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ABSTRACT

B. subtilis is a master of differentiation as it has the ability to display a multitude of distinct cell types. The advantage
of a heterogeneous population in the bacterial community can be easily postulated for a better adaptation to
unexpected environmental fluctuations. The maintenance of different cell types allows for simultaneous expression of
different metabolic pathways with a minimal cost of energy;, the division of labor also permits the high optimization

of resources. This cooperative community is under the control of the regulatory protein, Spo0A, which governs
spore formation, biofilm formation, motility, cannibalism and is also required for competence and lipid synthesis.

Here, I revisit all the processes that are under the control of this master regulator.
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Introduction

Bacterial communities survive in their natural habitats as a result
of their ability to perceive environmental changes and respond to
them. To do this, bacteria have evolved complex sensing systems
to monitor fluctuations in external signals. These signals might be
environmental, such as temperature changes or starvation, but they
can be derived from neighboring microorganisms in the form of
secreted small molecule natural products. These molecules serve
as signals to activate distinct pathways and trigger changes in gene
expression that allow bacteria to adapt to new scenarios. If the
signaling molecules are self-produced, this is known as quorum
sensing [1,2]. What is more, Bacillus subtilis responds to different
environmental signals by differentiating into subpopulations
of specialized cell types. The coexistence of numerous cell
types implies the presence of a variety of extracellular signals.
Furthermore, each subpopulation must have the ability to sense
one particular signal and discard the rest. For this purpose, B.
subtilis possesses at least three different master regulators SpoOA,
DegU and ComA that coordinate the activation and regulation of
the developmental programs that result in distinct cell types [3].
The phosphorylated form of each master regulator activates the
expression of a subset of genes required for the differentiation into
a specific cell lineage, while it might also cause inhibition of the

other developmental cascades [3].

Extensive research has resulted in a detailed molecular
characterization of the physiology of several distinct cell types
in dispersed cultures. For example, at the onset of the stationary
phase, B. subtilis can differentiate into competent cells capable of
taking up DNA from the environment [4] or, it can differentiate
into dormant spores that are highly resistant to external [5].
Additionally, a subset of cells can produce an extracellular ‘killing
factor’ and toxin that functions to kill cannibalistic cells that have
not yet begun sporulation, thereby allowing the cannibalistic cells to
delay their own commitment to enter into the sporulation pathway
[6]. A fourth cell type is observed during biofilm formation when
a portion of the population produces extracellular matrix material
that holds cells together [7]. Differentiation has also been observed
in cells growing exponentially. Only a fraction of cells express
sigD, the sigma factor necessary for flagellar production resulting
in heterogeneity in motility [8]. In this review, | have compiled all
these mechanisms that are under the control of Spo0OA and I have
highlighted the most important points of them, describing and
presenting a personal interpretation as well as questions remaining
for futures studies.

Spo0A as a new player in chromosome replication control
Recently, master transcriptional regulators were demostrated to be
involved in controlling chromosome replication as well as other
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cellular processes [9].

Bacillus subtilis is widely used as a model organism for studying
cell cycle progression and cellular differentiation. Under growth
promoting conditions, B. subtilis divides symmetrically, giving rise
to two identical cell types. When exposed to stress a subpopulation
of cells initiates sporulation. Sporulation is a costly and time-
consuming process resulting in the development of two different
cell types: the larger mother cell and the smaller forespore, both cell
types inherit a single copy of the chromosome during sporulation.
A strong coordination between DNA replication and sporulation
results in correct chromosome copy number, and is a requirement
for efficient sporulation [9,10]. So far, two checkpoint factors have
been identified that play a role in this: SirA (sporulation inhibitor
of replication A) and Sda (suppressor of dnaAl). SirA prevents
initiation of DNA replication in cells committed to sporulation.
Transcription of sirA is directly activated by SpoOA-P. SirA
maintains the diploid state of sporulating cells by directly targeting
the DNA replication initiator protein DnaA which consequently
becomes displaced from the origin of replication (oriC) [11]. While
SirA prevents re-initiation of DNA replication in sporulating cells,
the checkpoint function of Sda is to prevent sporulation initiation
in replicating cells and during DNA repair [12]. The intrinsically
unstable Sda protein binds to the major sporulation kinases (KinA
and KinB) and prevents their autophosphorylation [13]. KinA and
KinB are proteins of the phosphorelay, which regulates the level of
phosphorylated Spo0OA (the transcriptionally active, DNA-binding
form of Spo0A) [14].

Interestingly, pulses of Sda synthesis occur concomitantly with
the initiation of DNA replication via transcriptional activation
by DnaA. Following the burst of Sda expression, targeted
proteolysis of Sda reduces its concentration to generate a window
of opportunity at the end of the replication cycle during which
cells can enter sporulation as diploids. Cells that do not enter
sporulation during that small time period have to undergo a new
round of replication before getting the next opportunity to do so
[15]. In order to initiate DNA replication, DnaA binds various
perfect and imperfect DnaA-boxes (aA-boxes) present within
the oriC region where it assembles into a large nucleoprotein
complex. This results in denaturation of an AT-rich region at oriC,
which is required for the assembly of a functional replisome [16].
Interestingly, Castilla-Llorente et al. [17] noted that the aA-box
sequence (consensus 5-TGTGNATAA-3') partially overlaps with
the recognition sequence for SpoOA (the 0A-box, consensus 5'-
TGTCGAA-3") [18,19], and indeed the B. subtilis origin region
contains many SpoOA binding sites [19]. However, it remains
unclear whether the binding of SpoOA at the B. subtilis origin is
physiologically relevant for B. subtilis, as studies performed to
show a possible direct effect of SpoOA on DNA replication have
not led to conclusive results.

Moreover, it was shown that SpoOA can inhibit Dna-dependent
DNA duplex unwinding in vitro [19]. On the other hand, SpoOA
does not seem to have a significant effect on DNA replication
in vivo when sporulation is artificially induced in exponentially

growing cells [20]. SpoOA-P also reaches high levels in the mother
cell [21] and recently the Piggot lab showed that SpoOA-P inhibits
mother cell growth and DNA replication independently of SirA.
The molecular mechanism for this SpoOA-dependent repression
of replication is yet unknown, although a possible role for Sda in
this has been suggested [22]. SpoOA directly controls chromosome
copy number by binding to a number of specific SpoOA binding
sites present within the oriC region and that this regulation is
especially important in the absence of SirA and Sda or when
sporulation is induced in actively replicating cells.

I think that an unknown factors also contribute to the coordination
of DNA replication with sporulation. For B. subtilis it is known
that the nutritional status also controls replication. This occurs by
the production of the small nucleotides ppGpp and pppGpp upon
nutrient starvation. These so-called ‘alarmones’ directly inhibit
primase, an essential component of the replication machinery
[23]. ppGpp inhibits IMP dehydrogenase and hence the synthesis
of GTP [24]. As a result, the precursor inosine monophosphate is
available for AMP synthesis and ATP increases in concentration
as the amount of GTP decreases. These considerations led to a
model in which starvation causes the accumulation of ppGpp, a
decrease in the GTP pool and thus the initiation of sporulation
[25]. Although the mechanism by which a decrease in GTP
triggers spore development is not known, it has been suggested
that decreased GTP results in the relief of spoOA repression by
CodY, which requires GTP as a co-repressor [26]. This control
might indirectly be responsible for correct copy number control
during sporulation. Whether this or other mechanisms are at play
remains to be investigated.

Phosphorelay and regulatory mechanisms

The Gram-positive bacterium Bacillus subtilis has the capacity to
decide among a variety of cell fates at the end of the exponential
phase of growth. The decision process is under the control of the
regulatory protein SpoOA, which governs spore formation, biofilm
formation, and cannibalism and is also required for competence
[27] and lipid synthesis [28]. The activity of SpoOA is controlled by
phosphorylation via a multicomponent phosphorelay, at the head of
which are five histidine kinases (KinA to KinE) [29]. Discrimination
among alternative cell fates is determined in part by the cellular
levels of phosphorylated SpoOA (SpoOA-P), with the regulatory
sites for genes with moderate to high affinity for SpoOA-P (e.g.,
genes involved in cannibalism and biofilm formation) firing at low
to intermediate levels of the phosphoprotein and those with low
affinity being turned on only at high levels [30]. Phosphorylation
induces a conformational change in Spo0OA, allowing it to dimerize
and bind to target sequences [31].

More than 100 genes are under the direct positive or negative
control of Spo0A-P[32]. Genes activated by SpoOA-P include those
with promoters recognized by RNA polymerase containing the
housekeeping sigma factor A, as well as genes whose promoters
are recognized by RNA polymerase containing the alternative sigma
factor oH (including the Ps promoter for spoOA) [32]. The target
sites reveal a consensus binding sequence, TTTGTCRAA, which
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is known as the 0A box [33]. Spo0OA is maintained at relatively
high levels (aprox. 2,000 molecules/cell) during exponential phase,
rapidly rising to even higher levels (aprox 20,000 molecules/cell)
under sporulation-inducing conditions [34]. Losick and Chastanett
[35] have attributed the high maintenance level of SpoOA and
the rapid increase to yet higher levels to a just-in-time regulatory
system that ensures that SpoOA molecules do not become rate
limiting at both low and high rates of flux of phosphoryl groups
through the phosphorelay. The spo0A gene is transcribed from two
promoters, whose start sites are located 204 and 45 bp upstream
from the start codon for the open reading frame [36]. The more
upstream promoter, Pv, is expressed during the exponential
phase of growth under the control of A -RNA polymerase. This
transcription fluctuates strikingly and in a manner that correlates
with small changes in the growth rate [37] but then shuts off during
the transition to stationary phase [38]. The downstream promoter,
Ps, in contrast, is induced after the end of exponential-phase
growth under the control of cH-RNA polymerase and SpoOA-P.
Thus, transcription of spoOA switches from Pv to Ps as cells exit
exponential-phase growth [39]. Transcription from Ps is required
in order for Spo0A to reach the high levels needed for the activation
of key sporulation genes, such as spollA, spollE, and spolIG, but
not for the low levels required for efficient entry into competence
[40]. Insights into the mechanism of promoter switching has come
from the work of Strauch and coworkers, who showed that it is
mediated by SpoOA-P and that the protein binds three 0A boxes in
the regulatory region [41].

Losick and Chastanet [35] report the discovery of a fourth 0A box
that plays a key role in promoter switching and other features of
the regulatory region that are conserved among multiple Bacillus
spp. They refer to the four 0A boxes as O1, 02, O3, and O4 in
the reverse order of their distance from the open reading frame
(renaming them to accommodate the newly identified site O2).
Their principal findings are that O1 is a negatively acting element
that is responsible for repressing Pv at the end of exponential phase,
that the newly identified O2 site is a negatively acting element that
represses Ps during growth, that O3 is a positively acting element
that activates Ps upon entry into stationary phase, and that O4
is dispensable. They also report the discovery of a translational
control mechanism that impedes translation of mRNAs originating
from Pv but not that originating from Ps. Moreover, they also show
that Pv provides a basal level of Spo0OA that is required for efficient
entry into the state of genetic competence and strong activation
of Ps, and they suggest that Pv plays a pump-priming role in
the activation of the SpoOA-P-controlled promoter. An intricate
regulatory region mediates a just-in-time regulatory system that
helps to ensure an adequate supply of SpoOA molecules to meet
the needs of the phosphorelay. They propose a pump-priming
model for the regulation of spoOA that involves transcriptional,
translational, and posttranslational mechanisms. At the heart of the
model is promoter switching from the vegetative promoter Pv to
the oH -controlled, SpoOA-P-dependent promoter Ps during the
transition to stationary phase and the 0A boxes O1, O2, and O3.
They propose that early during the exponential phase of growth,
synthesis of Spo0OA is principally if not exclusively driven by

Pv. This synthesis is maintained at a relatively low level by a
translational control mechanism that sequesters the start codon
and ribosome-binding site for spoOA in the secondary structure
of transcripts originating from the upstream promoter. Meanwhile,
the downstream promoter, Ps, is silent due to the absence of both
SpoOA-P and oH. Then, at the midexponential phase of growth,
the gene (sigH) for oH is derepressed [42] and SpoOA-P begins
to accumulate due to activation of kinases at the head of the
phosphorelay other than KinA [43].

Nonetheless, SpoOA synthesis continues to be maintained at a
basal (although significant) level due to repression of Ps via O2.
Finally, during the transition to stationary phase, increasing levels
of KinA lead to a surge in SpoOA-P levels [44], overpowering
02-mediated repression of Ps and activating Ps via the binding
of Spo0A-P to O3. Meanwhile, the binding of SpoOA-P to Ol
represses Pv, effecting the switch from the vegetative to the
sporulation promoter. The switch results in yet higher rates of
Spo0OA synthesis as a consequence of unimpeded translation
from mRNAs originating from the downstream promoter. Thus,
Pv primes the pump by maintaining a pool of SpoOA molecules
in growing cells, which upon phosphorylation activates Ps,
leading to yet higher levels of SpoOA and downregulation of Pv.
In summary, they propose that Pv and O2 maintain Spo0OA at a
high, basal level (aprox. 2,000 molecules/cell) during growth. As a
result, the cells are poised to respond rapidly to signals triggering
activation of the phosphorelay. Phosphorylation of SpoOA as
a result of flux through the relay sets up a selfreinforcing cycle
that rapidly amplifies SpoOA production to extremely high levels
(aprox. 20,000 molecules/cell), preventing SpoOA from becoming
limiting for the accumulation of SpoOA-P. Whereas the basal
level of Spo0A may be relatively constant from cell to cell (as we
propose), Spo0A-P levels vary considerably from cell to cell at the
start of sporulation [34]. This heterogeneity likely originates from
noise in the phosphorelay and is the basis for the diversification
of cell types during the transition to stationary phase, resulting in
cannibals, biofilm formers, and spore formers [45].

Spo0A and cell differentiation

The developmental pathways that lead to the differentiation of the
numerous coexisting subpopulations in B. subtilis are triggered
by the phosphorylation of three master regulators: DegU, ComA
and SpoOA [1]. Phosphorylation of Spo0OA, SpoOA-P, activates the
cascades towards matrix production and cannibalism when there
are low levels of phosphorylated protein in the cell, and when
there are high levels of Spo0OA-P, the sporulation genes are induced
[46]. Activation of these master regulators by phosphorylation
is mediated by the action of distinct sensor kinases. SpoOA is
phosphorylated by the action of five different kinases, KinA, B,
C, D and E [47]. KinA and B are necessary for sporulation while
KinC, D and E are important for matrix production and biofilm
formation [48].

The action of the master regulators is also controlled by
dephosphorylation, which counteracts the action of the kinases.
Dephosphorylation is driven by 11 inhibitory proteins termed Rap
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(response-regulator aspartyl-phosphatases), which, directly or
indirectly, accelerate the dephosphorylation of the phosphorylated
version of the respective master regulator. Some of these
phosphatases also block the activation of the master regulator by
binding to the master regulator and interfering with DNA binding
(RapC, F and G) [49]. One of these Rap proteins, RapA, has been
shown to be essential for maintaining the bistable expression of
Spo0A [50,51].

Spo0A and sporulation

While spores and matrix producers are regulated by Spo0OA, they
are quite distinct cell types. What dictates the cell fate of a matrix
producer or a spore? SpoOA regulates different genes when it is
present at different levels. A high threshold level of Spo0OA is
needed to trigger sporulation and a lower threshold of the regulator
is needed to induce sinl expression and derepress matrix genes
[52].

Spores are metabolically inactive cells that compartmentalize
DNA and essential proteins to allow germination once conditions
have improved [53]. Bacillus subtilis sporulates in response
to environmentally harsh conditions such as nutrient or oxygen
deprivation. It is believed that B. subtilis senses starvation by
measuring the intracellular concentration of key metabolites, such
as ATP, GTP or charged tRNAs needed to build proteins. When the
cytoplasmic concentration of these effectors decreases abruptly, it
stimulates the activation of the master regulator SpoOA-P. High
levels of SpoOA-P activate the expression of genes required
for sporulation [52]. The cytoplasmic sensor kinase KinA, the
most important kinase in B. subtilis, responds to starvation by
phosphorylating the master regulator SpoOA-P and inducing the
process of sporulation. KinA possesses three distinct PAS—PAC
sensor domains (PAS-A, PAS-B and PAS-C).

PAS domains have been proposed to monitor changes in light,
redox potential, oxygen, small ligands and intracellular energy
level [54]. Hence, KinA might use these PAS sensor domains to
sense fluctuations in the cytoplasmic concentration of the key
metabolites to induce sporulation. This hypothesis remains to
be tested, as the signals sensed by the PAS domains of KinA are
unknown. While it is known that ATP binds to the sensor domain
PAS-A, it might not serve as a signal but rather as a phosphate
source for the phosphorylation of the kinase [55]. In addition, it
was recently demonstrated that this PAS-A sensor domain is not
required to induce the kinase activity of KinA in vivo [1,56],
supporting that the binding of ATP to the domain might not
constitute a signal. A second line of response to starvation is the
DNAbinding repressor CodY, which monitors the intracelular
levels of GTP. In excess of nutrients, GTP is produced at high
levels. GTP binds and activates the repressor CodY, which inhibits
the expression of the spo0A gene. Consequently, depletion of GTP
during starvation causes the inactivation of CodY, thus licensing
cells to initiate sporulation by allowing spo0OA transcription [1,57].

The decrease in intracellular energy levels caused by the scarcity
of nutrients also affects the synthesis of amino acids required to

build the proteins. Under these conditions uncharged tRNAs
bind the ribosome and translation is reduced. Consequently, the
energy (GTP) intended for protein synthesis is redirected to the
formation of the secondary messenger guanosine tetraphosphate
(ppGpp) also termed an alarmone. The synthesis of the alarmone
is catalyzed by a small ribosome-associated protein, RelA [58].
The alarmone is a stress indicator that triggers a broad response
to minimize damage to cells. Mutants unable to produce the
alarmone (DrelA mutants) are defective in sporulation [59,60]. It
is proposed that the sporulation defect in a Drel A mutant is not due
to the absence of ppGpp itself, but due to the increase of energy
levels (GTP) that accumulate when ppGpp cannot be produced
[59,60]. Consistent with this hypothesis, sporulation in the DrelA
mutant can be recovered using GMP synthase inhibitors that block
GTP production [59]. Whether the inhibition of sporulation in the
relA mutant due to an increase of GTP levels occurs in a CodY-
dependent manner remains to be clarified. While the expression of
some CodY-regulated genes has been shown to be compromised
in the DrelA-deficient strain [61], other indications suggest that
an alternative CodY-independent pathway might possibly regulate
the expression of those CodY regulated genes [62]. Because the
production of ppGpp triggers the stress response pathway in many
different bacteria [63,64], it makes sense that it also serves as a
general factor to initiate sporulation in other bacteria in addition to
B. subtilis. However, B. subtilis can also sporulate in response to
other extracellular cues that are not related to nutrient deprivation.
For instance, the membrane sensor kinase KinB induces
sporulation when bound to the membrane associated lipoprotein
KapB (kinase-associated protein B); yet, the precise signal that
triggers the formation of the complex KinB—KapB remains to be
elucidated [65].

Sporulation is also controlled in a quorum-sensing-dependent
manner. Bacillus subtilis secretes a pentapeptide, PhrA. When
the extracellular concentration of PhrA increases, the peptide
is imported into the cell and binds to the phosphatase RapA.
The interaction between PhrA and RapA inhibits the activity of
the phosphatase, which indirectly targets the master regulator
SpoOA-P [66]. Hence, inhibition of RapA by the formation of the
PhrA—RapA complex stabilizes the active form of Spo0OA-P and
favors sporulation [66]. This PhrA—RapA quorum-sensing system
works redundantly with other similar systems such as PhrC—RapB
and PhrE—RapE. All function to stabilize the phosphorylated form
of the master regulator SpoOA. Thus, each of these extracelular
peptides favors sporulation [66].

In 2013, Ben-Yehuda et al. [67] discovered that under nutrient
deprivation, Bacillus subtilis initiates the developmental process
of sporulation by integrating environmental and extracellular
signals. These signals are channeled into a phosphorelay ultimately
activating the key transcriptional regulator of sporulation, SpoOA.
Subsequently, phosphorylated SpoOA regulates the expression of
genes required for sporulation to initiate. They identified a group
of genes whose transcription levels are controlled by SpoOA
during exponential growth. Among them, three upregulated
genes, termed sivA, sivB (bslA), and sivC, encode factors found
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to inhibit SpoOA activation. Furthermore they show that the Siv
factors operate by reducing the activity of histidine kinases located
at the top of the sporulation phosphorelay, thereby decreasing
SpoOA phosphorylation. Thus, they demonstrate the existence
of modulators, positively controlled by SpoOA, which inhibit
inappropriate entry into the costly process of sporulation, when
conditions are favorable for exponential growth.

Finally, sporulation in B. subtilis can also be triggered in response
to natural products derived from other soil microorganisms. For
instance, the soil genus Streptomyces produces a plethora of
antimicrobials, some of which act against Bacillus species. As
both these bacteria live in the soil, it is plausible that B. subtilis
might have developed a ‘tune sensing’ mechanism to recognize the
presence of Streptomyces, by detecting its secondary metabolites.
Among these are decoyinine or angustmycins, both GMP synthase
inhibitors that decrease the intracellular energy levels in B.
subtilis by inhibition of GTP synthesis. Thus, in the presence of
decoyinine, B. subtilis senses a decrease in energy availability and
triggers sporulation [66]. Sporulation preserves B. subtilis in a
dormant state until the other possible antimicrobials produced by
Streptomyces have dissipated and B. subtilis can grow again.

Spo0A and biofilm formation

Under certain conditions, B. subtilis forms multicelular aggregates
known as biofilms [68]. The hallmark of biofilm formation is the
production of an extracellular matrix that holds cells together
[46,68,69]. Matrix-producing cells specialize to express the
protein machinery to secrete the two main components of the
matrix: the extracellular polysaccharide (EPS) and the structural
matrix-associated protein TasA. Expression of both EPS and TasA
is simultaneously triggered by low levels of Spo0OA-P [46,69].
Low levels of Spo0OA-P in the cell are reached by the action of two
membrane-bound sensor histidine kinases: KinC and D [46,69].
KinD is a canonical membrane kinase with two transmembrane
segments connected by a 211 amino acid extracellular sensing
domain that is presumably involved in signal recognition and
binding to a specific extracelular signal. Given the molecular
structure of the kinase, it seems feasible that this kinase might serve
to sense a specific extracellular small molecule, such as a peptide or
a carbohydrate, via direct binding to the large extracellular sensing
domain. Unfortunately, the nature of the signal and the mechanism
of kinase activation remain to be elucidated. In contrast to KinD,
the membrane kinase KinC harbors two transmembrane segments
with no extracellular sensor domain. Instead, KinC has a PAS—
PAC sensor domain in in the cytoplasmic region of the kinase.

We recently described that the PAS—PAC sensor domain of KinC
somehow senses the leakage of cytoplasmic potassium cations.
Diverse small molecules that are able to form pores in the membrane
of the bacterium can induce this potassium leakage. This triggers
the phosphorylation of SpoOA-P, which leads to matrix production
[70]. Because of the nature of the stimulus, the various small
molecules identified that induce matrix production via KinC differ
vastly in their molecular structure. The only property they share
is their ability to cause potassium leakage by making pores in the

membrane of B. subtilis. Among these molecules are the macrolide
polyenes nystatin and amphotericin as well as the peptide antibiotics
gram gramidicin and valinomycin, which are all produced by
soildwelling bacteria. However, perhaps the most important small
molecule described to trigger matrix production via KinC is the
self-generated lipopeptide, surfactin [70]. Once produced, surfactin
causes the leakage of potassium with the formation of pores in
the membrane [71], and that is sensed as an autoinducer signal
to trigger the subpopulation of matrix producers to differentiate.
Recognizing the mode of action of a signaling molecule rather
than its structure is a remarkable strategy to allow promiscuous
sensing of a large number of signals. This mechanism allows B.
subtilis to respond not only to self-produced molecules but also to
natural products secreted by other soil-dwelling organisms. The
production of the quorum-sensing molecule surfactin is tightly
regulated by another quorum-sensing pathway that ultimately
controls ComA phosphorylation [72]. This sequential quorum-
sensing system might serve as a timing mechanism to regulate
the activation of diverse metabolic pathways sequentially during
the course of development. The initiation of the sequence starts
with the production of the peptide pheromone ComX ComX is
sensed by the membrane kinase ComP that phosphorylates the
response regulator ComA. ComA-P activates the expression of the
operon responsible for surfactin production [73]. Only after ComX
is sensed and surfactin is produced can surfactin go on to trigger
matrix production via activation of KinC [74-76].

Most likely, the activation of ComA is subject to some sort of
bimodal regulation because only a subpopulation of cells sense
ComX and becomes surfactin producers [74-76]. Furthermore,
the subpopulation of surfactin producers is different from the
subpopulation of cells that respond to surfactin (matrix producers).
Therefore, surfactin acts as a unidirectional signal in which one
population produces the molecule and another population responds
to it by producing extracellular matrix [74-76]. This mechanism
adds more sophistication to the previous concept of ‘quorum
sensing or ‘autocrine’, where all cells are physiologically similar
and thus able to produce the signal and respond to it [77]. In the
case of surfactin, the signaling can be referred to as paracrine
signaling because there is a producing cell that is distinct from the
nearby cell that can sense the signal [74-76]. Paracrine signaling
is a new concept in bacterial cell-cell communication. This led
some authors to speculate about additional functions of other
extracellular signaling mechanisms in bacteria and their possible
roles in sensing more than simply population density. For instance,
one direct consequence of having multiple extracellular signaling
molecules, where the synthesis of one depends on the prior
synthesis of the other (like the mechanism of paracrine signaling
of B. subtilis), is to generate a sequential timing device, in which a
cascade of developmental changes are triggered in response to the
presence and concentration of different signaling molecules.

Spo0A and competence

The ability of B. subtilis to develop natural competence is very
well known and it has been the subject of study for many years.
Competence can be defined as a physiological state in which cells
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are able to uptake and assimilate exogenous DNA in a process
controlled by the cell itself. Only a small fraction of cells shows
natural competence (around 10% of the total population). The
subpopulation of competent cells within the community arises due
to the bistable regulation of the master regulator ComK, which
controls the initiation of the cascade of the genes involved in
competence [78,79]. The comK gene can be stimulated by its own
product ComK [80]; thus, comK expression increases nonlinearly
due to a positive feedback loop. This results in a heterogeneous
population of cells in which some cells express ComK and others
do not [81]. Importantly, promoting the stabilization of ComK
protein can also induce the bistable response, due to the induction
of the comK expression that ComK protein exerts [82]. The
activation of the expression of comK is driven by the induction of
the quorum-sensing pathway ComX-ComP-ComA [83]. Briefly,
the pheromone ComX activates the histidine kinase ComP to
phosphorylate the master regulator ComA. Once ComA is in its
active form, ComA-P, it triggers the expression of the regulator
ComK to initiate the pathway to competence. Remarkably,
ComA-P can also regulate the expression of other features that are
associated with sporulation. For instance, the phosphorylated form
of ComA can induce the expression of the proteins RapA, RapB, and
RapE [50]. These proteins belong to the peptidic system of quorum
sensing of B. subtilis and they specifically block the phosphorelay
route to phosphorylate the master regulator SpoOA. Thus, cells
differentiated to be competent have inhibited the process of SpoOA
phosphorylation and they will not sporulate. Moreover, activation
of the expression of the competence regulator ComK also acts in
a second role of inhibiting the expression of the gene spo0A gene
[84]. In this case, the activation of the competence leads to the
inhibition of SpoOA expression. Because of this regulation, cells
committed to be competent are maintained as a distinct population
and can only initiate sporulation once the levels of ComK have
decreased within the cell.

Spo0A and cannibalism

In natural environments, B. subtilis communities are surrounded
by other microorganisms, many of them nonsporulating, and
B. subtilis cells committed to sporulate or spores could be at
disadvantage relative to them. Cannibalism helps to sustain a mixed
population during the stationary phase with a small percentage of
spores and a high percentage of growing cells for a longer period
of time, which might be beneficial to the community.

However, not all these genes respond equally to Spo0OA; some of
them are activated at low concentrations of SpoOA, and others
only at high concentrations [29,85]. More recently, transcriptional-
profiling experiments using DNA microarrays were applied to
identify the SpoOAdependent genes distributed in each category
[29,86]. It was observed that genes requiring a high dose of Spo0A
to be activated have a low binding affinity for this regulator. Genes
directly involved in sporulation, such as spolIA, spollE and spolIG,
are included in this category. On the other hand, genes activated
by a low dose of Spo0A either have a high-affinity binding site or
are indirectly regulated by SpoOA, which relieves the repression
by the AbrB regulator. The operons involved in cannibalism,

skf and sdpABC, fall into this category. The promoter of the skf
operon has a high-affinity binding site for Spo0OA, and the sdpABC
operon is repressed by AbrB, and therefore, is indirectly activated
at a low concentration of SpoOA through repression of abrB
[29]. Moreover, AbrB directly represses transcription of the skf
operon; thus, skf is activated by two routes: directly by SpoOA
and indirectly by relieving AbrB-mediated repression. What
is the biological significance of having differential responses to
high and low doses of Spo0A? At an early stage of sporulation,
activated SpoOA is produced at a low level in the cells, and this
turns on genes involved in auxiliary roles in development, like
for instance cannibalism and formation of multicellular aerial
structures [29], in which sporulation will take place. The building
of these multicellular structures can be seen as a prelude to spore
formation. Then, if conditions still promote sporulation, there is a
progressive increase in the intracellular concentration of activated
Spo0A, and the genes that play a direct role in spore formation are
turned on.

Spo0A and lipid synthesis

Roberto Grau’s laboratory (I was part of it) demostrated the
existence of active and robust de novo fatty acid (FA) and
membrane lipid synthesis during sporulation. We also demonstrate
that the reactivation of the de novo lipid synthesis during
development is due to the SpoOA-dependent reactivation of the
synthesis of malonyl-CoA, the central metabolite of FA synthesis
and lipid homeostasis in the cell. Among the many genes whose
products participate in the de novo lipid synthesis machinery, only
one genetic unit, the accDA operon, appears to be controlled by
SpoOA. Why does SpoOA only regulate the activity of the operon
involved in malonyl-CoA synthesis? And, how does SpoOA control
the global synthesis of FAs and membrane lipids by controlling
only accDA expression? In addition to its essential role as a
precursor of FA synthesis, malonyl-CoA is a direct and specific
negative modulator of FapR, which is a conserved transcriptional
repressor of several genes involved in FA and membrane lipid
synthesis (the fap regulon) in Gram-positive bacteria [87]. The
binding of malonyl-CoA to FapR prevents the binding of FapR
to (and/or promotes the release of FapR from) its target DNA
sequences, an event that derepress de novo lipid synthesis [28].
Therefore, SpoOA functions as the key regulator of de novo lipid
synthesis during development by providing appropriate levels of
malonyl-CoA for new lipid formation and linking the levels of this
central metabolite to the downregulation of the activity of the lipid
synthesis repressor FapR [28]. Reinforcing the view of the central
role of Spo0A in lipid synthesis homeostasis during development
is the fact that the only genes involved in FA synthesis that are
not controlled by FapR are those encoding the ACC enzyme
responsable for malonyl-CoA formation [87], and these acc genes
are the only genes involved in lipid synthesis that are controlled
by Spo0OA [88].

Spo0A and motility

Multicellular communities of B. subtilis, termed biofilms,
comprise numerous cell types, including motile cells and matrix-
producing cells. These two processes are highly regulated at both
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the transcriptional and the post-translational levels. Transcription
of genes important for motility and matrix production is regulated
by SpoOA. High levels of SpoOA-P repress the fla/che motility
operon, whereas Spo0OA-P is required for extracellular matrix gene
expression via the activation of the regulatory protein Sinl [89]. As
would be predicted by the inverse regulation, the subpopulation of
cells differentiated to produce extracellular matrix does not exhibit
induction of the genes related to motility.

Motility requires the induction of a large fla-che operon, which
contains 31 genes encoding for proteins that make up the basal
body of the flagella, the chemotaxis system, and the sigma factor
SigD. SigD is encoded at the end of the fla-che operon and is
required for the expression of the hag locus, which encodes
flagellin, the protein comprising the actual flagellar filament, as
well as for the motA and motB genes, which encode for the motor
proteins necessary for flagelar rotation [90]. SigD also controls the
expression of autolysins (lytA, lytD, and lytF) that function in cell
separation, thus insuring that motile cells are nonfilamentous.

The transition from a motile to a sessile state is mediated by a
biased bistable switch from the SigD sigma factor. The activation
of SigD is driven by the master regulator DegU, which activates
the expression of the operon in its unphosphorylated form. The
unphosphorylated form of DegU directly binds the regulatory
region of the fla/che operon promoter [91]. The bias in SigD
activity relies on the SwrA protein, which enhances expression of
the fla-che operon and thus sigD [8]. It has recently been proposed
that SwrA is required for DegU binding and thus for the expression
of sigD. This finding reveals that swrA expression is controlled
by a positive feedback loop, because the expression of swrAA is
induced by SigD itself [92].

Flagellar motility requires the expression of numerous genes and
the activation of many proteins. This process requires energy and
may be costly for the cell. However, it has been observed that some
cells inhibit motility on behalf of other processes, such as matrix
formation. Extracellular matrix production requires the activation
of two operons: the 15-gene epsA-O operon, responsible for the
production of the exopolysaccharide component, and the yqxM-
sipWtasA operon, responsible for the production and secretion of
the major protein component of the matrix, TasA [8,93]. A recent
report from Blair et al. [94] exquisitely explains a mechanism
that inhibits motility post-translationally once matrix genes are
expressed.

During exponential growth, the eps and yqxM operons are
repressed in all cells by an inhibitor, SinR. Sinl, an antagonist
of SinR, is expressed only in a subpopulation of cells in which
Spo0A has been activated [95]. Sinl antagonizes SinR by binding
directly to SinR in a 1:1 stoichiometry. Once Sinl has been bound
to SinR, the repressor cannot bind DNA and it is inactivated
[96]. In this way, as levels of SpoOA-P increase in the cell, SinR-
mediated repression is relieved, allowing the expression of the eps
operon, and proteins needed for exopolysaccharide are produced.
One of these proteins, EpsE, has a putative function as a family II

glycosyltransferase, but also acts as an inhibitor of motility. When
EPS interacts with a specific flagellum protein, FliG, it inhibits
flagellar rotation, similar to a clutch [94]. The clutch provided by
EpsE might act as a fail-safe mechanism to prevent any wasted
energy; it guarantees the stop of flagella rotation when cells are
producing extracelular matrix, which would presumably interfere
with rotation. Moreover, if conditions switch to favor motility over
matrix production, flagella could be reactivated, allowing cells to
reuse the investment of energy in flagella synthesis.

Concluding remarks

The bacterium B. subtilis has a remarkably complex network to
regulate its gene expression and to ensure that the genetically
identical population can display a multitude of behaviors. Many of
these behaviors are mutually exclusive and the regulatory system
must take into account the alternative paths a cell might take and
devise mechanisms to prevent coexpression of the wrong genes.

Recent advances in cell biology have increased our understanding
of how replication is regulated at the different steps of the cell
cycle. Initiation of chromosomal replication is an essential
checkpoint that seems to be common to all domains of life.
In bacteria undergoing the transition to a dormant state, master
transcription factors (e.g., SpoOA, CtrA, and AdpA) regulate the
expression levels of dozens of genes involved in morphological
differentiation and inhibit replication initiation by binding to the
origin of replication. In the future, an improved understanding
of replication regulation could facilitate the experimental control
of bacterial replication, potentially allowing us to inhibit DNA
replication in pathogens, optimize the production of valuable
secondary metabolites, and/or generate synchronized cultures for
various physiological and genetic studies.

Differentiation of distinct cells types in B. subtilis is necessary
for the proper development of the bacterial community. This
differentiation is regulated, at least partially, by sensing several
extracellular signals. Most of these signals are produced by B.
subtilis itself. Secretion and sensing of these extracellular signals
might regulate the timing of development in concordance with
the surroundings. In this manner, the production of extracellular
signals and the consequent differentiation of cells can be classified
into three sequential steps in development. The first step would
be a stage of exponential growth, in which a large portion of the
community would differentiate into motile cells. At this point, the
concentrations of the quorum-sensing signals ComX and surfactin
are insufficient to trigger the differentiation of other cell types. In
the next step, cells are entering the stationary phase, and ComX
triggers the differentiation of surfactin producers and competent
cells. Once surfactin is produced, it is sensed by other cells,
which respond by differentiating into matrix producers/ cannibals.
These subpopulations are physiologically distinct from the initial
population of motile cells. Thus, as arise, the proportion of motile
cells decreases. Finally, in the last step of the development, nutrients
are exhausted and the production of secondary messengers such as
ppGpp, along with other starvation-related signals, would trigger
sporulation in some cells as well as a subpopulation of exoprotease
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producing miners. To ensure that the timing of the development
is appropriate for the particular environmental conditions, this
cell differentiation program is also capable of sensing other small
molecules produced by diverse soil organisms; different natural
products secreted from a large variety of organisms can induce the
activation of the three master regulators, for our review, SpoOA,
that control differentiation of the distinct cell types. This is an
efficient mechanism for B. subtilis to adapt its development to a
particular environmental niche in which other microorganisms
coexist.

The organization of different cell types in the biofilm in B.
subtilis closely resembles the cellular differentiation and spatial
organization observed in structures formed by multicellular
eukaryotes, for example fungi. Similarities in development
processes between multicelular eukaryotes and bacteria are
strongly encouraging to advance investigation in this field. There
are numerous questions that remain. Is cell-cell communication
involved in the developmental process to coordinate the growth
and the spatial distribution of the different cell types within the
biofilm? How do other different microorganisms present in the
same ecological niche, the soil, affect cellular differentiation?
Does population heterogeneity provide an advantage in natural
settings? SpoOA could regulate other pathways? The SpoOA and
the phosporelay system have another function?. Bacillus subtilis
is an ideal system in which to ask these types of questions because
there is a plethora of information regarding the regulation of
differentiation, and the ease of working with a microorganism with
avery short doubling time that is amenable to genetic modifications
should facilitate future studies.

References

1. Lopez D, Kolter R. Extracellular signals that define distinct and
coexisting cell fates in Bacillus subtilis. FEMS Microbiol Rev.
2010; 34: 134-149.

2. Camilli A, Bassler BL. Bacterial small-molecule signaling
pathways. Science. 2006; 311: 1113-1116.

3. Veening JW, Igoshin OA, Eijlander RT, et al. Transient
heterogeneity in extracellular protease production by Bacillus
subtilis. Mol Syst Biol. 2008; 4: 184.

4. Dubnau D. Genetic competence in Bacillus subtilis. Microbiol
Rev. 1991; 55: 395-424.

5. Piggot PJ, Hilbert DW. Sporulation of Bacillus subtilis. Curr
Opin Microbiol. 2004; 7: 579-586.

6. Gonzalez-Pastor JE, Hobbs EC, Losick R. Cannibalism by
sporulating bacteria. Science. 2003; 301: 510-513.

7. Vlamakis H, Aguilar C, Losick R, et al. Control of cell fate
by the formation of an architecturally complex bacterial
community. Genes Dev. 2008; 22: 945-953.

8. Kearns DB, Chu F, Branda SS, et al. A master regulator for
biofilm formation by Bacillus subtilis. Mol Microbiol. 2005;
55:739-749.

9. Murray H, Errington J. Dynamic control of the DNA replication
initiation protein DnaA by Soj/ParA. Cell. 2008; 135: 74-84.

10. Eldar A, Chary VK, Xenopoulos, et al. Partial penetrance
facilitates developmental evolution in bacteria. Nature. 2009;

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

460: 510-514

Wagner JK, Marquis KA, Rudner DZ. SirA enforces diploidy by
inhibiting the replication initiator DnaA during spore formation
in Bacillus subtilis. Mol Microbiol. 2009; 73: 963-974.
Burkholder WF, Kurtser I, Grossman AD. Replication initiation
proteins regulate a developmental checkpoint in Bacillus
subtilis. Cell.2001; 104: 269-279.

Ruvolo MV, Mach KE, Burkholder WF. Proteolysis of the
replication checkpoint protein Sda is necessary for the efficient
initiation of sporulation after transient replication stress in
Bacillus subtilis. Mol Microbiol. 2006; 60: 1490-1508.
Burbulys D, Trach KA, Hoch JA. Initiation of sporulation in B.
subtilis is controlled by a multicomponent phosphorelay. Cell.
1991; 64: 545-552.

Veening JW, Murray H, Errington J. A mechanism for cell
cycle regulation of sporulation initiation in Bacillus subtilis.
Genes Dev. 2009; 23: 1959-1970.

Moriya S, Imai Y, Hassan AK, et al. Regulation of initiation of
Bacillus subtilis chromosome replication. Plasmid. 1999; 41:
17-29.

Castilla-Llorente V, Muioz-Espin D, Villar L, et al. Spo0OA, the
key transcriptional regulator for entrance into sporulation, is an
inhibitor of DNA replication. EMBO J. 2006; 25: 3890-3899.
Strauch M, Webb V, Spiegelman G, et al. The SpoOA protein of
Bacillus subtilis is a repressor of the abrB gene. Proc Natl Acad
Sci U S A. 1990; 87: 1801-1805.

Molle V, Fujita M, Jensen ST, et al. The SpoOA regulon of
Bacillus subtilis. Mol Microbiol. 2003; 50: 1683-1701.
Wagner JK, Marquis KA, Rudner DZ, et al. Enforces diploidy
by inhibiting the replication initiator DnaA during spore
formation in Bacillus subtilis. Mol Microbiol. 2009; 73: 963-
974.

Fujita M, Losick R. The master regulator for entry into
sporulation in Bacillus subtilis becomes a cell specific
transcription factor after asymmetric division. Genes Dev.
2003; 17: 1166-1174.

Xenopoulos P, Piggot PJ. Regulation of growth of the mother
cell and chromosome replication during sporulation of Bacillus
subtilis. J Bacteriol. 2011; 193: 3117-3126.

Nanamiya H, Kasai K, Nozawa A, et al. Identification and
functional analysis of novel (p)ppGpp synthetase genes in
Bacillus subtilis. Mol Microbiol. 2008; 67: 291-304.

Freese E, Heinze J, Galliers EM. Partial purine deprivation
causes sporulation of Bacillus subtilis in the presence of excess
ammonium, glucose, and phosphate. ] Gen Microbiol. 1979;
115: 193-205.

Ochi K, Kandala J, Freese E. Evidence that Bacillus subtilis
sporulation induced by the stringent response is caused by the
decrease in GTP or GDP. J Bacteriol. 1982; 151: 1062-1065.
Ochi K, Kandala JC, Freese E. Initiation of Bacillus subtilis
sporulation by the stringent response to partial amino acid
deprivation. J Biol Chem. 1981; 256: 6866-6875.

Lopez D, Vlamakis H, Kolter R. Generation of multiple cell
types in Bacillus subtilis. FEMS Microbiol Rev. 2009; 33: 152-
163.

Pedrido ME, De Ofia P, Ramirez W, et al. SpoOA links de novo
fatty acid synthesis to sporulation and biofilm development in

Microbiol Infect Dis, 2018

Volume 1 | Issue 2 | 8 of 10



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Bacillus subtilis. Molecular Microbiology. 2013; 87: 348-367.
Fujita M, Losick R. Evidence that entry into sporulation in
Bacillus subtilis is governed by a gradual increase in the level
and activity of the master regulator SpoOA. Genes Dev. 2005;
19: 2236-2244.

Asayama M, Yamamoto A, Kobayashi Y. Dimer form of
phosphorylated SpoOA, a transcriptional regulator, stimulates
the spoOF transcription at the initiation of sporulation in
Bacillus subtilis. ] Mol Biol. 1995; 250: 11-23.

Pérez-Martin J, Rojo F, de Lorenzo V. Promoters responsive
to DNA bending: a common theme in prokaryotic gene
expression. Microbiol Rev. 1994; 58: 268-290.

Seredick S, Spiegelman GB. Lessons and questions from the
structure of the SpoOA activation domain. Trends Microbiol.
2001; 9: 148-151.

Chastanet A, Vitkup D, Yuan GC, et al. Broadly heterogeneous
activation of the master regulator for sporulation in Bacillus
subtilis. Proc Natl Acad Sci USA. 2010; 107: 8486-8491.
Chastanet A, Losick R. Just-in-time control of SpoOA synthesis
in Bacillus subtilis by multiple regulatory mechanisms. J
Bacteriol. 2011; 193: 6366-6374.

Strauch MA, Trach KA, Day J, et al. SpoOA activates and
represses its own synthesis by binding at its dual promoters.
Biochimie. 1992; 74: 619-626.

Mirouze N, Prepiak P, Dubnau D. Fluctuations in spo0A
transcription control rare developmental transitions in Bacillus
subtilis. PLoS Genet. 2011; 7: €1002048.

Chibazakura T, Kawamura F, Takahashi H. Differential
regulation of spoOA transcription in Bacillus subtilis: glucose
represses promoter switching at the initiation of sporulation. J.
Bacteriol. 1991; 173: 2625-2632.

Chibazakura T, Kawamura F, Asai K, et al. Effects of spo0
mutations on spo0A promoter switching at the initiation of
sporulation in Bacillus subtilis. J Bacteriol. 1995; 177: 4520-
4523.

Grossman AD. Genetic networks controlling the initiation of
sporulation and the development of genetic competence in
Bacillus subtilis. Annu Rev Genet. 1995; 29: 477-508.

Strauch MA, Trach KA, Day J, et al. SpoOA activates and
represses its own synthesis by binding at its dual promoters.
Biochimie. 1992; 74: 619-626.

Chen G, Kumar A, Wyman TH, et al. SpoOA dependent
activation of an extended 10 region promoter in Bacillus
subtilis. J Bacteriol. 2006; 188: 1411-1418.

Castilla-Llorente V, Salas M, Meijer WJ. kinC/D-mediated
heterogeneous expression of spoOA during logarithmical
growth in Bacillus subtilis is responsible for partial suppression
of phi 29 development. Mol. Microbiol. 2008; 68: 1406-1417.
Siranosian KJ, Grossman AD. Activation of spo0A transcription
by sigma H is necessary for sporulation but not for competence
in Bacillus subtilis. J Bacteriol. 1994; 176: 3812-3815.

Sterlini JM, Mandelstam J. Commitment to sporulation
in Bacillus subtilis and its relationship to development of
actinomycin resistance. Biochem J. 1969; 113: 29-37.

Hamon MA, Lazazzera BA. The sporulation transcription
factor Spo0A is required for biofilm development in Bacillus
subtilis. Mol Microbiol.2001; 42: 1199-1209.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

LeDeaux JR, Yu N, Grossman AD. Different roles for KinA,
KinB, and KinC in the initiation of sporulation in Bacillus
subtilis. ] Bacteriol. 1995; 177: 861-863.

TrachKA,HochJA. Multisensory activation of the phosphorelay
initiating sporulation in Bacillus subtilis: identification and
sequence of the protein kinase of the alternate pathway. Mol
Microbiol. 1993; 8: 69-79.

McQuade RS, Comella N, Grossman AD. Control of a family
of phosphatase regulatory genes (phr) by the alternate sigma
factor sigma-H of Bacillus subtilis. J Bacteriol. 2001; 183:
4905-49009.

Auchtung JM, Lee CA, Grossman AD. Modulation of the
ComA-dependent quorum response in Bacillus subtilis by
multiple Rap proteins and Phr peptides. J Bacteriol. 2006; 188:
5273-5285.

Veening JW, Hamoen LW, Kuipers OP. Phosphatases modulate
the bistable sporulation gene expression pattern in bacillus
subtilis, Molecular Microbiology. 2005; 56: 1481-1494.

Jiang M, Shao W, Perego M. Multiple histidine kinases regulate
entry into stationary phase and sporulation in Bacillus subtilis.
Mol Microbiol. 2000; 38: 535-542.

Piggot PJ, Hilbert DW. Sporulation of Bacillus subtilis. Curr
Opin Microbiol. 2004; 7: 579-586.

Kudoh J, Ikeuchi T, Kurahashi K. Identification of the
sporulation gene spoOA product of Bacillus subtilis. Biochem
Biophys Res Commun. 1984; 122: 1104-1109.

Taylor BL, Zhulin IB. PAS domains: internal sensors of oxygen,
redox potential, and light. Microbiol Mol Biol R. 1999; 63:
479-506.

Stephenson K, Hoch JA. PAS-A domain of phosphorelay
sensor kinase A: a catalytic ATP-binding domain involved in
the initiation of development in Bacillus subtilis. P Natl Acad
Sci USA. 2001; 98: 15251-152.

Eswaramoorthy P, Guo T, Fujita M. In vivo domain-based
functional analysis of the major sporulation sensor kinase,
KinA, in Bacillus subtilis. J Bacteriol. 2009; 191: 5358-5368.
Ratnayake-Lecamwasam M, Serror P, Wong KW, et al. Bacillus
subtilis CodY represses early-stationaryphase genes by sensing
GTP levels. Gene Dev. 2001; 15: 1093-1103.

Nishino T, Gallant J, Shalit P, et al. Regulatory nucleotides
involved in the Rel function of Bacillus subtilis. J Bacteriol.
1979; 140: 671-679.

Serror P, Sonenshein AL, CodY. Is required for nutritional
repression of Bacillus subtilis genetic competence. J Bacteriol.
1996; 178: 5910-5915.

Bennett HJ, Pearce DM, Glenn S et al. Characterization of relA
and codY mutants of Listeria monocytogenes: identification
of the CodY regulon and its role in virulence. Mol Microbiol.
2007; 63: 1453-1467.

Tojo S, Satomura T, Kumamoto K, et al. Molecular mechanisms
underlying the positive stringent response of the Bacillus subtilis
ilv-leu operon, involved in the biosynthesis of branched-chain
amino acids. J Bacteriol.2008; 190: 6134-6147.

Eymann C, Homuth G, Scharf C. et al. Bacillus subtilis
functional genomics: global characterization of the stringent
response by proteome and transcriptome analysis. J Bacteriol.
2002; 184: 2500-2552.

Microbiol Infect Dis, 2018

Volume 1 | Issue 2 |9 of 10



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Potrykus K, Cashel M. (p)ppGpp: still magical? Annu Rev
Microbiol. 2008; 62: 35-51.

Dartois V, Djavakhishvili T, Hoch JA, et al. Is a lipoprotein
required for KinB signal transduction and activation of the
phosphorelay to sporulation in Bacillus subtilis. Mol Microbiol.
1997; 26: 1097-1108.

Pottathil M, Jung A, Lazazzera BA. CSF, a species-specific
extracellular signaling peptide for communication among
strains of Bacillus subtilis and Bacillus mojavensis. J Bacteriol.
2008; 190: 4095-4099.

Yehuda SB, Fujita M, Smith Y. et al. Novel modulators
controlling entry into sporulation in bacillus subtilis. J of
Bacteriol. 2003; 195: 1475-1483.

Branda SS, Gonzalez-Pastor JE, Ben-Yehuda S, et al. Fruiting
body formation by Bacillus subtilis. Proc Natl Acad Sci U S A.
2001; 98: 11621-11626.

Branda SS, Vik S, Friedman L, et al. Biofilms: the matrix
revisited. Trends Microbiol. 2005; 13: 20-26.

Lopez D, Fischbach MA, Chu F, et al. Structurally diverse
natural products that cause potassium leakage trigger
multicellularity in Bacillus subtilis. P Natl Acad Sci USA.
2009; 106: 280-285.

Sheppard JD, Jumarie C, Cooper DG, et al. Tonic channels
induced by surfactin in planar lipid bilayer membranes.
Biochim Biophys Acta. 1991; 1064: 13-23.

Nakano MM, Magnuson R, Myers A, et al. srfA is an operon
required for surfactin production, competence development,
and efficient sporulation in Bacillus subtilis. ] Bacteriol. 1991;
173: 1770-1778.

Magnuson R, Solomon J, Grossman AD. Biochemical and
genetic characterization of a competence pheromone from B.
subtilis. Cell. 1994; 77: 207-216.

Lopez D, Vlamakis H, Kolter R. Generation of multiple cell
types in Bacillus subtilis. FEMS Microbiol Rev. 2009; 33: 152-
163.

Loépez D, Vlamakis H, Losick R, et al. Paracrine signaling in a
bacterium. Genes Dev. 2009; 23: 1631-1638.

Loépez D, Vlamakis H, Losick R, et al. Cannibalism enhances
biofilm development in Bacillus subtilis. Mol Microbiol. 2009;
74: 609-618.

Fuqua WC, Winans SC, Greenberg EP. Quorum sensing in
bacteria: the LuxR—LuxI family of cell density-responsive
transcriptional regulators. J Bacteriol. 1994; 176: 269-275.
Singh RN, Pitale MP. Enrichment of Bacillus subtilis
transformants by zonal centrifugation. Nature. 1967; 213:
1262-1263.

Van Sinderen D, Luttinger A, Kong L, et al. ComK encodes the
competence transcription factor, the key regulatory protein for
competence development in Bacillus subtilis. Mol Microbiol.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

1995; 15: 455-462.

Maamar H, Dubnau D. Bistability in the Bacillus subtilis
K-state (competence) system requires a positive feedback loop.
Mol Microbiol. 2005; 56: 615-624.

Suel GM, Garcia-Ojalvo J, Liberman LM, et al. An excitable
gene regulatory circuit induces transient celular differentiation.
Nature. 2006; 440: 545-550.

Avery SV. Cell individuality: the bistability of competence
development. Trends Microbiol. 2005; 13: 459-462.
Siranosian KJ, Grossman AD. Activation of spo0OA transcription
by sigma H is necessary for sporulation but not for competence
in Bacillus subtilis. J Bacteriol. 1994; 176: 3812-3815.

Berka RM, Hahn J, Albano M, et al. Microarray analysis of
the Bacillus subtilis K-state: genome-wide expression changes
dependent on ComK. Mol Microbiol. 2002; 43: 1331-1345.
Fawecett P, Eichenberger P, Losick R, et al. The transcriptional
profile of early to middle sporulation in Bacillus subtilis. Proc
Natl Acad Sci U S A. 2000; 97: 8063-8068.

Molle V, Fujita M, Jensen ST, et al. The SpoOA regulon of
Bacillus subtilis. Mol Microbiol. 2003; 50: 1683-1701.

Zhang YM, Rock CO. Membrane lipid homeostasis in bacteria.
Nat Rev Microbiol. 2008; 6: 222-233.

Liu J, Tan K, Stormo GD. Computational identification of
the SpoOA-phosphate regulon that is essential for the cellular
differentiation and development in Grampositive spore-forming
bacteria. Nucleic Acids Res. 2003; 23: 6891-6903.

Fujita M, Gonzalez-Pastor JE, Losick R. High- and low-
threshold genes in the SpoOA regulon of Bacillus subtilis. ]
Bacteriol. 2005; 187: 1357-1368.

Marquez-Magafia LM, Chamberlin MJ. Characterization of the
sigD transcription unit of Bacillus subtilis. J Bacteriol. 1994;
176: 2427-2434.

Tsukahara K, Ogura M. Promoter selectivity of the Bacillus
subtilis response regulator DegU, a positive regulator of the fla/
che operon and sacB. BMC Microbiol. 2008; 8: 8.

Calvio C, Osera C, Amati G, et al. Autoregulation of swrAA
and motility in Bacillus subtilis. J Bacteriol. 2008; 190: 5720-
5728.

Branda SS, Gonzalez-Pastor JE, Dervyn E, et al. Genes
involved in foramtion of structured multicelular commnunities
by Bacillus subtilis. J. Bacteriology. 2004; 196: 3970-3979.
Blair KM, Turner L,Winkelman JT, et al. A molecular clutch
disables flagella in the Bacillus subtilis biofilm. Science. 2008;
320: 1636-1638.

Chai Y, Chu F, Kolter R, et al. Bistability and biofilmformation
in Bacillus subtilis. Mol Microbiol. 2008; 67: 254-263.

Lewis RJ, Brannigan JA, Smith I, et al. Crystallisation of the
Bacillus subtilis sporulation inhibitor SinR, complexed with its
antagonist, Sinl. FEBS Lett. 1996; 378: 98-100.

© 2018 Donato V. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License

Microbiol Infect Dis, 2018

Volume 1 | Issue 2|10 of 10



