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Chapter 10 
 

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.
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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.




