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Abstract—Bacilli control behavioral reactions such as motility, biofilm formation, production of enzymes and
metabolites, differentiation, and others by integrating a variety of environmental signals through a complex
regulatory network. In the natural environment, Bacillus subtilis exists predominantly in the form of biofilms,
which has made it an ideal model for studying the molecular strategy of biofilm formation. This paper sys-
tematizes information on the main regulatory systems responsible for the loss of mobility and the formation
of B. subtilis biofilms, analyzes the behavior of bacteria within the biofilm population, leading to a state of
bistability and differentiation into different types of subpopulations. It also evaluates the regulatory relation-
ship between control systems responsible for the synthesis of structural components in the biofilm matrix.
Particular emphasis is placed on data concerning signaling mechanisms that trigger the formation of a biofilm
and its dispersion. In general, we summarize information about the latest discoveries in this area and their
integration into the general idea of these complex microbial communities.
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During the stationary growth phase, bacilli can dis-
play various adaptive responses associated with
changes in the expression of survival-promoting genes.
Under natural conditions, biofilms represent the pre-
dominant lifestyle; their formation under nutrient
limitation is a complex and tightly regulated process.
The biofilm-synthesizing capacity is a prerequisite for
completion of the life-cycle of most microorganisms
and it is a part of a successful strategy for protecting
bacteria from detrimental environmental factors.
Therefore, the molecular basis of biofilm formation
has received increasing attention in microbiology.
Presently, various bacterial models are used for eluci-
dating the molecular mechanisms of biofilm forma-
tion and operation. The biofilms of the soil-dwelling
bacterium Bacillus subtilis are envisaged as ideal mod-
els for this purpose. They are characterized by unique
architectural features that result from carrying out
complex programs of cell specialization and cell-cell
communication within the community (Ryan-Pay-
seur and Freitag, 2018; Kovacs and Dragos, 2019).
This research is aimed at investigating the evolution,
biological role, morphological traits, and structure of
biofilms, as well as the molecular mechanisms under-
lying cell differentiation within a microbial commu-
nity. The regulatory and metabolic relationship

between biofilm formation in bacilli and other station-
ary phase-related processes in their cells, such as spor-
ulation, motility, and secretion of secondary metabo-
lites and proteins, including lipopeptides and extracel-
lular enzymes, e.g., proteinases is of special interest
(Aktuganov et al., 2019; Pisithkul et al., 2019). B. sub-
tilis biofilms were shown to contain proteinase-pro-
ducing cells, which increase in number during biofilm
development (Kobayashi and Ikemoto, 2019). More-
over, the genes that encode biofilm formation are
involved products are implicated, in regulatory terms,
in the synthesis and secretion of various extracellular
metabolites and signal molecules that enable coopera-
tive interactions within a microbial community (Mar-
tin et al., 2020). Based on recent information, a plat-
form for creating artificial biofilms by 3D printing for
goal-directed practical use has been developed
(Huang et al., 2018; Balasubramanian et al., 2019). We
place special emphasis on summing up new data on
the formation, development, and dispersion of B. sub-
tilis biofilms.

The goal of this work was to systematically analyze
data on the formation and dispersal of B. subtilis bio-
films in terms of their interaction with other physio-
logical processes during the stationary phase of this
bacterium.
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BIOFILM STRUCTURE

B. subtilis are motile gram-positive soil bacteria
that can form stable biofilms, including those involved
in symbiotic interaction with plant roots. Biofilm for-
mation is one of the responses of B. subtilis cells to det-
rimental environmental factors; it results in the forma-
tion of a structured multicellullar bacterial commu-
nity. In this community, cells adhere to one another
and are embedded in the self-produced polymer
matrix (Hobley et al., 2015). The matrix is made up of
exopolysaccharides (EPSs), proteins, and nucleic
acids; it contains channels used for transporting nutri-
ents and oxygen and excreting bacterial metabolic
products (Hobley et al., 2015). The matrix is responsi-
ble for biofilm stability and protection of matrix-
embedded bacteria from bacteriophages, detrimental
factors (osmotic shock, UV irradiation, dehydration,
pH change, etc.) and antibacterial preparations
(Strelkova et al., 2013; Dragos et al., 2017; Vidakovic
et al., 2018; Pnomareva et al., 2018). A mechanism of
“mutual aid” between matrix-forming and non-
matrix-forming bacteria was described; non-matrix-
forming bacteria gain a benefit from cooperative inter-
action with exopolysaccharide-synthesizing cells
(Martin et al., 2020). Close contacts between bacterial
cells via nanotubes enabling joint metabolite utiliza-
tion and long-range signal transmission for orches-
trating metabolic processes are aimed at creating a sin-
gle integrated microbial community with rationally
distributed extracellular “public goods.” Interaction
among bacteria is based on the activation of complex
intercellular communication processes. Of paramount
importance for these processes are global metabolic
regulatory facilities that involve quorum-sensing sys-
tems and cyclic di-GMP. As a result, the secretion of
enzymes, secondary metabolites, siderophores, and
antimicrobial compounds is activated (Bareia et al.,
2018; Kalamara et al., 2018; Fu et al., 2019; Kovacs
and Dragos, 2019). Biofilms enable metabolic cooper-
ation between the cells in a community and promote
symbiotic interactivity between bacteria and macroor-
ganisms, e.g., between soil bacteria and plant roots
(Townsley et al., 2018).

Natural biofilms exhibit a complex structure. They
consist of a large number of microbial species that
interact or compete for nutrients and habitats. Since
natural biofilms represent mixtures of several micro-
bial species, studies with them present difficulties.
Therefore, research is often conducted with controlla-
ble single-species biofilms in a laboratory setting. The
most widely used technique for obtaining biofilms
under laboratory conditions is based on the formation
of microbial communities on submerged solid sur-
faces, which are then visualized by staining with crys-
tal violet. Another technique involves biofilm forma-
tion at the air-liquid interphase (Vlamakis et al., 2013;
Hollenbeck et al., 2016). Instead of using plates,
Plakunov et al. developed an alternative universal
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method of concomitant analysis of planktonic and
biofilm cultures. It may be used to characterize bio-
film growth, extracellular matrix synthesis, metabolic
activity, and the minimum viable cell number per bio-
film and is based on using polytetrafluorethylene
cubes and glass fiber filters as surfaces for biofilm for-
mation (Plakunov et al., 2016). The method applies to
gram-positive and gram-negative bacteria. Moreover,
the colonies growing on agar plate surfaces are cur-
rently considered as biofilm variants, since they repre-
sent stable communities of microbial cells embedded
in the extracellular matrix (Branda et al., 2001; Gal-
legos-Monterrosa et al., 2016).

A distinctive property of B. subtilis biofilms is the
fact that they display a large number of architectural
features; their complexity is due to a high degree of cell
specialization and the pattern of intercellular commu-
nication among subpopulations. They collectively
form a community that is analogous to multicellular
organisms in structural terms (Schafer and Turgay,
2019). The formation of a biofilm requires the transi-
tion of B. subtilis cells from the planktonic to the non-
motile state. This is associated with f lagellar motility
suppression and gene expression induction that is nec-
essary for synthesizing the extracellular matrix in
accord with environmental signals (surface tension,
nutrient depletion, low oxygen levels, etc.) (Gingi-
chashvili et al., 2019). Initially, bacillar cells are short
motile rods. During biofilm development, they adhere
to one another and the surface while forming long
chains composed of nonmotile, extracellular matrix-
producing cells. The B. subtilis biofilm matrix is char-
acterized by hydrophobicity; it is responsible for the
biofilm’s mechanical rigidity (Dragos and  Kovacs,
2017). An innovative technique was suggested for spa-
tially and temporarily monitoring the B. subtilis bio-
film development dynamics under various conditions.
Using triple f luorescence labeling makes it possible to
detect biofilm shape irregularities, measure biofilm
thickness, and estimate the distribution of cells with
various phenotypes in the biofilm (in terms of motil-
ity, matrix production, and sporulation) (Wang et al.,
2017).

Large creases or wrinkles on the bacillar biofilm
surface are considered to result from the biofilm’s
mechanistic instability, which is due to cell transloca-
tion inside the biofilm or localized cell death. Locally
promoted crease formation brings about an increase in
the biofilm’s surface to volume ratio that improves the
cells’ access to oxygen (Asally et al., 2012; Trejo et al.,
2013; Kolodkin-Gal et al., 2013). Wrinkling facilitates
the formation of a complex channel network inside the
biofilm, accelerating liquid circulation and nutrient
distribution in diffusion-inaccessible biofilm parts.
The channels inside biofilms are interconnected, and
their morphology and number vary depending on bio-
film age and the nutritive conditions of the bacteria
(Gingichashvili et al., 2019). It was established that the
channels perform an important function in transfer-
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ring molecules across the biofilm structures, enabling
the liquid to efficiently penetrate the deeper layers of
the periphery of a mature biofilm (Gingichashvili
et al., 2019). Aerial domains used for sporulation and
bacterial spore spreading were identified on the sur-
face of the B. subtilis biofilms (Branda et al., 2001).
Such three-dimensional architecture secures the
integrity of the B. subtilis biofilms and is of significant
importance for the adaptability and viability of micro-
bial cells.

REGULATION OF BIOFILM MATRIX 
SYNTHESIS

The genes that are responsible for matrix exopoly-
saccharide formation form a part of the eps operon
(Nagorska et al., 2010; Marvasi et al., 2010; Roux
et al., 2015). The exopolysaccharide-deficient eps
mutants of bacilli form flat and highly fragile colonies;
they can grow and give rise to cell chains that contain
some extracellular material due to the synthesis of
additional proteinaceous matrix components (Branda
et al., 2006). Cells with mutations in the enzyme genes
involved in matrix biosynthesis, pgcA (formerly
denoted as yhxB) that encodes α-phosphoglucomu-
tase, and gtaB that encodes UTP-glucose-1-phos-
phate-uridyltransferase, are characterized by dis-
rupted biofilm formation (Lazarevic et al., 2005).
Mutants deficient in the synthesis of uridine-diphos-
phate-galactose (UDP-Gal), a mandatory precursor
for exopolysaccharide synthesis, do not form a biofilm
(Chai et al., 2012). UDP-Gal is a toxic intermediate
product in the galactose metabolic pathway; it is con-
verted to nontoxic UDP-glucose by the UDP-glu-
cose-4-epimerase (GalE); with a mutant galE gene,
cell growth is arrested in the presence of galactose
because of UDP-Gal accumulation. The most exten-
sively studied product of the genes of the eps operon is
the protein EpsE. This is a bifunctional protein. It is
implicated in controlling EPS biosynthesis. The EpsE
protein inhibits f lagellar rotation via its interaction
with the f lagellar rotor protein FliG and exhibits gly-
cosyl transferase activity that is necessary for EPS bio-
synthesis (Guttenplan and Kearns, 2013). Motility
inhibition is independent of the glycosyl transferase
activity of EpsE. This regulatory mechanism contrib-
utes to the active formation of the biofilm matrix upon
cessation of cell motility. In some B. subtilis strains,
γ-polyglutamic acid (PGA), another extracellular
polymer, is actively synthesized and promotes polymer
matrix formation. (Morikawa et al., 2006; Wu et al.,
2008). The spectrum of В. subtilis polysaccharides that
are components of the biofilm matrix varies depend-
ing on growth conditions (Roux et al., 2015). When
B. subtilis strain NCIB3610 was grown in a medium
with glutamic acid and glycerol, the carbohydrate-
containing biomass included such monosaccharides
as galactose, glucose, and N-acetylglucose (GalNAc);
the level of each of the sugars varied depending on the
integrity of the eps operon genes (Chai et al., 2012).
Based on these data, the genes involved in galactose
metabolism are of significant importance for biofilm
formation.

Analysis of the polysaccharides of В. subtilis strain
NCIB3610 grown in TY broth (LB broth supple-
mented with manganese and magnesium sulfates)
revealed a mannose-dominated, eps operon-depen-
dent monosaccharide profile (Jones et al., 2014).
Apparently, the type of the eps operon genes-produced
polysaccharide varies depending on available sub-
strates. Apart from exopolysaccharides synthesized
under the control of the eps operon, matrix formation
in B. subtilis strains involves the synthesis of an exoge-
nous polysaccharide, levan (the fructose homopoly-
mer). Its biosynthesis depends on levan saccharase
encoded by the sacB gene (Benigar et al., 2014; Raga-
Carbajal et al., 2016). If bacteria grow in the presence
of sucrose, levan is incorporated in the biofilm matrix,
which partially compensates for the absence of the eps
operon products (Dogsa et al., 2013). With sucrose
produced by plants, levan incorporation in the biofilm
matrix by bacteria may be a prerequisite for B. subtilis
biofilm formation in the rhizosphere under natural
conditions.

The structural integrity of B. subtilis biofilms
depend on two secreted proteins referred to as TasA
and TapA. They are encoded by the gene cluster com-
posed of three genes (tapA‒sipW‒tasA) and denoted
as the tapA operon (Branda et al., 2006). TasA homo-
logues are widely spread among bacilli (Dragos, 2017).
The TasA protein was envisioned as a functional amy-
loid-like protein that is synthesized as the monomer. It
assembles to form long filaments (fibrils) and is trans-
ferred across the membrane by means of a signal pep-
tidase, SipW; the fibrils attach to the cell wall in a pro-
cess involving the auxiliary protein TapA (Romero
et al., 2014). The TasA protein is a functional homo-
logue of E. coli curli amyloid protein. It polymerizes in
vitro and can interact with the antibodies specific for
amyloid polymers (Huang et al., 2018). In solution,
the purified protein TasA is present as an oligomer.
The formation of fibrils from TasA oligomers is stimu-
lated in an acidic medium or the presence of a hydro-
phobic surface (Chai et al., 2013). In vitro research on
the different oligomeric forms of secreted protein TasA
using NMR, EM, X-ray diffraction, and analytic
ultracentrifugation revealed conformational varieties
of TasA ranging from the globular state to the protein-
ase-resistant fibrillar structure, which do not exist
with other biofilm-forming proteins (Diehl et al.,
2018). According to solid-state NMR data, the
main amyloid component of TasA contains β-sheets
and α-helices in the secondary structure,  indicative of
an atypical amyloid architecture in B. subtilis (Mam-
meri et al., 2019).

The tasA mutants form no biofilm, but this defect
is not as serious as that of the eps gene cluster mutants
MICROBIOLOGY  Vol. 90  No. 1  2021
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(Branda et al., 2006). The tasA mutants produce cell
chains that do not cohere; tasA inactivation also pre-
vents wrinkly biofilm formation. The protein TasA is
implicated in the orderly maturation of Bacillus bio-
films. Its lack of results in a number of physiological
alterations that are caused by changes in membrane
stability and dynamics and in a decrease in interacting
cells’ viability. This is due to the absence of a struc-
tured matrix, which, in turn, sets limits to stress adap-
tation options available for the cells (Camara-Almiron
et al., 2020). TasA possesses antimicrobial properties;
tasA expression in B. subtilis biofilms is stimulated in
the presence of the pathogen Fusarium culmorum
(Khezri et al., 2016). Interestingly, TasA also performs
an important role in recognition of the kinship degree
between closely related B. subtilis strains, which
involves various inhibitor molecules (Lyons et al.,
2016). Finally, tаsА-mutant strains fail to form root-
associated biofilms (Dragos et al., 2017). Since the
plant rhizosphere is the natural habitat of B. subtilis,
TasA might be one of the key secreted compounds that
impact the ecology and the evolution of this species.

The TapA protein is a minor component of TasA-
based protein fibers, which binds to TasA and is
involved in attaching TasA fibers to the cell wall. TapA
plays an important part in TasA localization, as well as
in its polymerization and TasA fiber assembly from
monomers (Romero et al., 2014). In the absence of the
tapA gene, no wild-type TasA fibers are formed, and
the total TasA protein level in the exogenous matrix is
decreased. These data indicate that the TapA protein
provides for TasA stabilization. Therefore, the fibrillar
TasA form is more resistant to proteinase degradation
than the oligomeric form. This indicates that the tapA
gene deletion critically affects biofilm formation in
B. subtilis.

The signal peptidase SipW cleaves the TapA pre-
cursor, in which it recognizes the N-terminal signal
sequence, enabling the protein’s release from the
membrane and formation of the cell wall-attached
fibrils (Stover and Driks, 1999). Mutations in the sipW
gene in B. subtilis strains result in impeding their
adherence to polyvinyl chloride or glass surfaces under
laboratory conditions (Hamon et al., 2004). This is
due to the fact that peptidase SipW is a bifunctional
protein that operates as a signal peptidase during TasA
and TapA processing. Its function is aimed at activat-
ing the expression of the eps operon, which involves
the protein’s C-terminal domain. Such activation is a
prerequisite for initiating biofilm matrix formation via
cell adherence to the surface.

At the final stages of biofilm maturation, bacterial
hydrophobin BslA is synthesized, which operates in
tandem with the TasA protein (Hobley et al., 2015).
The protein BslA (formerly denoted as YuaB) is neces-
sary for the surface hydrophobicity of the B. subtilis
biofilm and formation of its complex morphology and
architecture (Arnaouteli et al., 2017). The biofilm of
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B. subtilis with the defective phenotype bslA− possesses
amphiphilic properties and resembles those of the
mutants with deletions in the eps and tasA genes
(Ostrowski et al., 2011). The BslA protein is a surfac-
tant that consists of an immunoglobulin-like domain
and a unique highly hydrophobic domain (Hobley
et al., 2015). It may assume two different structural
conformations that correspond to two functional
forms: monomeric BslA is necessary for the develop-
ment of a complex biofilm structure, whereas the
dimeric protein is required for forming the hydropho-
bic biofilm surface (Arnaouteli et al., 2017). BslA
dimerization involves the formation of a disulfide
bond and depends on two conserved cysteine residues
that are located in the C-terminal domain of the pro-
tein molecule. The conformational transition is sub-
ject to regulation by the medium redox state. In a
native biofilm, BslA oligomerization depends on elec-
tron acceptor availability, and the dimer is the pre-
dominant form in an oxygen-enriched area with an
open surface.

Therefore, all biofilm matrix components, includ-
ing exopolysaccharides (EPS and PGA) and proteins
(TasA, ТасА, and BslA), are necessary for formation
of the extracellular matrix of B. subtilis, and they influ-
ence the growth and the final size of the biofilm. Inter-
val microscopy and light profilometry revealed the two
matrix components, the exopolysaccharide produced
by an epsA-O operon gene, and the surface-layer pro-
tein BslA, that control the biofilm surface area and
demonstrated that the mature biofilm height depends
on the protein BslA (Kesel et al., 2017). Interactions
among the matrix components in biofilms are respon-
sible for emergence of an adaptable structure during
the biofilm development process.  At the early stages
of biofilm development, formation of the 3D structure
involves interaction between matrix components and
exogenous DNA (that also contributes to the matura-
tion of B. subtilis biofilms) (Peng et al., 2020).

BIOFILM BISTABILITY
Biofilm formation and development and synthesis

of the extracellular matrix components are stringently
regulated at the level of transcription and post-tran-
scriptional and post-translational modification
(Reverdy et al., 2018). All cells in a planktonic popula-
tion are motile. Gene expression that is necessary for
motility proceeds when the translational regulators
Spo0A, DegU, and ComA are in the dephosphory-
lated state. Their activation in response to the presence
of various extracellular signals results in reducing the
motile cell population (Vlamakis et al., 2013). During
the course of biofilm maturation, bacillar cells differ-
entiate into several types, forming subpopulations of
genetically identical but phenotypically distinct cells
that respond to different signals and perform different
functions for the benefit of the whole community, in
order to minimize the energy costs involved. For
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Fig. 1. Regulatory pathways controlling biofilm formation in B. subtilis: (a) mode of action of repressor SinR; (b) mechanism of
biofilm formation in B. subtilis under the control of the Spo0A-P transcription regulator; (c) involvement of transcription factors
DegU-P and ComA-P in controlling biofilm formation in B. subtilis. Т-shaped   lines and arrows indicate inhibition and activa-
tion, respectively. See text for description. 
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instance, the total transition of all cells to the energet-
ically costly stage of sporulation is prevented in this
fashion (Lopez and Kolter, 2010). A complex regula-
tory network is responsible for activating the specific
gene cascades that are responsible for the differentia-
tion of all coexisting cell types in B. subtilis biofilms.

Cell differentiation in biofilms was initially
detected in a microscopic study which revealed that
the aerial biofilm domain contains a sporulation-spe-
cific reporter (Branda et al., 2001). These findings
were subsequently confirmed in experiments with
fusion vectors containing f luorescent reporter genes
(Veening et al., 2006). Within a biofilm, cells special-
izing in motility, polymer matrix formation, sporula-
tion, and exoproteinase secretion were identified.
Using f low cytometry and fluorescence microscopy, it
was established that the number of exoproteinases-
producing cells increases during biofilm maturation;
this is due to elevated exoproteinase gene transcription
and an increase in exoprotease activity in time (Mar-
low et al., 2014a). Proteinases are synthesized by
matrix-producing and matrix-nonproducing cells,
indicative of the important role of these enzymes at
early stages of biofilm development. The data of these
experiments demonstrated a large diversity of special-
ized biofilm cell types and testified to the regulatory
plasticity of the community.

Activation of the Spo0A transcription factor via
phosphorylation triggers spore formation only in spe-
cific B. subtilis cell subpopulations (Fujita et al., 2005).
There are two different levels of Spo0A-P activation:
the lower activity level (in Spo0A-ON cells) results in
matrix formation and the higher activity level results in
sporulation (Fig. 1b). Spo0A-ON cells become matrix
producers, and they lose motility due to cohesion acti-
vation (protein EpsE) (Guttenplan and Kearns, 2013).
The Spo0A-ON cells are also cannibals, and they are
insensitive to the effects of two self-secreted peptide
toxins (peptides Skf and Sdp) that kill their toxin-sen-
sitive conspecifics (Höfler et al., 2016). This process is
regarded as cannibalism: when the available nutrients
are insufficient, dead cells are utilized as substrate by
surviving cells in the population and impede sporula-
tion: this behavior depends on secreted proteinases
(Kobayashi, 2019).

Activation of the transcription factor ComA
(ComA-P) results in cell differentiation in the com-
munity and formation of a subfraction of competent
cells that are capable of  taking up exogenous DNA in
order to increase the genetic variability of the popula-
tion. Activation of ComA-P is subject to regulation by
a quorum sensing-dependent mechanism; it is
induced once the threshold population density is
achieved (Zeriouh et al., 2014). ComA-P cells also
express the paracrine signal surfactin that triggers the
expression of the genes and operons enabling matrix
formation (Fig. 1c) (Aleti et al., 2016). The activity of
the ComA/ComP response regulator pair is modu-
lated by the ComX signal peptide. As an autoinducible
signal, it controls competence, surfactin production,
and, indirectly, extracellular proteinase synthesis in
B. subtilis (Špacapan et al., 2018). These processes are
regulated in a bacterial population in a size-dependent
fashion, indicating that ComX is a quorum-sensing
signal that controls exoproteinase production via the
intermediate transcription regulator DegQ.

Activation of the DegU transcription factor
(DegU-P) results in formation of an intra-community
subpopulation of cells referred to as miners that spe-
cialize in secreting extracellular proteinases (Fig. 1c)
MICROBIOLOGY  Vol. 90  No. 1  2021
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(Veening et al., 2008). The products of these cells pro-
mote breaking down large biopolymers into smaller
oligopeptides. It was revealed that the peptide ComX
induces expression of the subtilisin gene (aprE) and
stimulates that of the exoproteinase gene in B. subtilis
biofilms. Exoproteases can degrade the autoinducible
signal peptide ComX. The inhibitory effect on the bio-
logical activity of ComX can be removed by adding
subtilisin. Suppression of metalloproteinases by
EDTA lowers ComX activity, suggesting that serine
proteinases and metalloproteinases are capable of
degrading the ComX peptide (Špacapan et al., 2018).
These data indicate that secreted proteolytic enzymes
fulfill regulatory functions and break down the autoin-
ducible peptide ComX that exerts an important influ-
ence on their expression in biofilms. The cell subpop-
ulation with active exoproteinases differs from those of
motile or matrix-producing cells, and it is located
closer to the biofilm surface (Marlow et al., 2014b).
This is consistent with the fact that DegU-ON cells
actively express the water-repellent protein BslA that is
necessary for maintaining the integrity of the B. subti-
lis biofilm (Hobley et al., 2015; Arnaouteli et al., 2017).

Analysis of the spatial arrangement of specific sub-
populations in mature biofilms by means of f luores-
cent reporter proteins revealed that motile cells in the
lower biofilm layer were responsible for its spatial
expansion, whereas the cells located in the biofilm
core specialized in producing the extracellular matrix
and maintaining its rigidity (Vlamakis et al., 2013).
New techniques were suggested to visualize the inter-
nal structure of the B. subtilis biofilm while retaining
its architecture and ultrastructure (Fuchs et al., 2018).
Spores are present in the upper biofilm part on aerial
structures that facilitate their dispersal.  Setting apart
the spatial and temporal distribution of competent and
surfactin-producing cells, the two separate subpopula-
tions in the total microbial community, presents diffi-
culties. The state of bistability is a strategy aimed at
adapting the whole community to varying environ-
mental conditions, enabling a genetically identical
population to form subpopulations with distinct phys-
iological properties and to provide the whole cell com-
munity with necessary metabolites. This strategy was
called the growth-hedging strategy (Veening et al.,
2008).

REGULATORY PATHWAY 
OF BIOFILM FORMATION

The genetic pattern of biofilm formation regulation
in B. subtilis is understood better than the transfer of
the signals that trigger this process (Mielich-Süss and
Lopez, 2015). The factor Spo0A plays the role of the
central transcription regulator in stationary-phase
B. subtilis cells. It controls the expression of over one
hundred genes required for sporulation and biofilm
formation (Fig. 1b) (Chastanet et al., 2011). The activ-
ity of this protein is regulated via its phosphorylation:
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extracellular signals activate sensor histidine kinases
that set the phosphorelay in action, resulting in Spo0A
phosphorylation. The level of phosphorylated Spo0A
in the cells impacts the gene expression profile
(Schultz et al., 2016). Spo0A phosphorylation induces
biofilm formation, while biofilm maturation is associ-
ated with accumulation of the Spo0A-P in some of the
cells, which activates their sporulation. Once the
threshold levels of Spo0A phosphorylation are
attained, two antirepression pathways are induced,
activating transcription of the operons that are of par-
amount importance for biofilm matrix synthesis.

The first pathway is aimed at suppressing the AbrB
receptor that blocks transcription of the genes involved
in a large number of processes, including biofilm for-
mation (Chumsakul et al., 2011). It was established
that the expression of the ahpA gene that codes for the
AphA peroxidase depends on the transitional state
regulator, AbrB, and transcription factor Spo0A.
AhpA is specifically expressed during biofilm forma-
tion but not during the stationary phase or sporula-
tion. This gave grounds for the suggestion that dere-
pression of the peroxidase gene ahpA under the influ-
ence of the regulator AbrB requires a signal that is
different from the signals associated with the cells’
transition to the stationary phase (Fig. 1b) (Zwick
et al., 2017). The AbrB regulator is controlled by the
factor Spo0A in two different ways: (1) Spo0A-P
represses abrB gene transcription and (2) Spo0A-P
facilitates the expression of the factor AbbA, the AbrB
antirepressor that binds to AbrB and isolates it from
the target DNA (Tucker et al., 2014).

The second pathway involves the small DNA-
binding protein SinR that inhibits biofilm formation
and plays a pivotal role in sealing the cells’ fate
(Fig. 1a) (Kampf et al., 2018). The protein SinR forms
tetramers and binds to the sites in the promoter
regions of the epsA-O and tapA‒sipW‒tasA operons
that are necessary for the synthesis of the extracellular
polysaccharide and amyloid fibers in the extracellular
matrix, respectively (Cairns et al., 2014; Stowe et al.,
2014). SinR activity is controlled by antagonistic pro-
teins, SinI and SlrR. SinI or SlrR binding to SinR
inhibits the DNA-binding capacity of SinR and
relieves the repression of the biofilm operons (Fig. 1a)
(Newman et al., 2013). Moreover, insignificant
changes in the SinR expression levels drastically influ-
ence expression of the matrix genes, predominantly
because of the hypersensitivity of the SinI‒SinR and
SlrR‒SinR regulatory modules, indicative of a strin-
gent regulation of their formation, including the met-
abolic one (Chai et al., 2011; Greenwich et al., 2019).

One of the proteins involved, SinI, is activated
upon Spo0A phosphorylation. It binds to SinR, form-
ing a heterodimeric complex, and isolates SinR from
DNA targets, resulting in expression of SinR-
repressed genes (Fig. 1a) (Newman et al., 2013; Stowe
et al., 2014). The phenotypic transition from the
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planktonic to the biofilm state is under the control of
transcription repressor SinR and is, therefore, affected
by its inactivation by its primary antagonist, SinI. The
mechanism of degradation of the SinR tetramer was
revealed; it involves the protein SinI that regulates the
expression of SinR-repressed genes (Milton et al.,
2020). If the levels of SinR exceed those of its antago-
nists, matrix gene expression is suppressed. It was
established that SinR is expressed in the majority of
cells, whereas SinI, only in a part of the population.
The functions of proteins SinI and SinR are gene dos-
age-sensitive: duplicating sinI and sinR gene copies
results in suppressing the synthesis of matrix polymers
(Chai et al., 2011; Ogura et al., 2016). Overall, matrix
gene expression is temporary because it depends on
the affinity of Spo0A-P to the sinI gene promoter and
the number of sinI and sinR gene copies; sporulating
cells do not spend energy on producing the extracellu-
lar matrix.

The other protein SlrR antirepressor, SinR, is
required for controlling biofilm formation in two dif-
ferent ways (Chai et al., 2010). First, it binds to the
repressor SinR, forming the SinR‒SlrR complex and
preventing SinR binding to the matrix gene promoters
(Fig. 1а). Since the regulator SinR represses the slrR
antirepressor gene that binds to the regulator SinR,
this enables controlling the SinR‒SlrR complex
according to the double feedback loop principle. The
slrR gene remains derepressed as long as SlrR prevents
SinR-dependent repression. When the SlrR level in
the cells is high, expression of the matrix gene operons
can proceed because the level of free receptor SinR is
low under these conditions. When the SlrR level in the
cells is low, the regulator SinR is uninhibited and it
blocks the operons involved in biofilm matrix synthe-
sis. Second, the SinR-SlrR complex is implicated in
controlling the expression of (i) the hag gene encoding
flagellin that is necessary for motility and (ii) autoly-
sine genes that encode the proteins involved in cell
detachment (the lytABC and lytF genes) (Fig. 1a). A
recently identified regulatory mechanism involves
interaction between SinR and the degU gene pro-
moter; thereupon, the repressor SlrR forms a complex
with SinR on the degU promoter. Hence, SlrR appears
to play an active role in degU expression (Ogura et al.,
2014).

Cell cohesion is of significant importance for the
onset of biofilm formation in B. subtilis. The regula-
tory protein SlrR is unstable; it belongs to the LexA
peptidase superfamily and is degraded in the cell,
partly due to proteinase ClpCP. Instability of the SlrR
protein enables the derepression of the autolysine-
encoding genes; activation of these genes causes cell
chains to separate into solitary cells (Chai et al., 2010).
Therefore, the SlrR‒SinR switch can exist in two dif-
ferent states: (i) at a low SlrR level characteristic of sol-
itary motile cells and (ii) at a high SlrR level typical of
matrix-producing cell chains. The transition from the
low- to the high-level state is made using the protein
SinI that is synthesized under the control of factor
Spo0A-P in response to the activation of the histidine
kinases. Protein SinI accumulation inhibits repressor
SinR, resulting in derepressing the gene and produc-
ing protein SlrR. This causes SlrR accumulation,
switching SlrR‒SinR to the high SlrR level state and
favoring biofilm formation.

Complex interactivity between SinR and its genet-
ically related antagonists is responsible for the bistabil-
ity state of the system. This interactivity is under the
influence of phosphodiesterase YmdB involved in
controlling activity of the repressor SinR: ymdB gene-
deficient cells are characterized by SinR hyperactivity
and do not form biofilms (Kampf et al., 2018). The
majority of ymdB mutant cells express the genes that
are necessary for motility and chemotaxis. Suppressor
analysis revealed that ymdB mutants readily acquire
SinR-targeting mutations that restore biofilm forma-
tion (Kampf et al., 2018). These data indicate that
phosphodiesterase YmdB is required for the homeo-
stasis of SinR and/or its antagonists. It was established
that, at the post-transriptional level, sinl‒sinR and
sinR transcripts are controllable via degradation by the
RNase of Y-containing protein complexes (DeLough-
ery et al., 2016). An important function in regulating
protein activity in Bacillus cells is performed by ATP-
dependent proteinases. The results of global pro-
teomic analysis and western immunoblotting revealed
that  SinR levels were decreased in a mutant with
defective highly conserved ClpYQ proteinase and
altered biofilm formation regulation (Yu et al., 2018).

Regulatory proteins Rem A and RemB are also
mandatory for biofilm formation (Fig. 1a) (Cairns
et al., 2014). The regulator RemA is a DNA-binding
protein that activates the eps and tapA operon tran-
scription and also controls slrR antirepressor gene
transription. It was established that regulation of the
slrR gene expression requires both regulatory proteins,
RemA and RemB (Winkelman et al., 2013). In addi-
tion, genetic analysis revealed that regulators RemA
and RemB control matrix operon expression in an
antirepressor SlrR-independent fashion and operate
in parallel with other regulators (DegU, AbrB, and
SinR). RemA binds to the DNA upstream of the pro-
moter of the eps operon, overlapping with the site used
for the interaction with repressor SinR. In this system,
the protein SinR prevents binding of the protein
RemA to the promoter (Fig. 1а) (Winkelman et al.,
2013). In an similar fashion,  the RemA binding site is
upstream of the promoter of the tapA operon but SinR
and RemA can concomitantly bind to the DNA in this
situation. These data testify to an additional pathway
for controlling biofilm matrix gene expression. The
remA gene is located on the chromosome DNA of B.
subtilis close to the genes involved in the stringent
response; this fact might suggest a regulatory relation-
ship between remA gene expression and the cell’s met-
abolic status (Winkelman et al., 2013).
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It was revealed that the components of the epigen-
etic switch can be subject to supplementary regulation
involving regulatory proteins YwcC and SlrA. SlrA is
one of the antirepressors of the regulator SinR, and
protein YwcC is a TetR type transcription repressor. It
represses the slrA gene (Fig. 1a) (Chai et al., 2009). If
the regulator YwcC responds to an unidentified signal
and its expression is suppressed, biofilm matrix genes
are induced via SlrA-mediated inactivation of repres-
sor SinR. In contrast to SinI, the protein SlrA is pro-
duced in almost all cells. Therefore, this YwcC–SlrA-
involving regulation pathway enables B. subtilis cells to
rapidly respond to environmental stress factors and to
protect the bacterial community by forming a biofilm.

Expression regulation of the bslA and pgs genes in
B. subtilis depends on the DegS‒DegU signal trans-
duction system in which DegU is the transcription
regulator. It is phosphorylated by a genetically related
histidine kinase, DegS, and controls a number of cell
processes: swimming and burrowing motility, biofilm
formation, exoproteinase synthesis, gamma-polyglu-
tamic acid (PGA) production, and sporulation (Gab-
drakhmanova et al., 2005; Kayumov et al., 2006;
Sharipova et al., 2008; Cheremin et al., 2014). It was
established that the degU mutant forms no submerged
biofilm that requires the PGA polymer, the product of
the pgs operon (Stanley et al., 2005). Biofilm forma-
tion in the degU mutant is disrupted because the
matrix loses its hydrophobicity, due to impaired
expression of hydrophobin BslA gene (Kobayashi and
Iwano, 2012). The phosphorylation degree of the tran-
scription factor DegU (DegU-P) impacts bacterial
cells’ behavior, initiation of biofilm formation requir-
ing intermediate activation levels of transcription fac-
tor DegU. Indirect biofilm formation inhibition in the
cells occurs at high factor DegU phosphorylation lev-
els (Fig. 1c) (Marlow et al., 2014b). Biofilm formation
activation starts when phosphorylated DegU-P trig-
gers transcription of the bslA gene coding for the
hydrophobic protein (Hobley et al., 2015). The
DegS‒DegU pathway is activated upon flagellar rota-
tion inhibition, which may result from cell adhesion to
the surface and motility loss (Fig. 1c). A decrease in
flagellar rotation causes an increase in phosphorylated
DegU-P level, inducing transcription of the target
genes, including the bslA gene (Chan et al., 2014;
Cairns et al., 2014). Therefore, f lagellar rotation arrest
is an additional signal for polymer matrix formation.

Of paramount importance in biofilms with a high
cell density is an autoinducible signaling system
(Špacapan et al., 2018). Binding of signal molecules to
specific receptors, results in transcription and synthe-
sis of required secreted products referred to as public
goods (exemplified by proteinases). In B. subtilis, the
autoinducible signaling system is based on peptides,
signal molecules that control many adaptive pro-
cesses, including exoproteinase synthesis.  The auto-
inducible signal peptide, ComX, is implicated in regu-
lating bacterial competence and surfactant production
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in B. subtilis (Aleti et al., 2016; Pollak et al., 2016).
Both traits are subject to regulation by the bacterial
population size, which indicates that ComX is a quo-
rum-sensing signal. In B. subtilis, the comQXPA gene
cluster is the main autoinducible peptide-based system
operating as a quorum-sensing system. ComX regu-
lates expression of the srf operon that is responsible for
surfactin synthesis and is involved in genetic compe-
tence development (Aleti et al., 2016). Within the
ComQXPA system, the activity of the ComP‒ComA
response regulator pair is modulated by the signal pep-
tide ComX. ComX is modified by the isoprenyl trans-
ferase ComQ (Okada et al., 2005). Extracellular accu-
mulation of modified ComX results in ComA phos-
phorylation and subsequent regulon ComA induction.
The degQ gene also forms a part of this regulon. A high
DegU-P level upregulates the synthesis of extracellular
enzymes, involving the aprE gene that encodes the
serine exoprotease of B. subtilis (Veening et al., 2008).
Hence, ComX and the ComQXPA system positively
control the transcription of the subtilisin gene aprE
and exoproteinase production during biofilm growth.
Exoproteinases can degrade the signal peptide ComX
(Špacapan et al., 2018). In fact, two ComX-involving
regulation types were described: genetic upregulation
and biochemical downregulation. Thanks to the
ComX signal molecule, this feedback loop maintains
the bacterial demand–supply balance with respect to
public goods.

Apart from complex regulation by transcription
factors, the eps operon expression is controlled by the
RNA cis-element that is encoded by the DNA region
between the second and the third eps operon genes.
The RNA cis-element was denoted as EAR (the ele-
ment associated with RNA); it was identified in the
overwhelming majority of the genomes of representa-
tives of the family Bacillaceae. EAR operates as an
antiterminator and increases the eps operon expres-
sion by interacting with RNA (Irnov et al., 2010).

While the main genetic system of regulating biofilm
formation at the transcription level sufficiently is well
characterized, there are scarce data on the role of
metabolism (carbon metabolism, biosynthesis  and
fermentation pathways, and secondary metabolism) in
this process (Pisithkul et al., 2019). The secondary
messenger c-di-AMP performs an important function
in B. subtilis biofilm formation and attachment to
plant roots (Townsley et al., 2018). In contrast to most
other amino acid biosynthesis genes, serine biosyn-
thesis gene expression in B. subtilis cells decreases
upon transition to the stationary phase, which rep-
resents a crucial intracellular signal for biofilm matrix
biosynthesis activation (Greenwich et al., 2019). The
relationship between carbon metabolism and biofilm
formation was studied (Chen et al., 2015). Analysis of
the lysine-acetylated proteins, or the acetylome, of
B. subtilis revealed that such protein modification ful-
fills an important regulatory function in terms of bio-
film development (Reverdy et al., 2018). A linkage
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between the cysteine biosynthesis pathway and bio-
film formation was established (Kobayashi, 2019).
Biofilm formation is triggered when the cells are
depleted of glucose; the process is catabolite-con-
troled (Chen et al., 2015). Removing the ccpA gene
stimulates biofilm formation, indicating that the pro-
tein CcpA downregulates biofilm formation in B. sub-
tilis. Another global metabolic regulator, CodY, is also
involved in biofilm formation in B. subtilis (Brinsmade
et al., 2014). The bacteria are capable of synthesizing
polyamines, and transcriptomic analysis of spermi-
dine-depleted B. subtilis mutants demonstrated that
spermidine was necessary for biofilm formation. It
activates the transcription of matrix exopolysaccha-
ride synthesis genes and the tasA operon via regulator
SlrR (Fig. 1a) (Hobley et al., 2017).

The aforementioned regulation pathways suggest
the operation of a complex multilayer regulatory net-
work that controls the differentiation of B. subtilis cells
into subpopulations and biofilm formation. A major-
ity of the regulators are specific for this organism only,
their functional homologues have not been detected in
other bacterial species. The evolution of the regulatory
network was aimed at enabling the bacilli to ade-
quately respond to metabolic alterations and environ-
mental changes via formation of a single integrated
community of genetically identical biofilm-embedded
microorganisms that, nevertheless, differ in terms of
physiological functions.

BIOFILM FORMATION SIGNALS

The data on the signals that induce biofilm forma-
tion and differentiation of microorganisms into sub-
populations within a community are scarce. Never-
theless, numerous signal receptors for the regulatory
systems have been described. This suggests that bio-
film formation can be elicited by a variety of factors.
The Spo0A-P concentration in the cell is determined
by the activity of a family of histidine kinases (KinA,
KinB, KinC, and KinD) that recognize signals and
transmit them to the protein Spo0A via phosphotrans-
ferases (Jiang et al., 2000; Grau et al., 2015). The
phosphorelay includes phosphotransferase Spo0F
that is phosphorylated by a kinase and donates the
phosphate group to the Spo0B phosphotransferase,
which phosphorylates factor Spо0A. The fifth kinase,
KinE, may be involved in this pathway; apparently, it
influences the matrix gene expression (McLoon et al.,
2011). None of the indentified kinases is fully respon-
sible for expression of the polymer matrix genes; it is
more likely to result from combined operation of sev-
eral different kinases, and their activities vary depend-
ing on diverse input signals from the environment.

Histidine kinase autophosphorylation proceeds in
compliance with the cis mechanism. One kinase sub-
unit phosphorylates itself inside the multimer (in the
trans mode), and one kinase subunit phosphorylates
another subunit. It was established by in vivo and in
vitro studies that autophosphorylation of the main his-
tidine kinase, KinA, during sporulation can be based
on the trans-mechanism and proceed upon nutrient
depletion (Devi et al.,  2015).

The first signal molecule to be identified as a bio-
film gene inducer is the secreted antibiotic surfactin
(Aleti et al., 2016). As a signal molecule, surfactin ini-
tiates factor Spo0A phosphorylation via the sensor
kinase KinC  and promotes the activation of expres-
sion of the polymer matrix genes (Mielich-Suss et al.,
2015). The cells synthesizing and secreting surfactin
do not belong to surfactin-recognizing cells (Aleti
et al., 2016). This phenomenon is considered in terms
of paracrine signal transfer: the signal producer does
not respond to its own signal. This system is different
from the quorum-sensing system in which each cell
produces, and responds to, a signal molecule (Aleti
et al., 2016). Gene expression activation in response to
the surfactin signal does not comply with the tradi-
tional mechanism that involves sensor protein binding
to the ligand. Surfactin is a lipopeptide; its molecule
can be incorporated into the cytoplasmic membrane,
resulting in potassium ion eff lux that causes histidine
kinase KinC activation, signal transfer to Spo0A, and
induction of expression of the biofilm matrix genes
(Grau et al., 2015).

Bacteria of the genus Bacillus have much agricul-
tural potential because they produce lipopeptides with
high antimicrobial activity (Velmourougane et al.,
2017; Aktuganov et al., 2019). The three families of
Bacillus lipopeptides considered in the literature are
the surfactin, iturin, and fengycin family. Their mole-
cules are amphiphilic and efficiently interact with bio-
logical membrane structures. Bacteria, fungi, oomy-
cetes, and viruses are sensitive to their antimicrobial
activities. It was revealed that these compounds stim-
ulate biofilm formation, which is a key factor in terms
of successful colonization activity of biological control
agents (Penha et al., 2020). Other compounds that
cause potassium efflux, such as the fungicide nystatin
and the antibiotic valinomycin, also induce biofilm
matrix gene expression via histidine kinase KinC. Sur-
factin, nystatin, and valinomycin are naturally pro-
duced by soil microorganisms, and B. subtilis encoun-
ters these compounds under natural conditions.
Nystatin induces signal transfer in B. subtilis via bind-
ing to the membrane ergosterine. Taken together, the
data obtained give grounds for the suggestion that
B. subtilis membranes contain microdomains, similar
to the lipid rafts in the plasma membranes of eukary-
otic organisms (Lopez, 2015). Chlorine dioxide also
induces biofilm matrix gene expression in a histidine
kinase KinC-dependent fashion (Shemesh et al.,
2010). Unlike surfactin, chlorine dioxide causes histi-
dine kinase KinC activation by dissipating the cell’s
membrane potential. An increase in matrix compo-
nent synthesis in the presence of membrane structure-
disrupting inhibitors is essential for the survival of
B. subtilis, since the exopolysaccharide is responsible
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for protection against the lethal consequences of the
impact of these compounds.

Bacillus sp.-produced cyclic lipopeptides, espe-
cially surfactins, launch biofilm formation and root
colonization and are of paramount importance for the
activity of biocontrol agents and systemic plant resis-
tance (Aleti et al., 2016). An important function of
surfactin is based on its capacity to destroy membrane
vesicles in bacilli (Brown et al., 2014). The vesicles are
formed by B. subtilis biofilm cells. Prophage-encoded
endolysin can form openings in the cell wall, through
which the cytoplasmic membrane material is released
in the form of vesicles (Brown et al., 2015; Toyofuku
et al., 2017). The vesicles can encapsulate the factors
that are important for the whole community and con-
tribute to its survival. In the case of gram-positive bac-
teria, surfactin lyses extracellular vesicles and releases
their content.

In B. subtilis mutants with disrupted matrix synthe-
sis, studies with transcription reporters revealed pro-
longed expression of eps and tasA operons and decel-
erated sporulation in the biofilm (Aguilar et al., 2010).
This is due to the functioning of kinase KinD of
B. subtilis, which exhibits kinase and phosphatase
activities. In the capacity of a phosphatase, KinD is
implicated in maintaining a low level of phosphory-
lated Spo0A-P, which is associated with biofilm
matrix formation. In the capacity of a kinase, KinD
facilitates spore formation. Transcription of the main
operons responsible for matrix formation is markedly
increased in response to the presence of glycerol and
manganese in the medium; this involves the activation
of histidine kinase KinD responsible for detecting
these substances outside the cell (Shemesh et al.,
2013). There is evidence that KinD is activated in
response to compounds produced by soil microorgan-
isms or contained in the plant root exudate (Chen
et al., 2012).

All these genetic cascades are controlled by the Rap
family of phosphatases that specifically interact with
exogenous genetically related peptides (Phr peptides)
(Veening et al., 2005). It is known that phosphatase
RapGH dephosphorylates DegU-P, whereas phos-
phatase RapABEJ impacts phosphate transfer in the
Spo0A phosphorelay system and phosphatase Rap-
CFGHK targets ComA-P. Combined, they may be
considered an alternative intercellular signal transfer
system aimed at implementing the bistability program
in B. subtilis; they are involved in regulating cell spe-
cialization and collective behavioral processes,
enabling the cells’ interactivity and species survival
(Verdugo-Fuentes et al., 2020).

We are still far from understanding the whole
Phr‒Rap regulatory network of B. subtilis because of
the complexity of the regulatory cascades. An addi-
tional complexity level in  controlling the signaling
networks in B. subtilis was revealed. The membranes of
bacilli contain microdomains; their integrity is a pre-
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requisite for histidine kinase KinC activation and,
accordingly, for Spo0A-ON cell differentiation
(Lopez, 2015). It was demonstrated that Bacillus
membranes are characterized by compartmentation of
signal transfer pathways enabled by functional mem-
brane microdomains that play an important role in
activating the signal transduction cascades (Wagner
et al., 2017). A membrane-bound proteinase, FtsH,
was established to form a part of the microdomains; it
selectively hydrolyzes specific Rap phosphatases
(Mielich-Suss et al., 2013). Therefore, integrity of the
microdomains of the cytoplasmic membrane of
B. subtilis is essential for inducing biofilm formation
because it protects and stabilizes the proteins FtsH
and KinC. Membrane microdomain disruption
(caused by zaragozic acid) results in inhibiting the sig-
nal cascades that enable biofilm formation in B. subtil-
lis (Lopez, 2015; Wagner et al., 2017). Likewise, pro-
teinase activity of the protein FtsH is suppressed by the
SpoVM peptide that can be used as a biofilm inhibitor
(Yepes et al., 2012). Microdomains contain only a lim-
ited set of proteins that are involved in specific cell
processes such as proteinase secretion and signal
transduction (Lopez, Koch, 2017).

Nonsignal mechanisms can be used in B. subtilis for
activating the genes encoding the matrix components.
Apart from gene transcription activation mechanisms
for matrix polymer synthesis at a low phosphorylated
Spo0A-P level in the cells, two cannibalism gene clus-
ters are expressed in B. subtilis. As a result, some of the
cells in the population synthesize and secrete the toxic
peptides SDP and SKF. Bacteria that synthesize these
toxins are resistant to them (Höfler et al., 2016). A pre-
requisite for the SKF peptide transport into the  extra-
cellular space is the ABC transporter that removes the
toxin from the cell (Gonzalez-Pastor, 2011). The resis-
tance of bacteria to the other peptide, SDP, is due to
availability of the specific protein SdpI in the mem-
brane. Its synthesis is induced in the presence of toxic
SDP in the cells with a high concentration of phos-
phorylated regulatory protein Spo0A-P (Ellermeier
et al., 2006; Kobayashi and Ikemoto, 2019). Cannibal
cells release toxic peptides that selectively kill B. subti-
lis cells that do not express the genes encoding them.
Since the genes encoding the toxins and those encod-
ing the matrix polymer are activated at a low level of
the Spo0A-P phosphorylated regulatory protein, there
is an overlap between the cell populations that form
the biofilm and those that synthesize the toxic pep-
tides (Lopez et al., 2009). As a result, the cells initiat-
ing matrix polymer synthesis also release toxic pep-
tides aimed at reducing the cell population that does
not produce the biofilm matrix. This results in form-
ing a population containing an increased number of
matrix-producing cells. Cannibalism toxins kill not
only B. subtilis cells but also the cells of other species if
B. subtilis grows in mixed cultures (Liu et al., 2010).
Co-cultivation of B. subtilis (studies were conducted
using f luorescent matrix gene reporters) with other
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soil microorganisms in the presence of biofilm forma-
tion inducers revealed that the overwhelming majority
of microorganisms belonged to the genus Bacillus,
despite the bacterial diversity of the soil samples.

To sum up, various signal molecules ranging from
surfactin to cannibalism toxins can promote cell num-
ber growth in order to stimulate biofilm formation in
the population. This involves transferring signals that
cause differential gene expression or selective destruc-
tion of B. subtilis cells that do not synthesize the bio-
film polymer matrix.

BIOFILM DISPERSAL AND DISSOCIATION

Bacterial biofilms are of significant importance for
their natural habitats, as well as in terms of biotechnol-
ogy and medicine. However, our understanding of the
regulation of biofilm development and their mainte-
nance in various niches is far from being complete. An
important stage in a biofilm life cycle is its dispersal
when motile cells exit a mature biofilm in order to
spread and to colonize new niches (Plakunov et al.,
2017). The process is triggered by various exogenous
and endogenous factors, such as changes in available
nutrient levels, bacterial autoinducers, fatty acids,
peptide signals, nitric oxide, and stress signals (starva-
tion, iron or phosphate excess, etc.). Such signals
bring about changes in the concentrations of such sec-
ondary messengers as cyclic diguanylate monophos-
phate (c-di-GMP), cyclic diadenosine monophos-
phate (c-di-AMP), guanosine tetraphosphate
(ppGpp), guanosine pentaphosphate (pppGpp), and
small regulatory RNAs that change bacterial gene
expression activity (Romling and Galperin, 2017;
Townsley et al., 2018). Biofilm dispersal is subject to
regulation at the level of transcription of operons that
code for the biofilm matrix. It was established that a
mechanism of inhibiting expression of the matrix
genes is activated in certain B. subtilis cells, and they
revert to the planktonic state (Vlamakis et al., 2013;
Norman et al., 2013). At the gene expression level, this
results from lowering the antirepressor SlrR level
during biofilm maturation. This is due to SlrR insta-
bility caused by proteinase ClpCP-catalyzed degrada-
tion and self-destruction (Chai et al., 2010). Degrada-
tion of the SlrR regulator enables the SinR repressor to
interact with the promoter regions of matrix operons,
inhibiting the biosynthesis of the matrix components
(Ogura, 2016; Milton et al., 2020).

The general stress-activated transcription factor
SigB in B. subtilis is necessary for stopping the expan-
sion of a mature biofilm and triggering the mechanism
of dispersion when available nutrients become limited
(Bartolini et al., 2018). Interestingly, biofilms with a
defective sigB gene are larger than wild-type biofilms
but display accelerated cell death, elevated stress sen-
sitivity, and decreased cell dispersion. A regulatory
relationship was revealed between the factor SigB and
expression of the SinR repressor. This new SigB‒SinR
regulatory system is important in terms of controlling
biofilm adaptability to various media in which the reg-
ulatory status of the factors SigB and SinR determines
whether  the cells remain in the biofilm or leave it if the
conditions become unfavorable.

Biofilm dissociation is based on controllable deg-
radation of matrix macromolecules in the extracellular
environment (Plakunov et al., 2017). This process may
involve extracellular proteinases (Marlow et al.,
2014a). There is evidence that nattokinase, a subtili-
sin-like B. subtilis proteinase (Dabbagh et al., 2014),
and a subtilisin-like B. pumilus proteinase can degrade
the amyloid peptide (Danilova et al., 2014). Presum-
ably, the extracellular proteinases of bacilli are impli-
cated in detaching the TasA fibers of the biofilm
matrix (Mitrofanova et al., 2017). The quest for
research strategies for investigating biofilm dissocia-
tion is of considerable social importance. These data
have much potential in terms of eradicating chronic
infections, preventing pipepline plugging, etc. (Hob-
ley et al., 2015; Velmourougane et al., 2017; Vaccari
et al., 2017). Adding D-amino acids to biofilm cultures
causes B. subtilis biofilm dissociation because their
incorporation into the peptidoglucan blocks  the
translocation of protein TapA into the cell wall, result-
ing in  TasA fiber degradation (Romero et al., 2014; Yu
et al., 2016). Incorporation of D-amino acids into pro-
teins can be prevented by D-aminoacyl-tRNA-deacy-
lase that removes D-amino acids from incorrectly
loaded tRNAs. The B. subtilis strain with a mutation in
the D-aminoacyl-tRNA-deacylase gene (the dtd
gene) was characterized by suppressed biofilm forma-
tion; no biofilm inhibition was documented after
eliminating the mutation (Leiman et al., 2013). In
molecular terms, the toxicity of D-amino acids is
based on their ability to replace respective L-isomers
during protein synthesis and to disrupt protein func-
tions.

Another compound that can be implicated in bio-
film dissociation is norspermidine, a polyamine (Si
et al., 2015; Wu et al., 2016). Norspermidine can spe-
cifically interact with the matrix exopolysaccharide
and disrupt the biofilm structure. B. subtilis mutants
that did not produce norspermidine formed long-lived
biofilms (Kolodkin-Gal et al., 2012). Bioinformatic
search for homologues of E. coli norspermidine bio-
synthesis pathway genes in the B. subtilis genome
failed to detect homologous genes (Hobley et al.,
2014). Nonetheless, this research demonstrated that
specific biofilm formation triggers such as D-amino
acids and norspermidine can destabilize the matrix
polymer of the mature B. subtilis biofilm.

CONCLUSIONS

B. subtilis is an extremely convenient model organ-
ism for researching the diversity of the stationary-
phase regulatory pathways because it is capable of sur-
viving within a wide range of physical and chemical
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conditions, including extreme environments. Apart
from the genetic information concerning spore forma-
tion, the genome of this bacterium contains instruc-
tions regarding the mechanisms of biofilm biosynthe-
sis and dispersion. They are based on complex genetic
programs that are responsible for creating a single
integral association of the populations of genetically
identical but phenotypically different cells, formal
analogs of complex multicellular organisms (Kovacs
and Dragos, 2019). In B. subtilis biofilms, a phenome-
non was revealed that is similar to the kin selection
effect (characteristic of higher organisms) and
enhances the viability of filial cell generations. The
bistability phenomenon that manifests itself in pheno-
typic alterations in the cells promotes the species’
adaptability because subpopulations interact within
the community in a mutually beneficial fashion and a
heterogeneous population can promptly respond to
any environmental changes. In B. subtilis, an advanced
network of regulatory systems involved in establishing
a heterogeneous microbial community was identified.
The signaling and regulatory pathways were elucidated
that trigger biofilm formation. One of the pivotal
events is the activation of transcription factor Spo0A
that activates the expression of gene clusters encoding
the biofilm matrix in response to a wide spectrum of
extracellular signals. One of the peculiarities of bio-
film-forming B. subtilis cells is the synthesis and secre-
tion of toxic cannibalism peptides for eliminating the
cells that do not synthesize the extracellular matrix
polymers. Actual regulatory mechanisms may be more
diverse, because, in nature, B. subtilis bacteria dwell in
association with plant roots or otherwise in the pres-
ence of other organisms (Buzoleva et al., 2016;
Yannarell et al., 2019; Hashem et al., 2019; Bóka et al.,
2019). Therefore, there are still many unresolved
issues regarding the development of B. subtilis bio-
films. Integrated analysis of regulatory systems
resulted in discovering new regulatory mechanisms in
bacteria, including  global protein acetylation that was
described for the first time (Reverdy et al., 2018), or
detecting specific areas called membrane  functional
microdomains that are equivalent to lipid rafts  in the
plasma membranes of eukaryotic cells (Lopez, 2015;
Bramkamp et al., 2015; Lopez and Koch, 2017; Wag-
ner et al., 2017). Signal transfer via regulatory cascades
in bacilli involves microdomains that operate in con-
formity with the actual set of environmental factors.
The structural organization of microdomains is char-
acterized by an unexpected complexity level. This is an
unprecedented fact in the bacterial realm, since bacte-
ria have turned out to be more complex organisms
than it was assumed earlier. Moreover, the data
obtained indicate that membrane microdomains are
widespread among bacteria. In contrast to the infor-
mation on the regulation of biofilm formation mecha-
nisms, our knowledge concerning the system of con-
trol over biofilm dispersal and dissociation in B. subti-
lis is still at the initial stage. The issues to be addressed
MICROBIOLOGY  Vol. 90  No. 1  2021
are concerned with the synthesis of specific peptides
and D-amino acids that are implicated in dispersing
biofilms under various conditions. The external and
internal stimuli that trigger this process are also still to
be researched. This research is not only of theoretical
but also of practical interest, and it is aimed, apart
from other goals, at combating the biofilms formed by
pathogenic organisms and developing efficient tech-
niques for new combined therapeutic strategies.
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