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B. subtilis biofilm as a
cybernetic system
Mojca Blaznik and David Stopar*

Department of Microbiology, Biotechnical Faculty, University of Ljubljana, Ljubljana, Slovenia
Here, we view biofilm as a nested cybernetic system that cannot be studied in

isolation from the dynamics in the rest of the ecosystem. We provide a systems

view of B. subtilis development from the inoculation to hibernation. We propose

that B. subtilis biofilm development in an aqueous environment is a temporal

response to changes in the ecosystem provoked and caused by bacteria. We

show that the initial bacterial growth changes physio-chemical parameters of the

ecosystem, which in turn trigger the initiation of the biofilm formation and guide

its development, structure, and ultimately its decay and dispersion. Formation of

the biofilm is just one of the possible outputs of the bacterial cybernetic system. It

is not invariably the best response that fits all environmental needs. Viewing

biofilm as a cybernetic set of interrelated objects, capable of receiving, storing,

processing, and exchanging information with the rest of the ecosystem, should

become an integral part of biofilm studies.
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Introduction

Formation of biofilm is one of the many possible outcomes for a bacterial population

that self-regulates and acts toward a goal of survival. The formation of the biofilm can be

viewed as an emergent form of bacterial life, wherein communal life of a cell is completely

different from a free-living style (Flemming et al., 2016). Not all of the bacteria in an

ecosystem will form a biofilm. A substantial fraction of B. subtilis cells will remain to be

planktonic in the presence of the biofilm (Lee et al., 2019; Sanchez-Vizuete et al., 2021;

Krajnc et al., 2022). Some bacteria will actively disperse to different locations (Mitchell and

Kogure, 2006; Koch and Subramanian, 2011; Samad et al., 2017; Krajnc et al., 2024), cells

not forming biofilm may change their metabolism in an attempt to survive (Wan et al.,

2018; Pisithkul et al., 2019), or change lifestyle to other non-biofilm styles (i.e. to predatory,

cannibalism (Nandy et al., 2007; Rozen et al., 2009; Thiery and Kaimer, 2020; Contreras-

Moreno et al., 2024). If a subpopulation of cells produces a biofilm, it may produce different

biofilms (i.e. pellicles at the air-liquid interface and submerged biofilms at the solid-liquid

interface) (Dergham et al., 2021; Sanchez-Vizuete et al., 2021; Krajnc et al., 2022). Thus,

even in the simple model system, biofilm will describe only part of the bacterial dynamics in

the ecosystem. The decision on model complexity should be based on the specific goals of
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the experiment. If the focus is on understanding general biofilm

properties (i.e. the initiation of biofilm formation, adhesion, growth

rates, morphology, thickness), a simpler, uniform model may

suffice. But if the aim is to investigate more detailed phenomena

like differential antibiotic resistance then models that account for

microenvironments and spatial differentiation will offer more

accurate and relevant insights.
Systems view on B. subtilis
biofilm dynamics

Bacillus subtilis is one of the best studied model organisms and

its biofilm development in simple model systems has been detailed

in several studies from genomic (Hamon et al., 2004; Tosato and

Bruschi, 2004; Kearns et al., 2005), transcriptomic (Xu et al., 2022;

Yang et al., 2022), proteomic (Miller and Diaz-Torres, 1999; Branda

et al., 2006), as well as metabolomic point of view (Pisithkul et al.,

2019). The most informative studies have been conducted in a well-

defined, semi-closed model systems consisting of water column in

contact with air, with a defined chemical composition and no

additional feeding from the beginning to the end of the process,

where only a limited exchange of gasses through the air-liquid

interface was allowed. Typically, no external shear stress is imposed

on the model system and fluid flow is induced solely by bacterial

mobility. The model system has a single bacterial species and is

maintained at constant temperature and pressure (Dergham et al.,

2021; Sanchez-Vizuete et al., 2021; Krajnc et al., 2022). While this is

clearly an oversimplification of most natural ecosystems it allows

one to communicate ideas, understand biofilm processes at a

fundamental level, and make predictions about biofilms in the

absence of external disturbances. After inoculation of B. subtilis in

the simple model system cells grow rapidly and alter conditions in

the medium so that within hours bacteria are forced to seek

alternative habitats within the ecosystem. In particular, oxygen
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concentration may become critically low to support aerobic

growth in the suspension (da Silva et al., 2013). The cells sense

oxygen concentration gradient, swim in the direction up the

gradient, and accumulate at the air-liquid interface (Figure 1A).

Rapidly the air-liquid interface becomes the preferred environment

within the ecosystem where cells have access to high oxygen

concentrations from the air as well as nutrients from the medium

(Sanchez-Vizuete et al., 2021; Krajnc et al., 2022). Flagellum-based

mobility plays a key role in interface colonization (Kobayashi, 2007;

Hölscher et al., 2015; Lee et al., 2019; Shoup and Ursell, 2023). As

bacterial cells accumulate at the interface, the increased fluid density

causes patches of bacterial cells to sink, initiating a form of

bioconvection that begins as a gravitational Rayleigh–Taylor

instability (Figure 1B) (Jánosi et al., 1998). When fully developed,

bioconvection enables the downward transport of oxygen-charged

water from the interface, providing a quick fix to an increased

oxygen demand in the bulk of the solution (Jánosi et al., 1998).

Bioconvection, however, does not allow formation of a stable

structure at the air-liquid interface. Similarly, also in E. coli,

vertical gradients arising at the air-liquid interface create cell-

density inversions, which drive bioconvection, much like in

Bacillus subtilis (Shoup and Ursell, 2023). Recent studies have

shown that individual B. subtilis cells are weakly mechanically

connected already in suspension (Sretenovic et al., 2017; Dogsa

et al., 2023). The mechanically coupled bacterial structures enable

interconnections between individual cells and coordinated motion

of a group of bacteria that are up to 100 mm apart. Although such

structures are generally not considered biofilms, they exhibit

characteristics analogous to biofilms such as self-made weak

viscoelastic extracellular matrix which strengthens with increasing

bacterial density (Krajnc et al., 2022). It is likely that such assemblies

can float to the surface forming a pre-biofilm structure (Lee et al.,

2019; Krajnc et al., 2022). During the formation of an initially weak

biofilm at the air-liquid interface a major redistribution of bacteria

in the water column occurs (Krajnc et al., 2022). Cells move either
FIGURE 1

Schematic illustration of cybernetic system development through cell differentiation and behavior during B. subtilis biofilm formation. (A) Initial cell
redistribution in the system. When growth conditions in the water column deteriorate motile cells move towards the air-liquid interface and begin to
form a floating biofilm, whereas non-motile cells settle at the bottom and mostly die (Dergham et al., 2021; Sanchez-Vizuete et al., 2021; Krajnc
et al., 2022; Shoup and Ursell, 2023). (B) Bioconvection. Up-swimming cells searching for a source of oxygen cause instabilities in the biofilm at the
air-liquid interface which eventually cause down-welling plumes of cells starting a bioconvection cycle (Hopkins and Fauci, 2002; Lee et al., 2019;
Shoup and Ursell, 2023). (C) Cell differentiation in the mature floating biofilm (Lopez et al., 2009; Lopez and Kolter, 2010). Biofilm is segregated
along chemical gradients and individual cells are in different local microenvironments. Cells adapt to local microenvironments and differentiate into
specialized subpopulation types (depicted by different colors and shapes) that enhance survival of the biofilm cybernetic unit. Created in BioRender.
Podnar, E. (2024). BioRender.com/w33p163.
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to the air-liquid interface or to the bottom of the water column

(Figure 1A) (Dergham et al., 2021; Sanchez-Vizuete et al., 2021;

Krajnc et al., 2022). The two strategies have radically different

outcome. The biofilm at the air-liquid interface enables further

survival of bacteria, whereas most of the cells in the sedimented

biofilm die.

After reaching the air-liquid interface cells continue to grow,

but cell division is impaired, resulting in formation of long bacterial

filaments (Kobayashi, 2007; Chai et al., 2010; Krajnc et al., 2022).

The entangled filament network provides a scaffold for newly

synthesized extracellular matrix components (Chai et al., 2010)

such as extracellular polysaccharides (EpsA-O) and proteins (TasA,

TapA, SipW, BslA), the synthesis of which is upregulated during

biofilm formation (Pisithkul et al., 2019). As the biofilm matures, it

becomes protease-resistant (Romero et al., 2010; Diehl et al., 2018)

and further bacterial growth leads to the wrinkle formation in fully

mature biofilms (Trejo et al., 2013; Douarche et al., 2015).

Formation of the biofilm at the air-liquid interface is

accompanied with a major role switch of the individual bacteria.

One of the tenets of microbiology is that, when cells are

homogenously mixed in an aqueous medium, cells behave

identically, since they originate from a clonal ancestor and have

identical genomes (Lopez et al., 2009). Although not explicitly

stated, this also assumes that cells are in a uniform local

environment with no chemical gradients. These assumptions can

easily be challenged and questioned in the biofilm. In response to

chemical gradient formation in biofilms multiple cell types are

generated (Figure 1C) (Lopez et al., 2009). For example, a

subpopulation of B. subtilis cells produces BslA protein at the air-

biofilm interface which creates a hydrophobic barrier that prevent

evaporation from the growing biofilm surface (Kobayashi and

Iwano, 2012; Hobley et al., 2013). A different subpopulation

become competent and is capable of taking up DNA from the

environment (Dubnau, 1991; Dubnau and Provvedi, 2000), some

cells can differentiate into dormant spores that are highly resistant

to external stresses (Rudner and Losick, 2001; Piggot and Losick,

2014). Additionally, a subset of cells can produce an extracellular

killing factor and toxin that kill (or cannibalize) cells that have not

yet begun sporulation (González-Pastor et al., 2003). A fraction of

the population produces extracellular matrix material that holds

cells together (Vlamakis et al., 2008), and yet another subtype

produces surfactin and other surface-active compounds (De Dier

et al., 2015; Hölscher and Kovács, 2017) which provides

antibacterial properties (Płaza et al., 2013; Horng et al., 2019;

Chen X. et al., 2022). Clearly, gradients in biofilm enable several

parallel feedback loops that regulate its development.

Biofilm at the air-liquid interface is now the most viable place

for bacteria in the ecosystem and acts as an active barrier limiting

oxygen penetration to the interior of the water column.

Consequently, the number of viable bacteria in the water column

below the biofilm structure significantly decreases with a

concomitant increase of the dead cells in the sediment. There is,

however, a limit to the growth of the biofilm at the air-liquid

interface. At a critical biofilm thickness of approximately 250 mm,

the transport of nutrients and water from the growth medium is

impaired (Krajnc et al., 2022) and bacteria face yet another critical
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decision to survive. A subpopulation of cells at the forefront of the

biofilm begins sporulation (Špacapan et al., 2020). During

endospore formation, the mother cell undergoes lysis, which

releases enzymes in the environment which will eventually

terminate protease-resistant state in the biofilm and weaken its

viscoelastic structure. The weakened biofilm is no longer able to

support the bacterial mass. Bending of the surface increases shear

force and bending moments in the plane of the biofilm, which

exceeds the biofilm ability to support stress. The biofilm overturns

and sediments to the bottom of the water column (Krajnc et al.,

2022). The weakening of the extracellular matrix helps to release

and disperse spores through air and liquid. The simple monoculture

ecosystem has now entered into hibernation, a stable dormant state.

From a systems point of view, biofilm is not a permanent

structure, it is better viewed as a temporary fix to the ecosystem

crisis provoked and caused by bacterial activity. It is a multifaceted

response induced by bacterial growth that causes population

redistribution within the ecosystem, reduction of the viable

habitat within the ecosystem to the air-liquid interface, it induces

cell development, morphogenesis, and build-up of mechanical

stress supporting structures in the biofilm (Krajnc et al., 2022).

Biofilm development marks the climax of the ecosystem

development, forcing bacteria to form social structures, invent

division of labor, and cooperation (Claessen et al., 2014; Lyons

and Kolter, 2015; Kalamara et al., 2018). However, living on a

floating raft is precarious. The overexploitation of the resources

exhausts the ecosystem’s capability to support bacterial growth but

also at the same time bacteria sense the harsh conditions they have

created and in response start the formation of endospores therefore

enabling continuation of bacterial life (Nicholson et al., 2000; Ulrich

et al., 2018).
Biofilm as a cybernetic system

Biofilm is therefore an essential but temporal cybernetic

subsystem in the ecosystem that allows better bacterial survival.

Cybernetic systems are those systems that correct or adjust their

behavior based on feedback received form the environment towards

some goal (Marinescu, 2017). Bacterial ultimate goal is long-term

survival in the environment. To do so, bacteria gather information

about the state of the local environment as tactile or sensory

feedback and utilize genetic program to decide what to do with

the information collected. For instance, B. subtilis monitors oxygen

level and in response moves towards the air-liquid interface. Or it

can sense the lack of nutrients, which activates one of its histidine

sensor kinases and downstream genetic programs (Lazazzera, 2001;

Eswaramoorthy et al., 2009; Qin et al., 2022). For instance, when

environment deteriorates sensor kinase KinC is responsible for

phosphorylation of master regulator Spo0A, which down-regulates

transcriptional repressors AbrB and SinR (Figure 2). The

downregulation of AbrB and SinR enables expression of genes for

the production of extracellular matrix and formation of the biofilm

while at the same time they block KinA phosphorylation and

consequent entrance into sporulation (Branda et al., 2006;

Vlamakis et al., 2013). An additional clue that conditions in the
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environment deteriorate are sensed via ppGpp or CodY-GTP cell

energy status indicators and cell density monitoring via quorum

sensing (Lombardıá et al., 2006). For example, lactose related

increase in AI-2 signal molecule production has been linked to

biofilm formation (Duanis-Assaf et al., 2016). AI-2 is synthesized

through LuxS pathway and is a soluble information carrier

synchronizing the collective behavior of bacteria forming biofilm

(Schauder et al., 2001).

Cells in the biofilm must make further decisions that bring

population closer to survival. One such decision is to divide labor

and to differentiate into various cell subpopulations (Shank and

Kolter, 2011; Qin et al., 2022). Several physiological subpopulations

were documented in the B. subtilis biofilms (i.e. EPS producers,

surfactin producers, competence subpopulation, cannibals,

epidermis builders, miners) (Lopez and Kolter, 2010). The

differentiation into subpopulations is based on bistable gene

switches (Lopez et al., 2009). The basis of the bistable response is

a nonlinear induction of gene expression. Specifically, induction of a

given gene leads to a stronger induction of the gene and once cells

reach a certain threshold of gene expression, a hypersensitive

response in the induction of the gene occurs (Dubnau and Losick,

2006). For instance, the cascade of genes required for a

subpopulation of cells that are competent is induced by the

regulator ComK. The expression of comK is self-induced by the

ComK regulator, and when levels of ComK reach a threshold

the expression of its own gene comK increases nonlinearly

(Maamar and Dubnau, 2005; Smits et al., 2005). Increased

concentration of ComX is sensed by membrane kinase ComP that

phosphorylates ComA, which in a feedforward loop positively

regulates surfactin biosynthesis. Increased surfactin concentration

regulates activation of KinC which through Spo0 phosphorelay
Frontiers in Bacteriology 04
positively regulates more extracellular matrix production and

consequently more biofilm growth. Through such cybernetic

regulatory actions’ cells become firmly locked in a biofilm mode

which ensures better survival in deteriorated environment.

The basic algorithm that governs the bacterial cybernetic

actions can therefore be summarized as: take the inputs from the

environment through sensors, make decision through signaling

cascade and gene transcription, output an action that will bring

bacteria closer to the goal of survival (i.e. produce EPS and form

biofilm), loop through this process to further refine the outcome

(differentiate into different subpopulations) until maximal

reproduction and survival of the system is achieved. This cyclical

process ensures that bacteria continuously adapt to the

environment they are shaping, thereby optimizing their chances

for survival and reproduction.

Inevitable, bacterial actions in a closed environment will

exhaust the environmental resources. In case of severe nutrient

depletion yet another output of the cybernetic system is triggered

and bacteria enter the survival mode (formation of endospores).

The entry into sporulation is a very well-studied bacterial cybernetic

response that does not occur homogenously in the bacterial

population, but rather occurs in a subpopulation of cells and is

regulated by a series of feedback and feed-forward loops (Tan and

Ramamurthi, 2014). As shown in Figure 2 the main trigger for

endospore formation is severe nutrient deprivation that is sensed

and feedforward through KinA sensor and Spo0A master

transcriptional regulator. Spo0A is under the control of a positive

feedback loop through activation of itself, positive control of KinA

and KinC sensors as well as by a modified double-repression system

(Lopez et al., 2009). In the latter case, the Spo0A acts as a repressor

which represses abrB, which represses sigH, which is an activator of
FIGURE 2

Schematic diagram of the cybernetic subsystem in Bacillus subtilis regulated via KinA (blue) and KinC (pink) sensor kinases that results in either
sporulation or biofilm formation. Both biofilm matrix production and sporulation have a common phosphorelay pathway that activates Spo0A, a
master transcriptional regulator. The two signaling pathways result in differential activation of Spo0A. High levels of Spo0A~P via KinA phosphorelay
result in sporulation, whereas low levels of Spo0A~P via KinC result in biofilm formation. Additional external and internal signals that modulate this
cybernetic subsystem are indicated in gray. KinA, sensor kinase; KinC, sensor kinase; KipI, inhibitor of KinA; KipA, inhibitor of KipI; Spo0F, Spo0B,
Spo0A, phosphotransferases of the sporulation initiation phosphorelay; RapA, RapB, RapE, RapH, aspartate phosphatases, that dephosphorylate
Spo0F; PhrA, PhrC, PhrE, aspartate phosphatase regulators; Spo0E, phosphatase; AbrB, transcriptional regulator, repressor of KinA, epsA-O and tapA-
sipW-tasA operons; ComK, competence transcription factor, affects the production of surfactin, SinR, transcriptional regulator, epsA-O and tapA-
sipW-tasA operons repressor, SinI, antagonist of SinR; epsA-O, extracellular polysaccharide synthesis; tapA-sipW-tasA, extracellular proteins
synthesis, CodY, GTP-binding protein. Created in BioRender. Podnar, E. (2024) BioRender.com/b91s087.
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spo0A. Therefore, until a threshold of Spo0A is reached, AbrB will

repress sigH, keeping Spo0A levels low. Low levels of Spo0A are

conductive for biofilm growth. On the other hand, an increase of

Spo0A expression will alleviate the AbrB-mediated repression of

SigH and the balance will be shifted to induce further spo0A

expression (Strauch et al., 1990; Predich et al., 1992) which will

trigger a subpopulation of cells to switch to a sporulation pathway.

The decision to go to the biofilm or to the endospore pathway is

made based on the environmental input. The environmental inputs

are mainly but not exclusively channeled through KinA and KinC

sensors (Figure 2). KinA is activated in response to severe nutrient

depletion (Tojo et al., 2013), impaired oxidative phosphorylation

(Kolodkin-Gal et al., 2013), and general cellular stress cues such as

ppGpp (Tojo et al., 2013). This ensures that irreversible

commitment to sporulation is initiated only when cells experience

severe environmental stress. KinA drives the accumulation of

Spo0A~P to levels that trigger the activation of genes essential for

sporulation (Veening et al., 2004, 2005). At high concentrations,

Spo0A~P also represses the expression of SinI, thereby preventing

biofilm formation saving the energy and reinforcing the cell’s

commitment to sporulation (Chen et al., 2023). On the other

hand, when environmental conditions are not as severe and there

is a moderate nutrient depletion, KinC kinases acts on a common

phosphorelay system and produce lower levels of Spo0A~P (Chen

Z. et al., 2022). Lower levels of Spo0A~P promotes the expression of

SinI (Fujita et al., 2005), which sequesters and inactivates SinR (Bai

et al., 1993; Chai et al., 2008), a transcriptional repressor of biofilm-

related genes. The inactivation of SinR results in the derepression of

the epsA-O and tapA-sipW-tasA operons, leading to the production

of the extracellular matrix necessary for biofilm formation (Kearns

et al., 2005; Chu et al., 2006). In addition, as shown in Figure 2, there

are other external and internal signals (i.e. PhrA, PhrC, PhrE, GTP

energy status, ComK) that fine tune and complement KinA and

KinC system.

As demonstrated for B. subtilis cybernetic system, there is no

single solution to a given goal of survival. At any time, different

phenotypes are present and ready to act, which explains why in

bacteria bet hedging strategy is so successful. In suspension

planktonic life style is the best solution when resources are

plentiful and bacterial numbers are low. When environment

deteriorates swimmers are better suited and dominate the

population, only to be superseded by air-liquid dwellers where

surfactin producers may get an upper hand, which in turn will give

way to extracellular matrix producers and biofilm formers. In

starvation cannibals may be best adapted, but finally when

conditions are not compatible with vegetative growth endospore

formers will ensure long-term survival of the population. However,
Frontiers in Bacteriology 05
even endospore is not a permanent solution for survival as its

viability will eventually decay and spore will need a periodical

rejuvenation. In conclusion, biofilm is just one of the possible

outputs of the bacterial cybernetic system to the ever changing

environment. It is not invariably the best response. Biofilm is a

rather complex cybernetic system that is composed of different

subpopulations that are themselves composed of individual bacteria

which are the fundamental cybernetic units in the ecosystem able to

respond to the changing environment ensuring the long-

term survival.
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