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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-



9

General introduction

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 
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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).



13

General introduction

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).



14

Chapter 1

DegU

ClpCP

ComX

Phr (CSF)

ComX

MecA

SigA [SigH]

ComK regulon

Rap Phr

ComK

comK

ComS

srf-operon

DegU~PSpo0A~P

Spo0A

Rap

ComA~PComA

ComP SecOpp

AbrB

CodY*

CodY

Rok

Phosphorelay

Phr (CSF)

IN

OUT

ComQ

I

II
III

IVV

VI

VIII

IX

X

XI

IN

OUT

VII

A

B

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 
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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.



21

General introduction

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) 



23

General introduction

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).
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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.



28

Chapter 1

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. 




