constitutive expression from a pUB110-like vector, hereafter referred to as pComS (Hahn et 
al., 1996). Importantly, pComS can promote ComK synthesis and subsequent competence devel-
opment in a comS mutant strain (Hahn et al., 1996) and uncouples ComS expression from the 
regulatory mechanisms that act on srfA transcription. In the parental strain 168, the phenotype 
of ComS overproduction resembles that of a mecA mutant, including competence development in 
nearly all cells and in a medium-independent manner (Maamar and Dubnau, 2005; Hahn et al., 
1996). Moreover, the overproduction of ComS due to the presence of this plasmid is sufficient 
to suppress the competence defect caused by mutations in ylbF or pnpA, whose products are 
believed to act post-transcriptionally on ComS expression (Luttinger et al., 1996; Tortosa et al., 
2000). However, since a detailed characterization of ComK levels in strains carrying pComS has 
not been published, we first monitored the cellular levels of ComK in time when a pComS-har-
boring strain was grown to competence. Figure 4 shows that ComK is already present in the cells 
in late exponential growth phase (T-1). In contrast, in the parental control strain 168 ComK is 
not detectable before T+1, one hour after the transition point between exponential and stationary 
growth phase (T0). Interestingly, however, ComK levels in the pComS strain strongly decline in 
stationary growth phase. This may indicate either that i) ComK is less stable in this strain than 
in the parental strain, ii) transcription from the pUB110 promoter is reduced in stationary phase, 
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or iii) the overproduced ComS is no longer functional in stationary phase. Therefore, the subse-
quent experiments using pComS were conducted at T0, when ComK levels in pComS strains are 
still detectable.  
To establish whether ComS overproduction is sufficient to bypass the competence phenotype as-
sociated with TrxA depletion, we examined the cellular ComK levels by Western blotting at T0. 
Figure 5 shows that the ItrxA pComS strain grown in the presence of 25 µM IPTG still shows 
produces ComK, but at a strongly reduced level compared to the parental strain 168 contain-
ing pComS. When B. subtilis ItrxA pComS cells were grown in the presence of 100 µM IPTG, 
ComK levels increased close to the level of ComK in the B. subtilis 168 pComS strain. Mark-
edly, similar results were obtained when the experiments were conducted in TY medium (data 
not shown). This suggests that the depletion of TrxA still affects ComK production even when 
ComS is overproduced. Due to the plasmid-based ComS overproduction, PnpA and YlbF are 
no longer required for proper functioning of ComS. Therefore, we can rule out that the TrxA 
effect on ComS is mediated by PnpA or YlbF. Since the regulatory mechanisms that act on the 
promoter of the srf-operon appear to be intact, as seen from the increase in fluorescence in time 
in the srfA-gfp ItrxA indicator strain (Figure 3C), this suggests that the cytoplasmic amounts and 
the redox state of TrxA could modulate the regulatory pathways upstream of the production of 
ComK in yet another way. 

Figure 2. A. Sche-
matic representation 
of the transcriptional 
response in ItrxA strain 
grown with 25 µM IPTG 
compared to wild type 
for the genomic region 
of the surfactin operon 
(Smits et al., 2005a). 
Significantly down-
regulated genes are de-
picted in black, up-reg-
ulated genes in white. 
Gene names are given 
below, and fold regula-
tion above the arrows 
representing genes. 
N.C. = no significant 
change in transcription. 
Hairpins indicate puta-
tive terminator struc-
tures. B. Comparison of 
the expression levels of 
srfA in a wild type and 
ItrxA strain, grown in 
the presence of 25 or 
100 µM of IPTG. The 
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single cell analysis is shown for cultures at T1. Note that IPTG does not affect the profile in the absence of the ItrxA mutation, 
and that fluorescence is lower in strains carrying the mutation. C. Temporal regulation of srfA-promoter activity in a wild type 
and ItrxA strain grown in the presence of 25 µM of IPTG. The red curve indicates the single cell profile at the transition into 
stationary growth phase (T0). Subsequent hourly profiles are given in black (T1), green (T2) and purple (T3), respectively. 
Note that the temporal regulation is the same for both strains.
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Overproduction of a cysteine-less ComS leads to stable overexpression of ComK 
in a TrxA-independent manner

Thioredoxin A is thought to be a key player in maintaining the cellular redox state and in the pre-
vention of the formation of illegitimate disulfide bonds in cytoplasmic proteins. Reduced thiore-
doxin has been shown to be an efficient reductant of disulfide bonds (Krause et al., 1991). The 
data from the ItrxA pComS bypass experiment suggest that TrxA does not solely act via proteins 
binding to the promoter of srfA (Figure 5). In addition, this data implies that redox regulation 
may occur directly via ComS. In the 46 amino acids protein sequence of ComS, two cysteine 
residues are present (D’Souza et al., 1994; Hamoen et al., 1995). To evaluate the possibility that 
these cysteines may be involved in the formation of disulfide bonds, we ran an in silico prediction 
of the disulfide bonding probability of these two cysteine residues in ComS, using the Cyspred 
algorithm (Fariselli et al., 1999). According to this neural network predictor, both cysteines have 
a high probability of forming a disulfide bond (Cys22, probability to be bonded = 74.1%; Cys42 
probability to be bonded = 80.2%). Furthermore, the “Cysteines Bonding State and Connectivity 
Predictor” (Vullo and Frasconi, 2004); http://cassandra.dsi.unifi.it/disulfind/) predicts that these 
two cysteines form a disulfide bond. Considering these predictions, we assessed the effect of 
mutation of the cysteine residues of ComS on competence development in B. subtilis. To this end, 
we introduced point mutations in the pComS plasmid, resulting in plasmids pComS22 (contain-
ing the C22S mutation), pComS42 (containing the C42S mutation) and pComS2242 (containing 
both the C22S and C42S mutations). Although obtained in E. coli and confirmed by sequencing, 
the C22S and C42S mutations could not stably be maintained in B. subtilis (data not shown). 
We therefore focused our study on the pComS2242, which could be stably maintained in B. 
subtilis. Similar to a pComS strain, the expression of ComK in pComS2242 containing cells 
is already detectable early in growth (T-1). Strikingly, higher levels of ComK were detected in 
the pComS2242 strain compared to the pComS strain. These levels increase rapidly until they 
reached approximately maximal intensity already at T0. However, in contrast with the decrease 
of ComK in a pComS strain in stationary phase, cells containing the pComS2242 plasmid dis-
played constantly high levels of ComK that are similar to the ComK level in the parental strain 
at T3 (Figure 4). This makes it unlikely that the lower ComS levels in the pComS strain are due 
to reduced expression from the pUB110 promoter, since the same promoter is driving ComS2242 
expression. Interestingly, the level of TrxA in all these strains, including the parental strain, 
remained largely unaltered through time (Figure 4). This indicates that the variations observed 

Figure 3. Western blot analy-
sis of ComK and TrxA in Bacil-
lus subtilis 168 cells, pComS 
containing cells (pComS), 
and pComS2242 containing 
cells (pComS2242) in a time 
course experiment. The time 
scale is given in relation to 
T0, the transition point be-
tween the exponential and 
stationary growth phase. 
Equal amounts of protein 
were loaded in each lane. 
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in ComK levels are not dependent on the TrxA level, but on the ComS or ComS2242 produced 
in the strains.
Finally, in order to investigate whether the removal of the cysteine residues had an effect on the 
TrxA dependent expression of ComK, we monitored ComK levels in an ItrxA pComS2242 strain 
at two levels of trxA induction. As shown in Figure 5, all strains harboring the pComS2242 plas-
mid showed comparable levels of ComK, whether TrxA was depleted  (25 µM IPTG) or not (100 
µM IPTG). Since overproduction of the wild type ComS protein still shows a TrxA-dependency 
in ComK expression, this implies that at least one or both cysteine residues are required for the 
ComS-mediated regulation of competence development. Taken together, these results strongly 
suggest that TrxA acts directly or indirectly on competence development in B. subtilis through 
redox regulation of ComS.

Discussion

In the present studies we have investigated the role of the essential protein thioredoxin A (TrxA) 
in the development of competence in B. subtilis. TrxA is the primary regulatory protein involved 
in the control of the cellular redox state in B. subtilis (Scharf et al., 1998; Smits et al., 2005a). 
Depletion of TrxA results in a pleiotropic response, involving not only thioredoxin and thiore-
doxin-interacting proteins, but also oxidative stress response, redirection of sulfur metabolism 
and blockage of stationary phase differentiation processes (Smits et al., 2005a). Our experiments 
show that depletion of TrxA, via an IPTG-inducible ItrxA mutant, leads to a competence null 
phenotype, as the key regulatory protein ComK is no longer synthesized. Addition of increased 
amounts of IPTG in the growth medium resulted in the reappearance of ComK and related trans-
formability to a level comparable to the parental strain 168. Here, we present evidence that TrxA 
is directly involved in the events leading to the expression of comK, without affecting the inher-
ent ability of ComK to activate its own expression. Supporting this idea is the data that ComK is 
overproduced in a mecA mutant, irrespective of the cellular TrxA level. Moreover, overproduc-
tion of plasmid-encoded ComS (pComS) is not sufficient to bypass the effect of TrxA depletion 
on ComK production.
The flow cytometric analysis of a srfA-gfp reporter strain confirmed that the expression of the 
srfA/comS locus is significantly reduced upon TrxA-depletion. Part of this response may be at-
tributed to known redox sensitive regulators, PerR and Spx. PerR has recently been shown to be 
responsible for the down regulation of the srf-operon in response to H2O2 treatment (Hayashi 
et al., 2005), and Spx is a protein that was initially identified as a bypass mutation for the com-
petence deficient phenotype of clpXP mutants (Nakano et al., 2001). However, since nor perR 
gene transcription nor landmark members of the PerR regulon are affected by a depletion of 
TrxA (Smits et al., 2005a), it seems unlikely that this protein is responsible for the observed 

Figure 4. Western blot analysis of ComK in 
Bacillus subtilis cells extracts from pComS, 
pComS2242, ItrxA pComS, and ItrxA 
pComS2242 strains. The ItrxA cells were grown 
in the presence of 25µM IPTG and 100µM 
IPTG. Samples were taken at T0, the transition 
point between the exponential and stationary 
growth phase. Equal amounts of protein were 
loaded in each lane.
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down-regulation of the srf-operon. Next, Spx was reported to interfere with ComA~P dependent 
activation, through an interaction with RNAP (Nakano et al., 2003b). Notably, the activity of 
Spx is induced under oxidative stress and depends on the bonding state of its cysteine residues 
(Nakano et al., 2003a). As the depletion of TrxA results in a more oxidizing cytoplasm (Smits et 
al., 2005a), Spx could therefore be a strong candidate for the reduction of the srfA/comS expres-
sion in the ItrxA strain grown with 25 µM of IPTG. However, since a double mutant demonstrates 
a severe growth defect under the conditions tested, we were unable to verify this hypothesis in 
vivo. Interestingly, the flow cytometry data show that the temporal regulation of the surfactin 
operon remains the same as in the wild type (Figure 3), which could indicate that the quorum 
sensing dependent activation of the srf-operon via ComA~P is still functional. This would argue 
against a role for Spx at this level.
A pComS harboring strain is known to overexpress ComK in a medium-independent manner 
(Hahn et al., 1996), although data on the cellular ComK levels in such a strain were never pub-
lished. In this study, results of the ectopic expression of comS clearly demonstrates that the 
temporal profile of ComK production in such a pComS strain is distinct from that of the parental 
strain B. subtilis 168: a substantial level of ComK could be detected early in growth, and the 
ComK level was rapidly decreasing in stationary growth phase. Surprisingly, the overproduc-
tion of a cysteine-less form of the plasmid-expressed ComS was observed to result in a stable 
expression of ComK, distinct from that of the overproduction of the wild type ComS protein. 
This suggests that the presence of cysteine residues is of critical importance for the functionality 
of the ComS protein  and the temporal profile of ComK expression (Figure 3). Notably, the ComS 
molecules produced by the pComS plasmid may exist in two forms, the oxidized/closed and the 
reduced/linear form. In the ComS variants expressed from pComS2242 only the equivalent of 
the reduced form is produced. It is tempting to speculate that ComS needs to be linear or void 
of any secondary structure in order to regulate the proteolysis of ComK, and that the protein 
could be inactivated through the modulation of the cysteine residues, most likely via S-S bridge 
formation. Interestingly, it was previously reported that ComS might be a linear molecule under 
the conditions used for NMR structure determination (Schlothauer et al., 2003). An intriguing 
observation was the apparent instability of the single cysteine mutants, pComS22 and pComS42 
in B. subtilis. Since predictions indicate that each cysteine possesses a high thiol-reactivity, the 
overproduction of ComS proteins lacking one cysteine residue might give rise to detrimental 
interactions of these mutant proteins with other cellular components. If so, cells accumulating 
secondary mutations in pComS22 or pComS42 would have a selective advantage over cells con-
taining the intact plasmids. Positive selection with the antibiotic kanamycin would then lead to 
a population still containing the resistance marker of the plasmid but not producing the single 
cysteine mutant ComS proteins. Notably, a previous alanine scanning mutagenesis performed on 
ComS did not reveal clear phenotype for the single cysteine mutants (Ogura et al., 1999). Several 
explanations for this difference can be envisaged. Firstly, the authors made use of chromosomal 
integrations of a construct consisting of the srf-promoter in front of comS, thereby keeping the 
temporal regulation of comS expression intact, but possibly interfering with regulation at the 
mRNA level. Secondly, the effects of single cysteine mutants may have gone undetected since 
TrxA was still present. Using the alanine scanning mutagenesis two domains critical for compe-
tence development were identified. It was found that the N-terminal domain of ComS can interact 
with MecA, but no clear role for the C-terminal domain was presented. Interestingly however, 
this C-terminal domain locates around the Cys42 residue of ComS, Cys22 being located outside 
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of the two identified domains. This raises the possibility that the effects observed originate from 
a steric effect on the Cys42 residue. 
Despite the presence of high ComK levels (Figure 3), we failed to obtain transformants for the 
pComS2242 strain (data not shown). In contrast, the pComS strain shows a high transformation 
frequency. In cells that are in the competent state, cell-division is prevented and Z-ring formation 
is blocked (Haijema et al., 2001). For these cells to resume growth after reaching the competent 
state, the levels of ComS need to decrease in order to favor the degradation of ComK by the 
MecA/CplCP proteolytic complex. In a wild type strain this could be in part accomplished by 
oxidation of its cysteine residues. However, the plasmid pComS2242 seems to lead to constitutive 
high levels of an equivalent of the reduced, presumed functional, form of ComS, which might 
interfere with the transition from the competent to a non-competent state. In support of this 
hypothesis, a recent study demonstrated that a lowering of ComS levels is required for cells to 
escape the competent state (Suel et al., 2006). Since pComS2242 containing cells will produce 
constant amounts of the reduced-like active form of ComS, it is possible that this ComS-medi-
ated negative feedback loop is altered, rendering the cells unable to escape from competence. 
Together, these observations make it tempting to regard redox modulation of ComS as a novel 
determinant for the escape from competence. Considering the role of ComS in the initiation of 
competence (D’Souza et al., 1994; Hamoen et al., 1995), the protein may be a key player deter-
mining a “window of opportunity” for cells to become competent.
We found that plasmid-based overproduction of ComS is not sufficient to bypass the TrxA-de-
pendency of competence development. However, the overproduction of the cysteine-less variant 
of ComS renders ComK production independent of TrxA, leading to ComK overproduction early 
in the growth phase (Figure 3). In addition, the temporal regulation of srfA-gfp expression, which 
is supposed to originate from ComA-dependent activation of the operon, is similar in ItrxA and 
wild type strains. Together, these results raise the possibility that TrxA might control the break-
age of disulfide bonds in ComS and, thereby, modulates its function in the release of ComK from 
the proteolytic complex. Whether the effects of TrxA on competence are due to a direct interac-
tion with ComS or this is mediated via another protein remains to be established. In this respect, 
it is iteresting to note that the redox sensitive protein Spx was previously reported to affect the 
ComS-dependent release of ComK from the MecA/CplCP complex (Nakano et al., 2002).
Through this study, we show that the redox regulation of competence development revolves 
around the production of functional ComS. Firstly, we showed that the expression of the srf-
operon, and therefore presumably that of the embedded comS, is significantly reduced under 
TrxA-depletion conditions. Secondly, we presented indirect evidence that the prevention of di-
sulfide bonding of the cysteines in ComS is of crucial importance for its function in competence 
in B. subtilis. This might constitute a novel redox switch that contributes to the regulation of 
competence development and the ability of cells to escape from the competent state. 

Materials and methods

Bacterial strains and plasmids
The bacterial strains and plasmids used in this study are listed in Table 2.
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Chemicals and enzymes
All chemicals used were of analytical grade and, unless indicated otherwise, obtained from Merck (Darmstadt, Ger-
many), Baker Chemical Co. (Phillipsburg, NJ, USA) or Duchefa (Haarlem, The Netherlands). Enzymes for molecular 
biology were purchased from Roche Molecular Biochemicals (Mannheim, Germany), Life Technologies (Breda, The 
Netherlands) or New England Biolabs (Beverly, MA, USA), and used according to the supplier’s instructions.

Media and growth conditions
For transformation and the competence test experiments, B. subtilis strains were grown in minimal salts (MM) that 
consisted of (per liter): 2 g of K2SO4, 10.8 g of K2HPO4, 6 g of KH2PO4, 1 g of sodium citrate, and 0.02 g of MgSO4. After 
adjustment of the pH to 7.0 and sterilization, the following components were added to complete the minimal medium 
used in transformation experiments (per 50 ml): 0.5% glucose, 0.02% casamino acids, 1.4 mg/ml L-tryptophan, and 2.2 
mg/ml ferric ammonium citrate. When approproate, media were supplemented with the suitable antibiotics. Erythro-
mycin (Em) and spectinomycin (Sp) were purchased from Sigma Chem. Co. (St. Louis, MO, USA) and were used for B. 
subtilis at 0.5 µg/ml and 100 µg/ml respectively. Kamamycin was purchased from Roche Molecular Biochemicals and 
used for B. subtilis at a final concentration of 10 µg/ml. When appropriate, IPTG (Isopropyl-b-D-thiogalactopyrano-
side) was added to the growth media at 25 µM, unless stated otherwise. 

DNA manipulations
Chromosomal DNA from B. subtilis was isolated according to Bron and Venema (1972). Minipreparations of plasmid 
DNA from E. coli were obtained by the alkaline lysis method (Sambrook et al., 1989). All cloning procedures were 

Table 2. List of strains, plasmids and primers used in this study.

B. subtilis strains Relevant genotypes Reference
168 trpC2

ItrxA Derivative of 168; contains an integrated copy of plasmid 
pMutin2 in the trxA gene; trxA-lacZ, Emr, P

spac
-trxA Smits et al., 2005

∆mecA trpC2 mecA::specR Kong et al., 1994
∆mecA ItrxA trpC2 trxA::pMUTIN2 mecA::specR; IPTG dependent This study
pComS Derivative of 168; contains the pComS plasmid; Kmr This study
pComS2242 Derivative of 168; contains the pComS2242 plasmid; Kmr This study
ItrxA pComS trpC2 trxA::pMUTIN2 pComS ; IPTG dependent This study
 ItrxA pComS2242  trpC2 trxA::pMUTIN2 pComS2242 ; IPTG dependent  This study

 srfA-gfp PsrfA-gfp; Cmr Unpublished,  
J.W. Veening

 ItrxA srfA-gfp  trpC2 trxA::pMUTIN2 This study
Plasmids Relevant features
pUC18 ApR, ColE1, φ80lacZ, lac promoter Sambrook et al., 1989
pComS multicopy plasmid for overproduction of ComS; Kmr Hahn et al, 1996

pComS22 multicopy plasmid for overproduction of ComS where the 
cysteine residue at position 22 was replaced by serine; Kmr This study

pComS42 multicopy plasmid for overproduction of ComS where the 
cysteine residue at position 42 was replaced by serine; Kmr This study

pComS2242
multicopy plasmid for overproduction of ComS where the 
cysteine residues in position 22 and 42 were replaced by 
serine; Kmr

This study

Primers Sequence (5’ > 3’ )
C22f GAA TCT ATA TCC TCA ATC AGC TTG

C22r TAT AGA TTC TCC GCT GGG CCG

C42f TTC TCC TGG AGG GAG AAG TAG C

C42r CCA GGA GAA GTA CAG CGG GGA
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carried out according to Sambrook et al. (1989). PCR products were purified using the Roche PCR purification kit 
(Mannheim, Germany).

Transformation assays
B. subtilis cells were tested for transformability essentially as described (Hamoen et al., 2002). Cells were grown to 
competence and transformed with chromosomal DNA obtained from B. subtilis strain OG1 (trp+). Subsequently, trp+ 
transformants were selected on minimal agar without tryptophan. Viable count was obtained by plating 105x  diluted 
sample on minimal agar supplemented with tryptophan.  

Construction of cysteine mutants of ComS
A HindIII/BamHI DNA fragment was excised from the pComS plasmid (Hahn et al., 1996), and ligated in a HindIII 
/ BamHI -cleaved pUC18 plasmid, yielding plasmid pUComS. Next, a PCR using the C22f and C22r primers was car-
ried out, amplifying the entire pUComS plasmid and inserting a point mutation (C to G) at position 2 of the codon 
for the cysteine at position 22 of ComS. After DpnI digestion, to remove methylated DNA (pComS), the plasmid was 
introduced in Escherichia coli DH5a. The point mutation was verified by sequencing, and the plasmid carrying the 
point mutation was named pUComS22. Next, a PCR using the C42f and C42r primers was carried out on pUComS and 
pUComS22, amplifying the entire plasmid and inserting a point mutation (C to G) at position 2 of the codon for the 
cysteine at position 42 of ComS. Again, after DpnI digestion, to remove methylated DNA, the plasmids were introduced 
in E. coli DH5a. The point mutations were verified by sequencing, and the plasmids carrying the point mutations were 
named pUComS42 and pUComS2242, respectively. Finally, the HindIII/BamHI DNA fragment from pUComS22, pU-
ComS42 and pUComS2242 were excised from the plasmid and re-introduced into a pComS lacking the HindIII/BamHI 
fragment, leading to pComS22, pComS42 and pComS2242, respectively.

SDS-PAGE and Western blot analyses
The presence of proteins in cell lysates was checked by SDS-PAGE, followed by blotting onto nitrocellulose or poly-
vinylidene difluoride membranes (Roche Molecular Biochemicals) and subsequent detection of the proteins using ap-
propriate polyclonal antibodies (anti-TrxA and anti-ComK antibodies). Protein samples were prepared as follows; 1 ml 
aliquots of cells were harvested, and spun down. The pellet was lysed in 50 µl buffer A (20% sucrose, 10mM tris-HCl 
pH 8.1, 10 mM EDTA, 50mM NaCl) containing 1 mg/ml lysozyme for 10 minutes at 37°C. 50 µl of 2x SDS sample 
buffer was added and the samples were boiled for 5 minutes. Detection of bound antibodies was performed with chemi-
luminescent detection with horseradish peroxidase-conjugated anti-rabbit IgG and the ECL Western blotting analysis 
system (Amersham Biosciences, Rosendaal, The Netherlands) or the Signal West Dura extended-duration substrate 
(Pierce).

Single cell analyses
Cells were 100x diluted in 0.2 µM filtered MM and directly measured on a Coulter Epics XL-MCL flow cytometer 
(Beckman Coulter, Mijdrecht, NL) operating an argon laser (488 nm) essentially as described (Smits et al., 2005b). 
For each sample at least 20,000 cells were analyzed. Data containing the green fluorescent signals were collected by a 
FITC filter and the photomultiplier voltage was set between 700 and 800 V. Data was captured using EXPO32 software 
(Beckman Coulter, Mijdrecht, NL) and further analyzed using WinMDI 2.8 software (http://facs.scripps.edu/software.
html). Figures were prepared for publication using WinMDI 2.8 and Corel Graphics Suite 11. To distinguish back-
ground fluorescence from GFP specific fluorescence, parental strain B. subtilis 168 was also analyzed with each flow 
cytometric experiment. 
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Summary and general discussion

The ability of a bacterium to survive in different niches and under a variety of stresses 
strongly depends on its genetic content. Yet, these survival strategies are often only em-

ployed by part of a bacterial population. Heterogeneity, or non-genetic individuality, could help 
the bacterium to utilize different niches within the ecosystem, and even has the potential to 
increase the overall fitness of the species (Thattai and van Oudenaarden, 2004; Wolf et al., 
2005; Bishop et al., 2006; Blake et al., 2006; Kussell et al., 2005). In this thesis, the molecular 
mechanisms that underlie the development of competence for genetic transformation in Ba-
cillus subtilis, a transient differentiation process that is initiated in a subpopulation of cells in a 
culture, were investigated. The main subject and results are schematically depicted in Figure 1.

Figure 1. Schematic representation of the results from the re-
search presented in this thesis. Each chapter is represented by 
an area of different color. For details: see the text.

Spo0A (~P)

ComA

TrxA

RapH RghR

ComS ComS
S-S S S

ComK
Rok

CodY*

phosphorelay sporulation

competence

chapter 2

chapter 5

chapter 4

chapter 3

chapter 6
chapter 7

chapter 9
chapter 8

vegetative

anti-microbials



168

Chapter 10

Nature and function of ComK-dependent genes

ComK has been identified as the key regulator governing competence for genetic transformation 
in B. subtilis (van Sinderen et al., 1995b; van Sinderen and Venema, 1994; van Sinderen et al., 
1994) Indeed, genes identified as essential for transformation, such as the late competence comE, 
comF and comG operons, were found to be controlled by this transcription factor (Hamoen et al., 
1998; Susanna et al., 2004). It was long assumed that genes directly regulated by ComK, those 
preceded by the consensus ComK-binding sequence (K-box), would somehow be involved in 
competence. 
Genome-wide transcription profiling through the use of DNA macro- or microarrays allows the 
definition of the regulon of a transcriptional regulator. In chapter 2 (Hamoen et al., 2002), we in-
vestigated the ComK-regulon and identified around 100 genes that were differentially expressed 
between wild type and comK mutant cells (Hamoen et al., 2002). Some of the transcriptional 
effects observed may be indirect, since some regulated genes do not seem to contain a K-box. In 
fact, among the ComK-regulated genes are several putative regulators that may be responsible 
for these effects. The definition of the ComK regulon paves the way for the characterization of 
novel genes involved in competence. Screening gene-knockouts of ComK-dependent genes for a 
competence defect in combination with more detailed experimental studies will without doubt in 
the near future reveal many new details about the mechanisms of uptake, protection and integra-
tion of transforming DNA.
The identification of genes affected by the presence of ComK but without a documented role in 
competence has spurred the discussion about the nature and function of ComK-regulated genes. 
Berka and colleagues, in another DNA microarray analysis of the ComK-regulon, postulated that 
competence may represent only part of a larger physiological state, designated K-state, which is 
governed by ComK (Berka et al., 2002). In support of this, it has been reported that ComK is 
involved in a stationary phase adaptive mutation (Sung and Yasbin, 2002). The K-state hypoth-
esis suggests that all direct regulation by ComK is relevant for the establishment of the K-state, 
and defines ComK as a global regulator rather than a transcription factor specific for competence 
development. In contrast, we put forward the hypothesis that some of the transcriptional effects, 
though dependent on a K-box, might not represent biologically relevant activation (chapter 2). 
Rather, it originates from the fact that ComK recognizes a flexible AT-rich motif common to 
intergenic regions (and is described as ‘evolutionary noise’). Currently, there is no satisfactory 
unifying characteristic for the K-state and several ComK-dependent genes have not been char-
acterized, making it difficult to test either one of the hypotheses. It has to be noted however that 
the K-state and evolutionary noise need not be mutually exclusive. An alternative explanation for 
the lack of a transformation phenotype for certain mutants of the ComK-regulon would be that 
the function of certain genes is compensated for by functional homologues as has been reported 
for some essential genes (Thomaides et al., 2007). Consistent with this, we report in chapter 7 
that a mutation in the ComK-dependent rapH gene demonstrates a more pronounced effect in the 
presence of mutations in other rap genes. Moreover, as RapH negatively affects sporulation, it 
demonstrates that ComK-regulated genes may function in the interplay or competition between 
distinct differentiation processes. Though one might argue that this supports the existence of the 
K-state, it can also be seen as another role for ComK-regulated genes due to its clear relation to 
competence. It will be of interest to see if other putative regulators among the ComK-regulated 
genes serve to link competence with other cellular processes.
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Strikingly, we found that the presence of a K-box is a relative poor predictor for actual regula-
tion by ComK, as only 8% of the genes with a K-box was differentially expressed between comK 
mutant and wild type cells (chapter 2). The predictive value could be improved by taking ad-
ditional features of the DNA into account, such as the position of the K-box relative to the RNA 
polymerase binding site. In a detailed investigation of the mechanism of transcription activation 
by ComK at the comG promoter, it was later reported that a change in the helical facing of the 
K-box compared to the RNA polymerase binding site indeed abolishes transcriptional activation 
(Susanna et al., 2004), showing the validity and potential of this approach. 
Currently, the NCBI database lists 13 sequenced genomes of other members of the Bacillus genus 
(http://www.ncbi.nlm.nih.gov/genomes) and several genome sequencing projects are in progress. 
Though only B. amyloliquefaciens and B. licheniformis have been reported to be naturally com-
petent in addition to B. subtilis (Lorenz and Wackernagel, 1994; Koumoutsi et al., 2004), homo-
logues of competence genes have been identified using comparative genomics in other species 
as well. It will be of interest to see if a competence regime can be found for these organisms, as 
some seem to lack genes that are essential for competence in B. subtilis. Eventually, a detailed 
comparison of the genomes with experimental data such as transcription profiles may lead to the 
definition of a minimal transformation machinery. 

ComK auto-stimulation

Recently, a new repressor of comK (Rok) was discovered that acts by directly binding to the 
comK promoter (Hoa et al., 2002). It was unknown, however, whether this repressor was dedicat-
ed to comK or could regulate other genes as well. In chapter 3 we investigated the Rok regulon 
through the use of DNA microarrays and confirmed several target genes for Rok. Interestingly, 
among these were a number of operons encoding toxins, or anti-microbial peptides. It has been 
postulated that ComK negatively regulates the expression of Rok (Hoa et al., 2002), and if this 
proves to be the case, it suggests an up-regulation of these genes in competent cells. This resem-
bles cannibalism, which has been described for sporulating cells of B. subtilis (Ellermeier et al., 
2006; Gonzalez-Pastor et al., 2003) or allolysis or fratricide of Streptococcus pneumoniae (Gui-
ral et al., 2005; Steinmoen et al., 2002; Steinmoen et al., 2003). In the case of competence, the 
DNA released from killed cells may serve as a source for transformation. The down-regulation 
of Rok under physiologically relevant conditions has yet to be demonstrated in vivo. The rok gene 
itself seems subject to complex regulation (Hoa et al., 2002), although we could not confirm that 
these effects were due to transcriptional regulation at the rok promoter (unpublished). It is pos-
sible that the effect of ComK is relatively small, or masked by the other regulators. In accordance 
with this, we did not observe clear down-regulation of a rok-iyfp translational fusion in compe-
tent (comG-cfp expressing) cells (unpublished). If a negative effect of ComK on rok exists, it is 
clearly too weak to result in a toggle-switch, consistent with the finding that rok is dispensible for 
the bistable expression pattern of competence (Maamar and Dubnau, 2005).
It was observed in previous experiments that ComK is required for its own expression in B. sub-
tilis (van Sinderen and Venema, 1994). However, in a heterologous host the comK gene is readily 
expressed (van Sinderen et al., 1995b). In chapter 4 we explain these observations by the dem-
onstration that ComK activates its own transcription by reversing the action of at least two dif-
ferent repressors, including Rok. Interestingly, we did not observe competition between ComK 
and the repressors for binding to a comK promoter fragment, a situation similar to what has been 
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described for the binding of LexA and ComK to the recA promoter (Hamoen et al., 2001). It was 
shown that this is possible when proteins bind to different surfaces of the DNA helix (Boucher et 
al., 2003). In the case of ComK, this may be facilitated by the fact that it is a minor groove binder, 
whereas most regulators bind through the major groove of the DNA. Anti-repression seems to be 
a general second mechanism of transcriptional activation by ComK, as also the ComK-depend-
ent rapH gene (chapter 7) seems to be activated in this manner.
Rok binds to the comK promoter upstream of the core promoter elements. However, it does reduce 
the affinity of RNA polymerase for the DNA, presumably through modulation of the topology of 
the DNA (chapter 4). Many bacterial promoters are responsive to DNA bending (Perez-Martin 
et al., 1994), and this mode of action for repressors is not unprecedented (Rojo, 2001). Interest-
ingly, ComK-dependent activation of comG also relies on bending of the DNA (Susanna et al., 
2004). We propose that the two modes of action of ComK, direct activation and anti-repression, 
both depend on the ability of ComK to bend the DNA (Hamoen et al., 1998; Susanna et al., 2004; 
Bewley et al., 1998).   

Bistability of competence development

Single cell analysis of bacterial populations has recently revived an interest in non-genetic indi-
viduality and the molecular mechanisms responsible for this phenomenon. Prior to this, many 
heterogeneous processes may have gone undetected due to the general use of culture-wide re-
porter studies. In addition, the phenotypic variability observed in many biological processes 
may have been discarded as an artifact of the methods used in the analysis. Only by evaluating 
expression of genes in single cells will it be possible to discern between population heterogeneity 
with an underlying monomodal signal distribution (where the supposed “off”-population reflects 
only the tail of the distribution below the detection limit of the system) and true multistability. In 
processes where true multistability has been established, it is necessary to investigate whether 
the phenotypic variation is epigenetic and, subsequently, whether it is due to feedback-architec-
ture in the regulatory network governing the process. In chapter 5 we demonstrate, by stripping 
the regulatory cascade of competence development, that auto-stimulation by ComK is essential 
to obtain a bistable expression pattern of comK and the late competence genes. Moreover, we 
find that ComK auto-stimulation in itself can be sufficient to generate bistability. The initiation 
of competence can therefore be seen as an example of feedback based bistability (FBM). In B. 
subtilis other well documented examples of bistability are swarming/motility (Kearns and Lo-
sick, 2005) and sporulation/cannibalism (Chung et al., 1995; Chung et al., 1994; Veening et al., 
2005; Gonzalez-Pastor et al., 2003). In fact, bistability is ubiquitous among bacteria and several 
other instances of bistability have been demonstrated, such as lysis/lysogeny of phage lambda 
(Ptashne, 2005; Arkin et al., 1998), enzymatic bistability in E. coli  and Salmonella typhimurium 
(Novick and Weiner, 1957; Muller-Hill, 1996; Ozbudak et al., 2004; Khlebnikov et al., 2002; 
Morgan-Kiss et al., 2002; Tolker-Nielsen et al., 1998), mucoidy and cytotoxicity in Pseudomonas 
aeruginosa (Guespin-Michel and Kaufman, 2001; Guespin-Michel et al., 2004) and persistence 
in various bacteria (Balaban et al., 2004; Kussell et al., 2005; Dubnau and Losick, 2006). In addi-
tion to that, there are many cases described where bistability is suspected (Smits et al., 2006). 
Positive auto-regulation has been established as a mechanism for multistationarity (Thomas, 
1998; Smits et al., 2006). In chapter 5 we report that it this type of feedback forms the basis 
for the bistable initiation of competence. The actual switching between states is thought to be 
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caused by noise in gene expression. It is believed that noise in the expression of comK is the pri-
mary determinant for switching between the non-competent and competent states (Dubnau and 
Losick, 2006; Avery, 2005; Smits et al., 2006). Consistent with that notion, we show in chapter 
6 that sporulation and competence gene expression in B. subtilis indeed seems to be noisy. The 
levels of noise, as measured by the initiation of these processes under atypical conditions, depend 
strongly on medium and method of culturing. However, even in dense biofilm-like structures 
subpopulations of cells exists. The expression of competence genes in these alternative growth 
forms is a subject for future research, and it will be of interest to see if, next to bistability, there is 
a geographic preference for competence gene expression and to what extent microenvironments 
contribute to this. Due to the relative lack of multicellular structures in laboratory strains of B. 
subtilis this has not been addressed. Though it has been established that undomesticated strains 
of B. subtilis still initiate competence in a bistable manner (Dubnau and Losick, 2006), the in-
vestigation of competence in these strains may reveal new regulatory mechanisms that may be 
masked in laboratory strains due to continuous selection for efficient transformation.  
Noise in essential gene regulatory pathways is undesirable as it can be detrimental to the fitness 
of the species (Paulsson, 2004; Rao et al., 2002; Vilar et al., 2002; Barkai and Leibler, 2000). 
However, it can be a useful phenomenon and can be amplified by positive feedback, potentially 
leading to FBM (Ferrell, Jr., 2002; Hasty et al., 2000). Non-genetic variability arising from FBM 
can be beneficial for the population and, as a consequence, it has been suggested that some 
gene-networks are more noisy than others (Rao et al., 2002; Korobkova et al., 2004; Arkin et 
al., 1998; Thattai and van Oudenaarden, 2004; Hallet, 2001). For instance, the switching of vi-
ral populations from a lytic to lysogenic phase, is thought to have evolved as an adaptation to 
changes in their environment, such as the host cell (Mittler, 1996; Stumpf and Pybus, 2002; Wolf 
et al., 2005). Variable phenotypes in pathogens may help them to evade immune responses by 

Figure 2. Survival of epigenetically determined variable 
phenotypes under selective pressure. Three genetically 
identical cells are depicted in the upper part of the figure. 
The triangular parts depicted in primary colours represent 
the genetic content. The outer ring depicts the (variable) 
phenotype that each cell displays. Upon a specific selec-
tive stress condition, only cells with a certain phenotype 
can survive. After selection, the survivor cell can regener-
ate the same phenotypic variation without altering its ge-
netic content. One can envisage that in natural situations, 
bacterial populations encounter more than a single type 
of stress or fluctuations in the environmental conditions. 
FBM systems can quickly generate phenotypic variability, 
potentially leading to the survival of a genotype. Reprinted 
with permission of the publisher.
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their hosts. Alternatively, the variation may serve to balance the benefits and disadvantages of a 
certain phenotype. In the case of competence for genetic transformation, there may be a trade-off 
between the benefits of generating of genetic diversity and DNA-repair through homologous re-
combination, and the drawbacks like possible illegitimate recombinations, growth arrest or lysis 
due to the sensitivity of competent cells. Multistability allows a small part of the population to 
survive environmental stresses that kill the majority (Thattai and van Oudenaarden, 2004; Wolf 
et al., 2005) and the population as a whole therefore remains viable even under conditions that 
result in the death of some of the subpopulations. Critical to this view is that the traits that are 
selected for are not genetically determined. This ensures that upon outgrowth of the survivors, 
the cell population retains the ability to regenerate all phenotypes that were present in the origi-
nal culture (Figure 2). Finally, for adaptive phenotypes it is important that the response to stress 
is quick and efficient. It may therefore be a common feature of adaptive phenotypes to employ 
positive feedback, since it ensures a rapid response to stresses encountered and has the potential 
to generate non-genetic phenotypic variability to enhance the fitness. It will be of great interest to 
see whether the occurrence of (feedback-based) multistability is indeed predominant in adaptive 
rather than essential processes, a notion which certainly is supported by the currently identified 
bistable processes, such as competence and sporulation of B. subtilis.

Intertwinement of regulatory pathways

Competence is only one of several adaptive strategies that can be employed by B. subtilis to sur-
vive adverse conditions. The alternatives include motility, production of degradative enzymes 
and anti-microbial peptides, and sporulation. At least part of these processes also demonstrates 
phenotypic variation (Chung et al., 1995; Gonzalez-Pastor et al., 2003; Veening et al., 2005). 
Regulatory pathways have evolved to ensure appropriate timing between these processes, and 
the identification of a novel factor in such a pathway, RapH, is described in chapter 7. RapH 
forms the first Rap protein with a dual specificity, and contributes to the temporal separation 
of competence and sporulation. The presence of more regulators among the ComK regulated 
genes, suggests that other factors may serve to orchestrate the expression of competence genes 
with different cellular processes. Similarly, it is possible that secondary effects of certain genes 
have been overlooked due to their pronounced effect on competence development. It would be of 
interest to evaluate the functions of for instance ComS in a comK-deficient strain. This type of 
knowledge will be of importance for the (in silico) reconstruction and modeling of gene regula-
tory networks.
ComK appears to activate rapH expression by reversing the repression of RghR, that binds to the 
rapH promoter, similar to the reversal of LexA repression at the promoter of recA. Strikingly, 
both genes can be activated in a ComK-independent manner by an alternative mechanism; the in-
activation of the repressor. This raises an interesting question: is anti-repression the predominant 
mechanism for transcription activation for genes that also function in other pathways than com-
petence? The ComK regulon (chapter 2) comprises several genes involved in carbon metabolism 
and cell division, for instance, and future research will reveal the mode of activation for these 
genes. It is noteworthy, however, that the genes whose function is thought to be limited to natural 
transformation seem to be directly activated, rather than anti-repressed. The fact that these genes 
are not expressed in the absence of ComK sets them apart from the anti-repressed genes, even 
though it does not exclude the existence of other regulators. 
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Redox regulation of competence development

Various signals are integrated in the regulatory network that governs competence development in 
B. subtilis. Many of these signals are interpreted through changes in the levels of transcriptional 
regulators, such as AbrB (Hamoen et al., 2003a). Alternatively, the abundance of effector mole-
cules or inhibitors can affect the functionality of the transcriptional regulators. It has for instance 
been reported that CodY senses the nutritional status of cells through intracellular GTP levels 
(Ratnayake-Lecamwasam et al., 2001), and cell density modulates the effectivity of the early 
transcriptional regulator ComA (Bongiorni et al., 2005; Perego and Hoch, 1996b; Solomon et al., 
1996). In chapter 4 we observed that despite binding of CodY to the comK promoter repression 
only occurred in the presence of branched chain amino acids.
A potentially novel level of regulation of competence development was uncovered in chapter 
8. Through DNA macroarray analysis it was found that depletion of the essential thioredoxin 
A gene, trxA, has a dramatic impact on the physiology of cells. Most notably, it results in the 
abrogation of competence gene expression in minimal medium. Though thioredoxin depletion 
has a very pleiotropic effect, its role as a thiol-disulfide oxidoreductase suggested that redox 
regulation of competence development might exist. In chapter 9 this hypothesis was further 
explored. It was found that the cysteines of ComS are of importance for competence develop-
ment, as overproduction of a cysteine-less variant demonstrates very high levels of ComK even 
after overnight incubation. In addition such a strain does no longer require trxA, suggesting that 
TrxA is required for the activity of ComS; however, this notion has to be explored further. Strik-
ingly, redox regulation of competence seems to revolve around the proteolytic degradation of 
ComK. First, a well characterized redox regulator PerR appears to regulate the expression of the 
srf-operon, which also encompasses comS (Hayashi et al., 2005). In addition, the expression of 
comQXP is affected by superoxide (Ohsawa et al., 2006). Moreover, Spx – a known regulator of 
the trxA gene (Nakano et al., 2005) – negatively affects competence by two distinct mechanisms. 
The protein interferes with ComA-dependent activation of the srf-operon (Nakano et al., 2003b), 
as well as enhancing the interaction between ComK and the proteolytic complex (Nakano et al., 
2002). Our study (chapter 9) adds another possible level to this.
Disulfide bond formation, which is dependent on thiol-disulfide oxidoreductase activity as well 
as the redox state of cells, is also of importance for the later stages of transformation. It has been 
shown that the BdbCD proteins are essential for the production of stable ComGC multimers 
(Meima et al., 2002; Chen et al., 2006), as well ComEC protein (Draskovic and Dubnau, 2005). 
Relatively little is known about the importance of post-translational modifications for compe-
tence proteins besides the examples of disulfide bond formation that were mentioned above. The 
ComX pheromone requires isoprenylation in order to be active (Okada et al., 2005). Additionally, 
it has been shown that the activity of single stranded DNA-binding proteins depend on phospho-
rylation by the kinase YwqD (Mijakovic et al., 2006), and evidence exists that ComK may be 
tyrosine-phosphorylated (J. Kirstein and K. Turgay, personal communication). The identification 
of these types of modifications, for instance by two-dimensional gel electrophoresis in combina-
tion with mass spectrometry, and the determination of their importance for the functionality of 
the proteins is a challenge for future research.
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Escape from the competent state

It has been known since long that competent cells form only ~10% of the cells of a culture 
(Hadden and Nester, 1968; Cahn and Fox, 1968). Our research (chapter 5), and that of others 
(Maamar and Dubnau, 2005) has demonstrated that competence is initiated in a bistable manner 
that depends on the ComK autostimulatory loop. However, competence is a transient process and 
in order to resume vegetative growth cells need to escape from the competent state (Nester and 
Stocker, 1963; McCarthy and Nester, 1967; Haijema et al., 2001). ComK-dependent expression of 
proteins such as ComGA is responsible for the inertia of competent cells (Haijema et al., 2001), 
and from this it follows that levels of ComK need to be reduced in order to resume vegetative 
growth. It was reported that deletion of mecA interferes with the recovery from the competent 
state, suggesting that proteolytic degradation of ComK by ClpCP is required for the decrease in 
ComK levels (Hahn et al., 1995a). However, details about how the reduction in cellular levels of 
ComK is initiated remain elusive so far. 
An interesting hypothesis was recently put forward by Suel and coworkers, based on timelapse 
microscopy (Suel et al., 2006). Previously, it was found that in a mecA mutant the transcription of 
the srf-operon is reduced in a ComK-dependent manner, suggesting the existence of a negative 
feedback loop. It was shown that the transient differentiation observed in competence develop-
ment resembles an excitable gene regulatory network and that such characteristics could be ex-
plained by a slow acting negative feedback loop. Though our work (chapter 7) demonstrates the 
possibility of such a feedback loop, it remains to be established whether the negative feedback on 
srf-expression is sufficient to explain the timely exit from the competent state, as Suel and cow-
orkers propose, for several reasons. Firstly, in their experiments they introduced an additional 
positive feedback loop, by placing comS behind a comG promoter to compensate for the possible 
down-regulation of comS expression. This new positive feedback loop could be strong enough to 
lock cells in the competent state. In addition, previous experiments have already shown that the 
overproduction of ComS leads to a strong delay in the escape time (Hahn et al., 1994). Secondly, 
there does not seem to be a relationship between the absolute levels of ComS transcription and 
competence development (as measured by a comG-cfp fusion). This is consistent with our obser-
vations that a transcriptional fusion of comS to gfp at its native locus is expressed to a more or 
less equal level in all cells (unpublished observations). This suggests that other factors than comS 
transcription determine competence development, either acting post-transcriptionally on comS 
mRNA (Luttinger et al., 1996; Tortosa et al., 2000), on ComS protein (chapter 9) or elsewhere 
in the pathway. Finally, in the experiments described in chapter 5 we noted that replacing the 
native comK promoter with the comG promoter had a strong effect on the escape time of compe-
tent cells, as indicated by the high level of ComK in cells of a culture grown to competence after 
prolonged growth. This shows that the presence of the native comK promoter is a requirement for 
the efficient escape from the competent state. Indeed, a shut-down of comK transcription seems 
to occur (Dubnau and Losick, 2006). Two possible explanations for this are found in chapters 
4 and 5. Rok may be an important determinant for the escape as this protein binds PcomK, but 
not PcomG. Consistent with this, rok mutant cells seem to demonstrate a delayed escape (unpub-
lished observations). Alternatively, there may be physiological relevance to the down-regulation 
of comK transcription at high levels of ComK that was observed in the in vitro transcription 
experiments. Literature offers another hypothesis. A binding site for Spo0A has been identified 
in the comK promoter, and binding of Spo0A protein to this sequence was demonstrated (Molle 
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et al., 2003). Possibly, in late stationary phase high levels of Spo0A may lead to repression of the 
comK promoter.
ComK-dependent induction of a factor that negatively affects ComK levels, as proposed by Suel 
and coworkers (Suel et al., 2006), provides an attractive hypothesis for the transiency of com-
petence. Timelapse microscopy of dynamics of the escape will reveal the importance of various 
molecular mechanisms. An analysis of a rapH mutant should demonstrate the relevance of the 
negative feedback loop on comS expression for the escape. Similarly, investigation of the rela-
tion between expression levels of rok and comG in single cells might shed light on the role of 
Rok. Finally, introducing point mutations into the comK promoter might result in the isolation of 
mutants that show wild type initiation of competence but altered dynamics for the escape, which 
would support the idea that a reduction in comK transcription initiates the (regulated) escape 
from the competent state.
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Bacteriën

Micro-organisme is een verzamelnaam 
voor organismen die te klein zijn om 
met het blote oog waar te nemen, en 
onder deze noemer vallen ook bacte-
riën. Bacteriën zijn relatief eenvoudige 
organismen, die uit een enkele cel be-
staan. Hoewel bacteriën essentieel zijn 
voor het ecosysteem op aarde, zijn ze 
berucht vanwege het feit dat verschei-
dene ziekten kunnen veroorzaken. 
Daarnaast blijken sommige bacteriën 
gebruikt te kunnen worden voor het 
produceren van nuttige stoffen of het 
afbreken van schadelijke stoffen (bio-
technologie). Hoewel er wereld van 
verschil lijkt te bestaan tussen men-
sen en bacteriën, blijken veel van de 
processen die fundamenteel zijn voor 
het leven op een vergelijkbare manier 
plaats te vinden in de cellen van deze 
organismen. Deze zaken hebben er sa-
men toe geleid dat er onderzoek wordt gedaan naar het functioneren van bacteriën (microbiolo-
gie).  Het onderzoek dat beschreven wordt in dit proefschrift is voornamelijk uitgevoerd aan de 
bacterie Bacillus subtilis, een staafvormige bacterie die van nature voorkomt in de grond en niet 
schadelijk is voor de mens. Dit in tegenstelling tot sommige andere leden van de Bacillus familie, 
die bijvoorbeeld voedselbederf of -vergifitiging (B. cereus) of miltvuur (B. anthracis) kunnen 
veroorzaken. B. subtilis cellen zijn ongeveer 3 mM groot. Dit betekent dat men zo’n 300.000 
cellen aan elkaar zou moeten leggen om een rij van een meter te krijgen. Een B. subtilis cel be-
staat uit een celwand, en celmembraan en cytoplasma. De celwand bestaat uit stevig materiaal, 
beschermt de cel tegen de buitenwereld en voorkomt dat deze uitelkaar spat. Met bepaalde kleur-
stoffen is het mogelijk de celwand kleuren (een zogeheten Gram-kleuring), en daarom worden 
bacteriën zoals B. subtilis wel Gram-positief genoemd. De celmembraan is een soort ballonnetje 
van bepaalde vetten, dat het binnenste van de cel scheidt van de omgeving, zoals de lucht in 
een zeepbel gescheiden is van de buitenlucht. Het cytoplasma tenslotte is een waterige enigzins 
visceuze massa, waarin zich onder andere voedingsstoffen, enzymen en het erfelijk materiaal 
bevinden. In tegenstelling tot bijvoorbeeld mensen hebben bacteriële cellen geen afzonderlijk 
compartiment waarin het erfelijk materiaal wordt opgeslagen (celkern); het enige chromosoom 

Schematische voorstelling van een Bacillus cel. De membraan be-
staat uit een dubbele laag vetzuren. De celwand is opgebouwd uit 
een polymeer van suikers. Het cytoplasma bevat ondermeer DNA en 
eiwitten.
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van de bacterie bevindt zich “los” in het cytoplasma. Naast een chromosoom hebben sommige 
bacteriën ook kleinere, cirkelvormige stukjes erfelijk materiaal die plasmiden worden genoemd.

 Een korte geschiedenis van het 
DNA 

Hoewel het tegenwoordige in ieder 
schoolboek over biologie vermeld 
wordt, is het nog niet zo lang bekend 
dat erfelijke informatie ligt opgesla-
gen in DNA (een afkorting van de 
Engelse benaming van deoxyribonu-
cleïnezuur, deoxyribonucleic acid). In 
de 19e eeuw bepaalden scheikundigen 
de chemische samenstelling van cel-
len. Zo vond men onder meer suikers 
(de brandstof van de cellen), vetten 
(voor opslag en compartimentalisatie) 
en eiwitten (de bouwstenen en werk-
paarden van de cel). In 1869 beschreef 
de Zwitserse biochemicus Friedrich 
Miescher een stofje wat hij nuclein 
noemde, omdat hij het had geïsoleerd 
uit de celkern van bloedcellen, en be-
paalde dat het bestond uit waterstof, 
stikstof, zuurstof en fosfor. Verdere 
analyse wees uit dat DNA was opge-
bouwd uit 4 verschillende bouwstenen 
(nucleotiden), die elk bestaan uit een 
fosfaatgroep, een suiker en een base. 
Deze base is ofwel een zogenaamde purine (adenine of guanine) ofwel een pyrimidine (thymine 
of cytosine). De Amerikaanse onderzoeker Chargaff ontdekte dat er altijd evenveel purines als 
pyrimidines waren, ongeacht de origine van het DNA. Eiwitten, in tegenstelling tot DNA, bleken 
uit wel 20 verschillende bouwstenen (aminozuren) te bestaan. In het begin van de 20e eeuw was 
er daarom veel discussie over de identiteit van het erfelijke materiaal: was het mogelijk om met 
maar 4 bouwstenen zoveel informatie op te slaan (zoals met DNA), of was een grotere variatie 
nodig bouwstenen (zoals bijvoorbeeld de 20 aminozuren)? 
Het antwoord daarop kwam in 1948, toen Oswald Avery, Colin McLeod en Maclyn McCarty 
onderzochten hoe longontsteking werd veroorzaakt door de bacterie Streptococcus pneumoniae. 
Het was bekend dat muizen alleen ziek werden van één bepaald type van de bacterie, maar niet 
van een ander type.  De ziekmakende variant wordt virulent genoemd. Daarnaast had de Ameri-
kaanse onderzoeker Fred Griffith in 1928 laten zien dat muizen ook ziek worden van een mix van 
levende niet-virulente bacteriën en dode virulente bacteriën. De bacteriën uit de zieke muizen 
bleken bepaalde eigenschappen van de virulente soort overgenomen te hebben (transformatie). 
De doorbraak kwam toen Avery en zijn collegas bepaalden welke stof in de dode cellen belang-

Schematische voorstelling van de structuur van DNA. Een streng 
bestaat uit een ruggegraat van suikers en fosfaatgroepen. De twee 
strengen, die bijeen worden gehouden door interacties tussen twee 
basen, vormen samen een dubbele helix.  
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rijk was voor de transforma-
tie. Het bleek dat wanneer 
DNA werd weggehaald uit 
de soep van dode virulente 
cellen, de muizen niet langer 
ziek werden als de mix werd 
ingespoten. Experimenten 
van andere mensen beves-
tigden vervolgens dat DNA, 
en niet eiwit, de drager is 
van erfelijke informatie.
De volgende vraag was nu 
op wat voor manier infor-
matie ligt opgeslagen in het 
DNA en daarvoor was het 
noodzakelijk om te weten 
hoe een DNA molecuul eruit 
ziet. In 1953 publiceerden 
James Watson en Francis 
Crick hun wereldberoemde 
model. Ze suggereerden dat 
het DNA bestond uit twee 
strengen van aaneengescha-
kelde nucleotiden, die in 
tegengestelde richting (anti-
parallel) lopen. De strengen 
worden bijeen gehouden 
doordat er verbindingen 
bestaan tussen specifieke 
purines and pyrimidines; de 
basen adenine (A) en thymi-
ne (T) vormen een paar, net 
als guanine (G) en cytosine 
(C). Beide strengen bevat-
ten daardoor dezelfde (maar 
complementaire) informatie. 
Experimenten van de onderzoekers Matthew Meselson en Arthur Kornberg hebben aangetoond 
dat bij het delen van een cel de twee strengen van het DNA worden ontrafeld, en er door een en-
zym genaamd DNA polymerase (een eiwit dat als een soort kopieer-apparaat werkt) een nieuwe 
streng bijgemaakt wordt uit losse nucleotiden, op basis van de informatie op de reeds bestaande 
streng (replicatie). Iedere dochtercel krijgt vervolgens een exacte kopie van het chromosoom. 
In principe hebben daardoor alle bacteriën die ontstaan zijn uit een gezamenlijke voorouder 
dezelfde erfelijke informatie.
Een mechanisme vergelijkbaar met replicatie bleek uiteindelijk verantwoordelijk voor het verta-
len van de erfelijke informatie op het DNA naar eiwitten. Men kan het DNA beschouwen als een 
dik boek, een handleiding tot het maken van een ingewikkelde machine: de cel. Het boek bevat 

A. De organisatie van genen op het chromosoom. Een gen wordt voorafgegaan 
door een gebied waar transcriptie begint (Start) en transcriptiefactoren of RNA 
polymerase kunnen binden (Box), samen promoter genaamd. Na een operon bev-
indt zich over het algemeen een terminator, een signaal dat de transcriptie doet 
stoppen (Stop). B. RNA polymerase maakt een mRNA uit vrije ribonucleotiden, op 
grond van de informatie van een enkele streng van het DNA. C. Door het ribosoom 
wordt een eiwitketen in elkaar gezet uit aminozuren die aan tRNA zijn gekoppeld, 
op grond van de informatie van het mRNA. Drie nucleotiden vormen de code voor 
één aminozuur (codon).
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alle informatie, maar is onpractisch om mee te werken. Het is gemakkelijker om dat deel over te 
schrijven (of te kopiëren) dat je op een bepaald moment nodig hebt. Dit proces heet transcriptie. 
Een transcript is net als DNA een nucleinezuur, maar dit maal is de suiker ribose in plaats van 
deoxyribose en is thymine vervangen door een andere base, uracil (U). Omdat het molecuul fei-
telijk een boodschap overbrengt van het DNA naar de machinerie die een eiwit in elkaar zet (het 
ribosoom), wordt het ook wel messenger RNA (mRNA) genoemd. Net als bij replicatie is er een 
enzym, RNA polymerase, dat mRNA vormt aan de hand van de informatie op één streng van het 
DNA. Met de informatie van het mRNA kunnen vervolgens de bouwstenen voor het eiwit (de 
aminozuren) in de goede volgorde geassembleerd worden (translatie). Dit vereist nog een andere 
soort RNA, transfer RNA (of tRNA). Er zijn 20 natuurlijke voorkomende aminozuren, en slechts 
4 verschillende nucleotiden. Meerdere nucleotiden moeten dan ook samen coderen voor een en-
kel aminozuur. Een serie experimenten van ondermeer de Amerikaanse biochemicus Nirenberg 
leidde tot de definitieve ontcijfering van de genetische code.  Een serie van drie nucleotiden (een 
codon) codeert voor een enkel aminozuur, en is de vergelijken met een woord in de zin die een 
gen vormt, of de paragraaf die een operon vormt. Aangezien er 43 = 64 mogelijke codons zijn en 
slechts 20 aminozuren, coderen sommige codons voor hetzelfde aminozuur. 

Moleculaire genetica

De informatie die gecodeerd ligt op het DNA is geen ongeordende brij van nucleotiden. Net zoals 
je in een boek hoofdstukken, paragrafen en woorden hebt is de informatie op het DNA gerang-
schikt in genen en operonen. Een gen is een stuk DNA dat voor één eiwit codeert. Een operon 
bestaat uit meerdere genen, maar resulteert tijdens transcriptie in één enkel mRNA molecuul. 
Een genoom omvat alle genen die gecodeerd liggen op het chromosoom van een organisme. 
Net zoals je bij een handleiding niet in alle hoofdstukken tegelijk begint te lezen, wordt ook de 
informatie van het DNA alleen gebruikt op het moment dat het nodig is. Er is dus een vorm van 
regulatie noodzakelijk. Baanbrekend werk ten aanzien van dit onderwerp is verricht door de 
Franse wetenschappers Jacob en Monod. Zij toonden aan dat bepaalde eiwitten (zogenaamde 
transcriptiefactoren) aan het DNA kunnen binden, en daarmee bepalen of er transcriptie plaats 
vindt. Transcriptiefactoren kunnen zowel zorgen dat transcriptie plaatsvindt (activatoren) als dit 
voorkomen (repressoren). De werking is vergelijkbaar met een lichtschakelaar: als de lamp uit 
is dan kan een activator de lamp aanzetten, terwijl een repressor een lamp die reeds aan staat uit 
kan zetten. Een subtielere vorm (dimmer) behoort ook tot de mogelijkheden. Net zoals een lamp 
alleen reageert als je de lichtschakelaar omzet, en niet als je op willekaurige plaats de muur aan-
raakt, binden ook transcriptiefactoren op specifieke plaatsen aan het DNA (operatoren, of bin-
dingssites). Over het algemeen bevinden deze zich dichtbij de bindingssite van RNA polymerase 
op een deel van het DNA voorafgaand aan een gen, wat de promoter wordt genoemd.
Moleculaire genetica is de wetenschap die de structuur en functie van genen onderzoekt. Er 
wordt onderzocht hoe en waardoor transcriptie gereguleerd wordt en wat het effect hiervan is op 
de cel. In andere woorden: er wordt onderzocht op welke manier de informatie die ligt opgeslagen 
op het DNA wordt benut in reactie op stimuli uit te omgeving. 
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Competentie voor genetische transformatie

De erfelijke informatie van bacteriën is niet statisch. Net als bij mensen kunnen er veranderingen 
optreden aan de nucleotiden-volgorde van het DNA (mutaties), die nieuwe gewenste of onge-
wenste eigenschappen tot gevolg hebben. Daarnaast kunnen sommige bacteriën DNA (vaak in de 
vorm van plasmiden) uitwisselen in een proces wat conjugatie wordt genoemd. Tot slot is er van 
een aantal bacteriën bekend dat ze DNA uit hun omgeving kunnen opnemen (competentie), en dit 
vervolgens stabiel kunnen integreren in het eigen chromosoom. Het vroegste voorbeeld hiervan 
is de natuurlijke transformatie van S. pneumoniae zoals beschreven door Fred Griffith, die een 
cruciale rol heeft gespeeld in de identificatie van DNA als het erfelijke materiaal. 
Het onderzoek wat beschreven staat in dit proefschrift richt zich op de regulatie van competen-
tie en transformatie van B. subtilis. Omdat de cellen van deze bacterie zijn omgeven door een 
membraan en een celwand is transformatie geen triviaal proces. Vele jaren van onderzoek in met 
name de Verenigde Staten en Nederland hebben ertoe geleid dat de omstandigheden waaronder 
B. subtilis in staat is DNA op te nemen en de daarvoor benodigde eiwitten goed gekarakteriseerd 
zijn. Het sleuteleiwit voor de ontwikkeling van natuurlijke competentie in B. subtilis is ComK. 
Het eiwit, wat gecodeerd wordt door het gen comK, is een transcriptiefactor. In de aanwezigheid 
van ComK vindt er transcriptie plaats van alle genen die noodzakelijk zijn om eiwitten te maken 
die voor de opname en integratie van DNA zorgen (de zogenaamde laat-competentie genen). Elk 
van deze genen wordt voorafgegaan door een bindingssite voor ComK, de zogenaamde K-box. 
Hoewel er veel factoren zijn die beinvloeden of een cel competent wordt, beïnvloeden deze alle 
de concentratie ComK in een cel. Dit kan bijvoorbeeld door de transcriptie van comK te veran-
deren, of door het eiwit ComK af te breken. In het laboratorium is B. subtilis slechts gedurende 
enkele uren in staat om DNA op te nemen en te integreren. Hierna wordt de concentratie ComK 
klaarblijkelijk zover verlaagd dat er geen transcriptie van de laat-competentie genen meer plaats-
vindt.

Dit proefschrift

Van vrijwel alle genen waarvan bekend was dat ze van belang waren voor de opname en integratie 
van DNA heeft men in het verleden aangetoond dat de transcriptie geactiveerd werd door ComK. 
In hoofdstuk 2 van dit proefschrift hebben we bepaald of er in B. subtilis nog andere genen zijn 
wier transcriptie beinvloed wordt door ComK. Hiervoor hebben we een techniek gebruikt die 
DNA arrays heet, en die gebruik maakt van het feit dat een transcript en DNA van hetzelfde gen 
plakken (hybridiseren). Er wordt gebruik gemaakt van een oppervlak waarop stukjes DNA van 
alle genen van B. subtilis vastgemaakt zijn volgens een vast patroon (een array). Dit was moge-
lijk omdat de basenvolgorde van het chromosoom (de genoomsequentie) van B. subtilis in 1997 
volledig is bepaald  (het chromosoom van B. subtilis telt iets meer dan 4 miljoen baseparen, en 
omvat zo’n 4100 genen). Vervolgens worden de transcripten uit de cellen geïsoleerd, en met een 
fluorescent of radioactief label gemerkt. Wanneer dit gelabelde materiaal op de array wordt ge-
bracht, plakken de transcripten aan het bijbehorende gen. Het niet-gebonden materiaal kan ver-
volgens weggewassen worden. In hoofdstuk 2 hebben we de transcripten uit “gewone” cellen ver-
geleken met die uit cellen die geen ComK kunnen maken (het comK gen was gemuteerd). Door 
de signalen van de twee situaties te vergelijken waren we in staat ~100 genen te identificeren 
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die minder, of geen, mRNA vormden 
als ComK afwezig was. Er waren vrij-
wel geen genen waarvan meer mRNA 
was geproduceerd, hetgeen aantoont 
dat ComK voornamelijk een activator 
is. Daarnaast hebben we gekeken of de 
aanwezigheid van een K-box voor een 
gen altijd resulteert in transcriptie acti-
vatie door ComK, en dit bleek niet het 
geval te zijn. Ook lieten sommige genen 
waarvoor geen herkenbare K-box kon 
worden geïdentificeerd wel verlaagde 
transcriptie zien in de afwezigheid van 
ComK. De informatie van deze studie 
is gebruikt om te bepalen welke genen 
beïnvloed worden door ComK en hoe 
de betrouwbaarheid van een K-box als 
indicator voor regulatie door ComK 
kan worden vergroot.
Recentelijk werd een tot dan toe onbe-
kende repressor van het comK gen ge-
identificeerd, genaamd Rok. Omdat er 
nog vrijwel niets bekend was over dit ei-
wit, hebben we in hoofdstuk 3 bepaald 
welke genen buiten ComK gereguleerd 
worden door deze transcriptie factor, 
wederom door middel van DNA arrays. 
Er werd gevonden dat Rok uitsluitend 
als repressor lijkt te functioneren, in te-
genstelling tot ComK. Van de door Rok 
gereguleerde genen hebben we vervol-
gens bepaald of gezuiverd Rok eiwit in 
een reageerbuis (in vitro) in staat was 
aan het DNA voorafgaand aan deze ge-
nen te binden. Op deze manier hebben 
we vast kunnen stellen dat de repressor 
verantwoordelijk is voor de regulatie 
van een aantal genen, die ondermeer voor anti-microbiële peptiden coderen.
Onderzoek in het verleden heeft aangetoond dat in levende B. subtilis (in vivo) transcriptie van 
het comK gen ook geactiveerd wordt door ComK; met andere woorden, er treedt autostimulatie 
op. Echter, in vitro lijkt de transcriptie van het comK gen onafhankelijk van het eiwit. Deze 
ogenschijnlijke discrepantie hebben we onderzocht in hoofdstuk 4. Beide observaties kunnen 
verklaard worden als ComK de werking van een repressor tegengaat (anti-repressor). In de ver-
gelijking met de lichtschakelaar is dit als volgt voor te stellen: als een lamp standaard al maxi-
maal aan is, kan een dimmer (en daarmee de hoeveelheid licht) niet hoger gedraaid worden. Als 
daarentegen de lichtintensiteit wordt verlaagd, heeft een zelfde handeling wel een detecteerbaar 

Schematische voorstelling van een DNA microarray experiment. 
RNA wordt geïsoleeerd uit twee verschillende soorten cellen. Dit 
wordt vervolgens (indirect) gelabeld met bijvoorbeeld een molecuul 
dat groen of rood fluoresceert. Het gelabelde materiaal wordt op 
de array gebracht. Als gelabeld materiaal van slechts 1 van beide 
soort cellen aan de spots op de array bindt, lijkt deze rood of groen. 
Bindt het materiaal van beide condities, dan lijkt de spot geel 
(rood+groen).
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effect. Door transcripties uit te voeren onder gecontroleerde omstandigheden in een reageer-
buis, hebben we kunnen aantonen dat ComK inderdaad het effect van twee repressoren (Rok en 
CodY) tenminste deels teniet kan doen. De meest eenvoudige manier waarop dit zou kunnen is 
als ComK de repressor van het DNA afduwt. Onze experimenten tonen echter aan dat dit niet het 
geval is, en dat ComK en de repressoren tegelijkertijd kunnen binden.
Onder de juiste omstandigheden kunnen bacteriën kunnen groeien in een een fles met vloei-
bare voedingsstoffen. Men spreekt dan van een culture. Omdat bacteriële cellen ongeslachtelijk 
voortplanten, heeft iedere cel van een culture hetzelfde erfelijke materiaal. Desalniettemin blijkt 
maar 10-20% van zich te ontwikkelen (differentiëren) tot cellen die in staat te zijn om DNA op 
te nemen. Alleen in deze fractie bevindt zich voldoende ComK eiwit om de laat-competentie ge-
nen aan te zetten. In hoofdstuk 5 hebben we onderzocht hoe het komt dat er twee verschillende 
groepen ontstaan in een genetisch identieke culture. Hiervoor hebben we de promoter van een 
laat-competentie gen gekoppeld aan het gen dat codeert voor een groen fluorescent eiwit (GFP). 
Met speciale apparatuur (zoals een microscoop of een flow cytometer, een apparaaat dat fluo-
rescentie meet van veel cellen in een korte tijd) zijn competente cellen dan te herkennen omdat 
ze groen fluoresceren. Vervolgens hebben we onderdelen van het netwerk dat de hoeveelheid 
ComK reguleert aangepast. Onze resultaten wijzen uit dat de scheiding teruggevoerd kan worden 
op de eigenschap dat ComK de eigen transcriptie stimuleert. Zonder ingewikkelde wiskundige 
formules te hoeven gebruiken, kan men zich eenvoudig een voorstelling maken hoe dit in zijn 
werk gaat. Als er geen ComK is, vindt er praktisch geen transcriptie van comK plaats. Op het 
moment dat er een beetje ComK geproduceerd wordt, kan dit de transcriptie van het eigen gen 
stimuleren wanneer de concentratie van ComK een bepaalde drempelwaarde bereikt. Door deze 
positieve terugkoppeling kan een cel “aan” zijn, of “uit”, maar zijn tussenliggende waarden niet 
mogelijk. Wanneer sommige cellen in een culture in staat zijn om de vicieuze cirkel in gang te 
zetten, en andere niet, is het resultaat een culture met beide typen. Dit noemen we een bistabiel 
expressie patroon.
Waarom bereiken sommige cellen de drempelwaarde in de concentratie ComK die nodig is om 
de vicieuze cirkel op te starten wel, en andere cellen niet? De huidige stand van de wetenschap 
gaat ervanuit dat dit het gevolg is van fluctuaties in de hoeveelheden van eiwitten in een cel. 
Hierdoor zouden sommige cellen bij toeval net iets meer ComK maken dan anderen (dit wordt 
ruis in transcriptie genoemd). In hoofdstuk 6 hebben we geprobeerd experimenteel bewijs voor 
deze ruis te leveren. De resultaten van deze experimenten laten zien dat onder vrijwel alle con-
dities die getest werden er enkele cellen waren die competentie ontwikkelden, of sporuleerden. 
Sporulatie kenmerkt zich door de vorming van een uiterst duurzame cel (de spore), die extreme 
omstandigheden gedurende lange tijd kan overleven. Het is, net als competentie, een proces dat 
slechts in een deel van de culture optreedt en ook hier is auto-stimulatie van een cruciale trans-
criptiefactor van belang.  Omdat de formatie van een spore onomkeerbaar is, vind het pas plaats 
als er voor een cel geen andere mogelijkheden meer zijn om te overleven. In het tweede deel van 
het hoofdstuk hebben we onderzocht of de cellen die competent zijn (geweest) al dan niet in staat 
zijn om een spore te vormen. Het bleek mogelijk om sporen te isoleren die DNA hadden opgeno-
men uit de culture. Omdat tevens het voorkomen van competentie (door een comK mutatie) geen 
detecteerbaar effect op sporulatie had, werd daarmee aangetoond dat de twee bistabiele proces-
sen in principe onafhankelijk zijn.
Zowel competentie als sporulatie vereist een ingrijpende verandering in de fysiologie van de 
cellen van B. subtilis. In hoofdstuk 7 wordt een mechanisme beschreven om een cel te beperken 
tot een enkel differentiatie proces.  Het verwijderen van in hoofdstuk 2 geïdentificeerd ComK-



183

Nederlandse samenvatting

geactiveerd gen, rapH, bleek vrijwel geen invloed te hebben op competentie. Een DNA array 
analyse van cellen met een artificieel verhoogde concentratie van het RapH eiwit liet echter zien 
dat in vergelijking met gewone cellen de transcriptie van vrijwel alle sporulatie-gerelateerde 
genen verlaagd was. De functie van RapH lijkt dus om te voorkomen dat competente cellen 
gaan sporuleren. Dit werd experimenteel bevestigd door middel van biochemische analyses met 
gezuiverde eiwitten in vitro.  
In de laatste twee experimentele hoofdstukken van dit proefschrift is een ietwat andere weg 
ingeslagen. Om goed te functioneren moeten de meeste eiwitten in een cel op een bepaalde 
manier gevouwen worden. Soms worden hierbij dwarsverbindingen gemaakt tussen twee spe-
cifieke aminozuren (zogeheten zwavelbruggen). Eén van de belangrijkste enzymen die hierbij 
betrokken is heet thioredoxine A. Tijdens onderzoek aan het gen coderend voor dit eiwit, werd 
opgemerkt dat cellen met kunstmatig lage concentraties thioredoxine A niet in staat waren DNA 
op te nemen. In hoofdstuk 8 werd de transcriptie van alle genen van deze cellen vergeleken met 
“normale” B. subtilis cellen. De analyse liet zien dat de expressie van vrijwel alle laat-competen-
tie genen volledig tenietgedaan wordt als er zich weinig tot geen thioredoxine A in de cel bevindt. 
Daarnaast zijn er een heel aantal andere cellulaire processen ernstig aangedaan. In hoofdstuk 
9 ten slotte wordt dieper ingegaan op het effect thioredoxine A op competentie. Er wordt bewijs 
gepresenteerd dat een belangrijke regulator van competentie, ComS, wellicht een zwavelbrug 
kan vormen die ervoor zorgt dat het ComS-eiwit niet langer functioneel is.

Conclusie

Ondanks vele jaren onderzoek naar competentie in B. subtilis zijn er nog veel nieuwe zaken te 
ontdekken vallen, zo laten ook de resultaten in dit proefschrift zien. De ontwikkeling van nieuwe 
technieken maakt het mogelijk om vraagstukken aan te pakken die voorheen buiten het technisch 
bereik van de onderzoekers lagen. Het onderzoek naar bistabiele processen en hun regulatie staat 
nog in de kinderschoenen, en het uitzoeken van interacties tussen verschillende regulatoren en 
differentiatie processen blijft een grote uitdaging.
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Dankwoord 
 

“Instant human; just add coffee.”  

Een aardige omschrijving voor een AIO wiens contract is afgelopen en probeert de resultaten van 
5 jaar onderzoek op te schrijven. Helemaal als je zo weinig mogelijk losse eindjes van je onderzoek 
achter wilt laten. Daarom heeft het misschien wat langer geduurd dan veel mensen, inclusief 
mijzelf, hadden gedacht. Maar nu is dan toch het moment gekomen waarop de jarenlange noeste 
arbeid getransformeerd is in een “boekje”. En met het sluiten van Roezemoes, de verhuizing van 
de Camera naar de Euroborg en de aanstaande verhuizing van het BC naar het Zernike, is het tijd 
om dit hoofdstuk in mijn leven af te ronden.

Een succesvol AIO project is niet alleen afhankelijk van een goede kandidaat, maar is ook in 
belangrijke mate te danken aan de supervisors. Allereerst natuurlijk mijn promotor, Oscar. Het 
is me van het begin duidelijk geworden dat competentie onderzoek je na aan het hart ligt, en ik 
ben je dankbaar voor de mogelijkheden die je mij geboden hebt. Ik heb respect voor de manier 
waarop je probeert leiding te geven aan zo’n grote en diverse groep. 
Daarnaast was er natuurlijk Leendert. Jouw adviezen (die je overigens zelf lang niet altijd 
uitvoert!) en de discussies over schrijfstijl hebben me absoluut een zelfstandiger wetenschapper 
gemaakt. Je eerlijkheid en directheid heb ik altijd weten te waarderen.
Dear Dave, from my period as a Ph.D. I consider the interaction with you and your lab probably as 
the most formative. I have learned a great deal from the collaborations, as well as the competition 
which sometimes exists between our labs.  

Ik wil ook mijn studenten bedanken voor hun inzet. Maarten en Johan: hoewel het project niet 
opgeleverd heeft waar we op hadden gehoopt denk ik dat we er allemaal van geleerd hebben. Ola, 
the fact that I must have been tough on you did not keep you from starting a Ph.D. in MolGen. I 
am happy that you will continue the work on competence.

Nationale en internationale samenwerkingen hebben bijgedragen aan vrijwel ieder hoofdstuk 
in dit proefschrift. Caroline: when you started it, you probably didn’t realise the impact that 
the heterogeneity work would have. I have very good memories of our countless hours at the 
microscope (bjoetiefoel!).  Jan-Maarten en Jean-Yves: het eerste paper over TrxA is uit. En wie 
weet - misschien wordt het tweede uiteindelijk ook gepubliceerd. In Newark I’d like to thank 
Tatjana, Peter, Irena, Inês, Jeanette and Linh: you have made my stay in Newark an enjoyable 
experience. Hédia: I enjoyed meeting you in San Diego and look forward to your other paper(s). 
Also on the other side of the big pond, I am thankful for the collaboration with Cristina and 
Marta.

Het onderzoek bij MolGen wordt aanzienlijk vergemakkelijkt door diverse mensen; allereerst 
natuurlijk Emma en Mirelle, die zorg dragen voor de administratieve kant. Daarnaast ook Arie 
(in weez’n), Anne H. (declaraties in goede handen), Renze (bestellingen), Siger (geen MolGen 
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zonder website of foto-wedstrijd), Anne en Sacha (a.k.a. MolGen helpdesk). Omdat een  belangrijk 
deel van het werk in dit proefschrift is uitgevoerd in het isotopenlab, wil ik hierbij ook Cees en 
Peter (en recentlijk Arjo) bedanken voor alle bestellingen en het tolereren van het onvermijdelijk 
werk-na-vijven.  
 
In mijn periode als AIO heb ik lab A027 met verschillende mensen gedeeld, die ik nog niet 
heb genoemd: Erwin (nee, niet iedereen dwarsboomt jouw experimenten), Kim (even iets van 
de plank pakken, of een buis opendraaien?), Jan-Willem (rommelpotje! lekkerrrrrr!) en Robyn 
(eindelijk orde in het lab). In het kantoor waren en daarnaast natuurlijk Andrzej (need a new 
computer?) and Akos (check out the good stuff I am leaving).

In vijf jaar zie je veel mensen komen en gaan, die bijdragen aan de typische MolGen-sfeer. 
Sierd: bedankt dat je mij geïntroduceerd hebt in het Europese Bacillus onderzoek. Jan en Harold: 
het studentenproject bij jullie twee was toch eigenlijk het begin van mijn serieuze interesse in 
Bacillus. Je collegas bepalen toch in belangrijke mate de sfeer in de groep. Nathalie (eh beuh...): 
thanks for the good time in Boston. Elise, as social engine of the lab, I enjoyed the many sneak 
previews, Noorderzon and fridaymeetings with you. Chris (tripel-kampioen), Rasmus, Aldert 
en Tomas: partners in P32. Jetta (hatsjoe!) en Bert-Jan: de fridaymeetings met jullie zijn altijd 
geslaagd. De Lactococcen Anton (onvergetelijke rol als Elise), Naomi (leuk dat je nu bij Dave 
werkt) en Richard (dat avondje whisky komt nog), en de Bacillen Esther (bedankt voor de koffie), 
Helga (je lach galmt nog na), Anja, Hein, Patricia en EJ (als bijna-Bacil en ex-buurman was 
het toch altijd leuk!). En verder alle andere huidige en voormalige collega’s die nog niet zijn 
genoemd: Emmo, Arno, Maarten, Harma, Cordula, Mariska, Holger, Aaron, Ulrike, Wietske, 
Rober, Rute, Araz, Rustem, Girbe, João, Asia, Jacek, Jolanda, Rutger, Jan K. en Thomas. The 
BC doesn’t stop at MolGen, and outside our group I would especially like to mention the Polish 
maffia: Lukasz and Paulina (great wedding-pictures), Marta and Robert (and Kicia; maybe one 
day proud parents of kittens?), Adam and Ola, Andrzej and Marta, and Asia and Jacek. Thanks 
for introducing me to part of Polish culture.

Van mijn vrienden wil een paar personen speciaal bedanken. Ilja, je belangeloze inzet (waarvoor 
dan ook) is tekenend voor je karakter. Albert en Asia: onze levens zijn al op enkele manieren met 
elkaar verweven. Ik hoop dat de band in de komende jaren alleen maar sterker zal worden.

Het eerste wat mensen van een boekje zien is de voorkant, en ik wil Peter dan ook bedanken voor 
het schitterende schilderij dat hij hiervoor heeft gemaakt. Het is niet makkelijk om de ideeën van 
een andere te interpreteren, maar je hebt feilloos aangevoeld wat ik bedoelde.

Reindert en Jan-Willem: in de bijna 10 jaar (of is het meer?) dat we elkaar kennen ben ik onze 
vriendschap erg gaan waarderen. Ik kijk met veel plezier terug op het chinezen in het lab, de 
conferenties die we samen hebben bezocht, en de vele discussies over het werk en het leven, 
zowel in het lab als in de kroeg. Ik ben er van overtuigd dat we elkaar hebben gestimuleerd om 
net wat meer te doen, wat heeft geleid tot drie schitterende proefschriften. Ik hoop dat dit zo blijft 
ondanks dat we niet langer in de zelfde groep zullen werken. 
Ik ben erg blij met mijn paranimfen, Jan-Willem en Robyn. Ik kan me geen betere bekroning 
indenken voor de fijne tijd die we samen hebben gehad in Lab A027, en weet zeker dat met deze 
twee alles op 14 mei 2007 tot een goed einde wordt gebracht. 
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Heit en mem, dit proefschrift is ook het resultaat van jullie interesse. Tijdens de 5 jaar die mijn 
onderzoek heeft geduurd heb ik mij altijd gesteund geweten door jullie vertrouwen en liefde. 
Bedoeld of onbedoeld herinneren jullie, met de rest van de familie, mij altijd aan de belangrijke 
dingen van het leven buiten het lab. W tym miejscu chciałbym także podziękować Mamie i 
Piotrowskim za serdeczne przyjęcie do Rodziny.  

Lieve Danka, ik kan niet zeggen hoeveel rijker jij mijn leven hebt gemaakt. Het 
is niet altijd makkelijk geweest in de afgelopen jaren, maar ik ben trots op wat 
we samen hebben bereikt. Ik weet zeker dat we in de toekomst onze weg zullen 
vinden. 

In wonder - I wonder
What happens next?
A new world, a new day to see

Björk - New World (Selmasongs)
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