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THE ROLE OF BACILLUS SPP.
IN SUSTAINABLE AGRICULTURE
AND BIOCONTROL

This work aims to explore the potential applications of Bacillus spp. in biological
plant control and the promotion of sustainable agriculture, drawing insights from
an analysis of literature data. Literature review. Plants that interact with plant
growth-promoting rhizobacteria (PGPR) exhibit improved growth and enhanced
resistance to stress. Among PGPR, Bacillus spp. are widely used in agriculture
to boost crop yields and stress tolerance. However, their effectiveness varies
under different conditions, emphasizing the need for further research to bridge
the gap between laboratory and field results. Species such as Bacillus subtilis
enhance nitrogen fixation, facilitate phosphorus mobilization, and increase iron
uptake in plants. Additionally, Bacillus spp. produce phytohormones and other
compounds that regulate the hormonal balance in plants. These bacteria protect
plants from pathogens by producing antimicrobial substances such as lipopeptides
and antibiotics. B. subtilis also modulates the expression of plant genes to support
colonization. Biofilm formation on plant roots, regulated by quorum sensing,
further promotes effective bacterial colonization. Conclusions. Studies on
plant-bacteria interactions in the rhizosphere reveal that beneficial bacteria like
Bacillus spp. enhance plant growth and resilience through hormone regulation,
biofilm formation, modulation of plant immune responses, and improved nutrient
availability and stress tolerance. B. subtilis and related species are particularly
effective in increasing crop yields and combating plant diseases. Their ability to
improve drought and salt tolerance is especially noteworthy, making Bacillus spp.
promising candidates for sustainable agriculture.

Key words: Bacillus spp., plant growth promoting rhizobacteria, biocontrol,
biofilm, sustainable agriculture.

Bacteria play a fundamental role in nutrient cycles, significantly
influencing the carbon and nitrogen cycles and impacting daily life in both
beneficial and harmful ways. Recent studies highlight that interactions with
bacteria promote healthy development, while imbalances in the microbiome
can lead to severe health issues [10].

The importance of plant-bacteria interactions has been recognized for
over a century. Early discoveries revealed that the soil surrounding plant roots,
known as the rhizosphere, harbors significantly higher bacterial populations
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than adjacent bulk soil. This finding spurred extensive research into plant-associated
bacteria [29]. Subsequent studies demonstrated that plants rely on symbiotic
relationships with bacteria, including nitrogen-fixing species. Certain bacteria,
classified as plant growth-promoting rhizobacteria (PGPR), have been shown to
enhance the yields of critical crops such as soybeans and maize, as well as reduce
the severity of plant diseases. PGPRs colonize the rhizosphere and plant roots,
where they improve nutrient availability, mitigate abiotic stresses (e.g., drought or
salinity), bolster plant defense mechanisms, and suppress pathogens. The advantages
of PGPRs over traditional agrochemicals have driven the development of biological
agricultural products. Biocontrol agents, such as PGPRs, are hypothesized to slow
the evolution of resistant pathogens more effectively than conventional pesticides —
a hypothesis that remains an active area of research [7]. Furthermore, biopesticides
like PGPRs are widely regarded as more environmentally friendly alternatives to
agrochemicals, which have caused significant environmental pollution over recent
decades [11].

Bacillus subtilis is one of the most extensively researched and widely utilized
plant growth-promoting rhizobacteria (PGPR), showing significant promise for
agricultural applications. Members of the genus Bacillus, including B. subtilis,
are frequently isolated from soil and have been identified in the rhizosphere of
various plant species [51]. This Gram-positive, non-pathogenic bacterium has been
extensively studied as a model organism for secondary metabolite production,
sporulation, biofilm formation, and root adhesion [31]. Its ability to form resilient
endospores provides exceptional resistance to abiotic stresses such as drought,
extreme temperatures, and nutrient deficiencies, further enhancing its suitability
for agricultural use. B. subtilis is already a key component in several commercial
biological products, including Serenade, Subtilex, and Cease [9], underscoring its
practical value in sustainable agriculture.

The rapid emergence of resistant plant pathogens outstrips the development
of new pesticides, underscoring the substantial potential of biological products in
agriculture [19, 59]. Despite over five decades of development and application,
agriculture remains heavily reliant on traditional chemical methods. Although
biological products have demonstrated efficacy in controlled environments, their
performance in field conditions is often variable [3, 39]. For example, inoculation
of canola with a commercial strain of B. subtilis significantly reduced the severity
of Plasmodiophora brassicae disease by over 80% under controlled conditions, yet
this effect was less pronounced in field trials. Similarly, strawberry leaf inoculations
with B. subtilis showed a 50% reduction in biocontrol agent presence in the field after
8 days, in contrast to stable levels observed under controlled conditions [66]. These
observations highlight the complexity of plant-bacteria interactions, particularly
under unregulated conditions. A deeper understanding of these interactions could
enable more effective and rational application of live bacteria in biological products.

B. subtilis employs both direct and indirect mechanisms to enhance plant
growth and yield, including improved nutrient availability, modulation of plant
hormone homeostasis, and alleviation of abiotic stress. Bacillus species secrete
metabolites that promote plant growth and prevent pathogen infection [45].
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Specifically, these bacteria assist plants in coping with ecological stresses, such
as climate change, with B. subtilis playing a pivotal role in enhancing resilience
to biotic stress [28]. This stress resistance involves the expression of specific
genes and consequent synthesis of hormones, such as 1-aminocyclopropane-1-
carboxylate deaminase (ACC). Ethylene, which restricts root and shoot growth, is
regulated by bacterial ACC to mitigate plant stress and maintain normal growth.
Additionally, Bacillus spp. secrete exopolysaccharides and siderophores that inhibit
the movement of toxic ions, support ion balance, facilitate water transport within
plant vessels, and suppress pathogen growth [45].

This work aims to explore the potential applications of Bacillus spp. in
biological plant control and the promotion of sustainable agriculture, drawing
insights from an analysis of literature data.

Nutrient mobilization and hormone regulation

Many essential nutrients and macro- and micronutrients, such as nitrogen,
phosphorus, and iron, are present in the soil in forms that are not readily accessible
to plants and must therefore be fixed or mobilized by rhizobacteria. For instance,
plants cannot directly utilize atmospheric nitrogen and rely on microbial symbionts
for this nutrient. Bacillus subtilis assists in nitrogen fixation and promotes nodule
formation by other bacteria, enhancing the colonization of local symbiotic
rhizobacteria. Phosphorus, another critical nutrient, also needs to be mobilized
before it can be used by plants. Bacillus subtilis facilitates phosphorus solubilization
through the production of various organic acids that convert it into a soluble form
[47]. Additionally, metal ions such as iron often limit plant growth. Studies have
shown that B. subtilis increases plant iron content by enhancing iron mobility
through rhizosphere acidification and inducing the regulation of iron acquisition
genes in plants [22].

Beyond nutrient mobilization, B. subtilis produces a range of compounds
that directly influence plant growth. Notably, B. subtilis modulates plant hormone
homeostasis, promoting cell division and plant growth either by producing growth
hormones directly or by inducing their production in plants through secreted
compounds.

Two volatile organic compounds produced by B. subtilis, namely 3-hydroxy-
2-butanone (acetoin) and 2.3-butanediol, contribute to plant growth by altering
cytokinin and ethylene homeostasis. The mixture of volatile compounds from B.
subtilis can regulate auxin homeostasis in Arabidopsis thaliana, leading to reduced
auxin levels in the leaves and increased levels in the roots. Since auxin inhibits leaf
expansion but promotes root development, this redistribution may support optimal
plant growth. Additionally, spermidine, a polyamine produced by B. subtilis,
enhances plant growth by inducing expansins and reducing ethylene levels in
plants. Both inoculation with producer strains and synthetic mixtures significantly
improved root development [68].

In addition to such signaling molecules that indirectly affect hormone
homeostasis, B. subtilis is also known to produce phytohormones [27]. Inoculation
with a B. subtilis strain that produces cytokinin resulted in a substantial increase in
cytokinin levels in lettuce plants, leading to improved growth and yield. This growth
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stimulation effect is attributed to the uptake of cytokinin produced by B. subtilis by
the roots rather than enhanced nutrient availability [7].

Enhancing drought and salt tolerance

Water scarcity and soil salinization are two major constraints in modern
agriculture. Drought is one of the most severe environmental stressors affecting
crop yields worldwide and is expected to intensify due to climate change in the
near future. Freshwater is a limited resource, and irrigation for agricultural crops
may decrease in the coming decades. Additionally, prolonged irrigation contributes
to soil salinization, with approximately 20 to 50% of irrigated agricultural lands
currently affected by salt contamination [20].

B. subtilis has been shown to enhance plant tolerance to drought and salt stress.
Recent studies by Woo et al. [67] demonstrated that inoculation with B. subtilis strain
GOT?9 improves the drought and salt stress resistance of Arabidopsis thaliana and
Brassica campestris through the modulation of plant gene expression, including
the upregulation of genes involved in abscisic acid (ABA) biosynthesis, a key plant
hormone for stress regulation. Furthermore, B. subtilis strain has been shown to
increase osmotic stress tolerance in 4. thaliana. In this context, the strain mitigates
drought-induced damage by enhancing the biosynthesis of osmoprotectants in the
plant and regulating the plant-specific Na+ importer HKT1 [7].

Biocontrol

Bacillus spp. are widely recognized as safe microorganisms that produce
bioactive compounds beneficial for agricultural crops. Their ability to form
endospores enables them to withstand adverse environmental conditions. In the
rhizosphere, Bacillus spp. often function as endophytes, forming symbiotic
relationships with plants and providing protection against pathogens. B. subtilis
employs a range of direct and indirect mechanisms to safeguard plants, including
the production of antimicrobial compounds and the activation of induced systemic
resistance.

B. subtilis is known to produce over 24 antibiotic compounds [28]. These
substances can be peptide-based, protein-based, or non-peptide-based, with non-
peptide antibiotics classified as ribosomal or non-ribosomal peptide antibiotics
[62].

Different B. subtilis strains synthesize a range of hydrolytic enzymes
such as cellulases, proteases, and beta-glucanases, which adapt the surrounding
environment to their benefit. These bacteria also produce exoenzymes that break
down cell walls and various metabolites that can inhibit the growth or activity
of other microorganisms. B. subtilis strains are known to synthesize antibiotic
lipopeptides, including fengycin, surfactin, and iturin. Lipopeptides are low-
molecular-weight compounds with surfactant properties, representing prominent
examples of biosurfactants [37]. One of the most studied secondary metabolites of
B. subtilis is surfactin, a cyclic acidic lipopeptide known for its diverse functions,
including signal transduction and surface tension reduction. Due to its amphiphilic
nature, surfactin can disrupt the cell membranes of other organisms by integrating
into lipid layers. It is frequently reported as an active compound in the biocontrol
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of plant pathogens by B. subtilis [17]. Surfactin is the most effective biosurfactant
produced by B. subtilis, forming a hydrophobic globular structure in water and air
[13, 49].

Inoculation with surfactin-producing B. subtilis significantly reduces the
mortality of Arabidopsis thaliana infected with Pseudomonas syringae, an eftect
not observed with surfactin-deficient mutant strains. Additionally, surfactin inhibits
P, syringae in liquid cultures at biologically relevant concentrations. Fan et al. [17]
observed that surfactin-producing B. subtilis 9407 exhibits strong antibacterial
activity in vitro against the pathogen Acidovorax citrulli and is highly effective in
controlling melon seedling diseases in greenhouses. These abilities were lost in a
surfactin-deficient mutant, highlighting the importance of surfactin in biocontrol
[17]. However, surfactin-deficient mutants have shown other notable phenotypic
changes that might reduce their biocontrol efficacy. Since surfactin production is
closely linked with the synthesis of other antimicrobial secondary metabolites,
these mutants may also lack other antimicrobial properties [33].

Most B. subtilis strains produce several antimicrobial compounds. Surfactin
and bacilomycin act synergistically against pathogens, with their biosynthetic
pathways being at least partially interconnected. Surfactin-deficient B. subtilis
mutants do not produce bacilomycin, but the addition of exogenous surfactin
restores its production. Bacilomycin-deficient mutants show reduced control over
Rhizoctonia solani compared to wild-type strains [33].

Volatile compounds produced by B. subtilis can inhibit spore germination
and hyphal growth of the phytopathogen Botrytis cinerea in an independent, non-
contact manner on agar plates. However, the involvement of these volatiles in plant
biocontrol remains unconfirmed.

Iturins are classified into iturins A, C, D, and E; mycosubtilin; bacilomycins
D, F, and L; and bacilopcin [37]. Iturins exhibit antifungal and antimicrobial
activities against yeasts and are considered excellent biopesticides.

Fengycins A, B, and C possess strong antifungal and antibacterial properties
[62].

Bacillus subtilis produces peptide antibiotics known as bacteriocins,
categorized into four classes based on their genetic and biochemical characteristics.
Class I bacteriocins, or lantibiotics, are commonly used as antibiotics and are further
classified into types A and B based on their antimicrobial activity and chemical
structure.

B. subtilis mitigates disease severity not only through direct inhibition of
pathogen growth but also by reducing pathogen virulence. This is partly due to its
ability to interfere with quorum sensing (QS) signals, which regulate virulence gene
expression. The enzyme AiiA produced by B. subtilis inactivates QS autoinducers.
For instance, strain B. subtilis BS-1, which produces AiiA, reduces symptoms of
soft rot in potatoes caused by Erwinia carotovora, a pathogen whose virulence is
dependent on QS signals [7].

B. subtilis also competes directly with plant pathogens for resources,
although experimental evidence supporting this mechanism remains limited.
Indirect biocontrol strategies include biofilm formation, promotion of plant growth,
competition for colonization sites, and the induction of systemic resistance (ISR)
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[63]. Biofilm formation on plant roots plays a critical role in enhancing lipopeptide
production, which significantly boosts antimicrobial activity in the surrounding
soil. Notably, wild strains of B. subtilis demonstrate more robust biofilm formation
compared to laboratory or commercial strains, underscoring their potential for
biocontrol applications.

The genus Bacillus secretes various secondary metabolites that promote
plant growth and enhance disease resistance. Studies indicate that B. subtilis can
reduce the need for synthetic pesticides by promoting beneficial soil bacteria [40].
For example, Bacillus thuringiensis (Bt) and its toxins provide broad insecticidal
control and support plant growth [3]. B. cereus, B. amyloliquefaciens, and B. subtilis
are also effective against pests [23].

Lipopeptides produced by Bacillus inhibit the growth of phytopathogenic
fungi like Fusarium spp., Aspergillus spp., and Bipolaris sorokiniana. These
compounds show promise as biocontrol agents. For instance, lipopeptides from
B. subtilis CMB32 significantly suppress anthracnose caused by Colletotrichum
gloeosporioides. Additionally, biosurfactants from Pseudomonas, Bacillus, and
Acinetobacter assist in heavy metal bioremediation and pesticide biodegradation.
Nano-biofertilizers, incorporating B. subtilis and other beneficial microbes, enhance
plant growth, limit fungal infections, and reduce the need for chemical fertilizers,
thereby preventing groundwater contamination. Some volatile organic compounds
(VOCs) released by B. subtilis (GB03) help plants recover from stress, while
exopolysaccharides and siderophores from Bacillus species aid in maintaining
ionic balance and suppressing pathogenic microbes [23].

Induced systemic resistance (ISR)

B. subtilis enhances plant defense by triggering induced systemic resistance
(ISR), a process that strengthens the plant's overall resistance to a wide range of
pathogens. This process involves ultra-structural and cytochemical changes in host
cells in response to pathogen attack. B. subtilis activates ISR by forming colonies or
biofilms in the rhizosphere, increasing host plant resistance to pathogens. Notably,
ISR activation by B. subtilis leads to the synthesis of jasmonic acid (JA), ethylene,
and the NPR1 regulatory gene [25].

ISR activation is associated with cell wall degradation, de novo production of
glucanases and chitinases, and phytoalexin production related to disease resistance.
For instance, B. subtilis (AUBS1) enhances the production of phenylalanine
ammonia-lyase (PAL), peroxidase (POD), and de novo protein synthesis in rice
leaves. Another strain, B. subtilis (UMAF6614), induces the secretion of salicylic
acid (SA) and JA in melon plants, improving resistance to powdery mildew [25].
B. subtilis also boosts the synthesis of pathogenesis-related (PR) proteins in tobacco
tissues, leading to increased resistance to mosaic virus, as evidenced by reduced
mosaic symptoms in treated plants. Similarly, another B. subtilis strain reduces the
activity of root-knot nematodes in tomato plants by activating ISR [1].

Inoculating roots with B. subtilis strains that naturally produce high levels
of surfactin and fengycin can alleviate diseases caused by Botrytis cinerea in
tomato and bean leaves. The absence of B. subtilis cells in the leaves suggests that
disease reduction occurs through ISR. Moreover, strains with excessive surfactin
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production significantly reduce disease symptoms compared to low-producer
strains, indicating a correlation between ISR activation and surfactin levels [12].

B. subtilis inoculation in Arabidopsis thaliana triggers ISR by limiting
the entry of Pseudomonas syringae pv. tomato DC3000 through stomata. Root
colonization by B. subtilis significantly increases levels of ABA and salicylic
acid, leading to stomatal closure and blocking infection [32]. Volatile compounds
can also induce ISR. Airborne signals, when physically separating Arabidopsis
seedlings from PGPR, significantly reduce symptomatic leaves after infection by
Erwinia carotovora. These volatile compounds act independently of the signaling
pathways used by PGPR in physical contact [7].

Root colonisation

B. subtilis forms thin biofilms on roots to facilitate long-term colonization of
the rhizosphere. Chemotaxis enables the localization and colonization of young roots
[2]. During the initial phase of root colonization, active and directed movement via
chemotaxis is highly beneficial for plant growth-promoting rhizobacteria (PGPR)
to anchor themselves to the roots [2]. Chemotaxis allows bacterial cells to sense
changes in chemical gradients around them and move towards more favorable
environments or away from toxins. The chemotactic response is initiated when
stimulatory molecules bind to specific chemoreceptors located on the bacterial
surface, leading to subsequent modification of CheA kinase and its response
regulator, CheY [61]. CheY, in turn, interacts with the flagellar motor, controlling
the direction of motor rotation and thus switching between swimming and tumbling
[64]. In the absence of an attractant bound to the cognate chemoreceptor, CheA
remains inactive and CheY is unphosphorylated, causing the flagellar motor to adopt
a default clockwise rotation, leading the cell to reorient through tumbling. Upon
attractant binding to the chemoreceptor, CheA becomes activated and subsequently
phosphorylates CheY, resulting in counterclockwise rotation of the flagellar rotor
and direct swimming towards the attractant. Less is known about how B. subtilis
responds to repellents. It has been suggested that repellents act directly on the
membrane rather than through the CheA-CheY pathway, leading to an increased
frequency of tumbling [64].

Allard-Massicotte et al. [2] demonstrated that multiple chemoreceptors of
B. subtilis are involved in the response to root exudates. A DcheA mutant, deficient
in overall chemotaxis, and two non-motile mutants, a flagellar filament mutant
Dhag and a flagellar motor mutant DmotA, were unable to colonize 4. thaliana
roots within 4 hours, unlike the wild-type (WT), indicating that chemotaxis is
essential for root colonization. Additionally, they tested various chemoreceptor
mutants in the presence of extracted root exudates in capillary assays, showing
that chemoreceptors McpB, McpC, and to some extent TlpC are responsible for
the response to amino acids and sugars present in the exudates. Notably, they
also identified a mutant that exhibited significantly greater attraction to exudates
compared to the WT, suggesting that the McpA chemoreceptor responds to a
repellent molecule present in the exudates [2].

Studies have demonstrated that plants utilize the mechanism of root exudate
secretion to actively attract desirable PGPR. Infection by the phytopathogen
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Pseudomonas syringae induces the secretion of L-malic acid, which facilitates the
colonization of Bacillus subtilis roots. Additionally, capillary assays have confirmed
that L-malic acid can indeed elicit a chemotactic response in B. subtilis and may
function as an attractant.

It has been proposed that the chemotactic response is specifically directed
towards root exudates produced by individual plant species, suggesting that bacteria
may have evolved to specifically respond to their encountered host plants [71].
Zhang and colleagues [71] demonstrated that a strain of B. subtilis isolated from the
banana rhizosphere and a strain of B. amylolicefaciens isolated from the cucumber
rhizosphere colonize their native host plants more effectively than other plants.
They observed a higher chemotactic response of B. subtilis to concentrated banana
root exudates compared to cucumber, which may explain the greater colonization
of its original host plant [71].

Most publications on the role of chemotaxis in root colonization have
investigated this process in liquid environments. In natural soil systems, entire
clusters of cells move rapidly across solid surfaces as dynamic multicellular
colonies, which may be of greater significance [24].

Unlike chemotactic swimming motility, swarming is non-directional and
requires the production of surfactin, which reduces surface tension and forms a
thin water film in which cells proliferate. Gao and colleagues [24] investigating
cheA mutants, frequently used in chemotaxis studies, suggested that swarming
might play an even more significant role in root colonization than chemotaxis. They
examined a mutant with impaired chemotaxis, cheV, as well as three swarming
mutants, namely srfAC, which are deficient in surfactin production, swrA, and
minJ, each missing one of two genes from the swarming operon. They found that
the chemotactic mutant could colonize with 80% efficiency, similar to the wild type
(WT), whereas swarming mutants showed only 5-15% colonization efficiency.
Additionally, the lack of surfactin may further affect root colonization, with swrA
and min] mutants displaying very elongated cells, suggesting other potential
negative side effects [24].

The mechanism of chemotaxis encoded in bacterial genomes is unique to
each bacterial species and is not related to genome size. Bacterial genomes contain
multiple chemoreceptor genes along with genes regulating cell differentiation and
their interactions with living organisms. The key role of bacterial chemoreceptors
is to establish beneficial interactions between plants and bacteria. For instance,
bacteria such as Azotobacter chroococcum, Sinorhizobium meliloti, Pseudomonas,
and Rhizobium exhibit positive chemotaxis towards root exudates [65]. The genome
of B. subtilis encodes 10 chemoreceptors, known as ligands, composed of amino
acids, carbon, and oxygen, enabling this species to locate specific environments such
as the rhizosphere [69]. B. subtilis plays a crucial role in this environment. Bacillus
spp. require 24 hours to form a biofilm on plant roots. A biofilm is a multicellular
bacterial community where cells are tightly connected and surrounded by a matrix
they secrete. The timing of biofilm formation by B. subtilis on host plant roots
also depends on the promoters of genes responsible for matrix secretion when
the bacteria first encounter the root. Chemotactic signals required for B. subtilis
colonization are activated 48 hours after inoculation [5].
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Biofilm formation is more intense in wild strains of B. subtilis compared to
laboratory or commercial strains. Ability to form a stable biofilm on plant roots is
the significant advantage for the species. Biofilms are one of the most successful
forms of life and are found across a wide range of environments [21]. They consist
of cells closely packed together, embedded in an extracellular matrix (ECM), which
in B. subtilis primarily consists of exopolysaccharide (EPS) and the protein TasA.
Dragos and colleagues [14] demonstrated that both EPS and TasA are essential for
successful root colonization. They reported that the number of cells colonizing the
root was reduced in both EPS-deficient (Deps) and TasA-deficient (DtasA) mutants
compared to the wild type (WT). Interestingly, when both mutants were inoculated
on roots in a mixed culture, the ability to form a stable biofilm was restored, and
the number of colonizing cells was actually significantly higher than in the WT,
indicating that cells can share resources and distribute functions within B. subtilis
biofilms on plant roots [14].

Mature biofilms of B. subtilis are known to be quite heterogeneous,
and various phenotypes, aside from matrix producers, can be present even in
monocultures, including competent, cannibalistic, digging, motile, and sporulating
cells [35]. This specification of different tasks allows for functional distribution,
thus ensuring efficient resource utilization that benefits the entire biofilm [58]. In
B. subtilis, three main regulators have been identified as key elements in controlling
cell differentiation: DegU for exoprotease secretion, ComA for competence and
surfactin production, and SpoOA for matrix production and ultimately sporulation
[35]. These regulators are activated during phosphorylation by specific kinases
responding to external signals, including specific nutrients and signals from host
plants, competitors, or collaborators [ 14, 41]. All three main regulators are important
for root colonization to some extent.

The transition from swarming and chemotactic motility to biofilm formation
is primarily initiated by the expression of the sinl gene, which is induced at
intermediate levels of SpoOA~P. Deletion of the principal regulator Spo0A, as well
as the matrix derepressor Sinl, results in the inability of Bacillus subtilis to colonize
the roots of Arabidopsis thaliana. SpoOA regulates the repression of matrix or
motility genes through a double negative feedback loop involving SIrR and SinR.
When Spo0OA is unphosphorylated, sinl is not expressed, and SinR represses
sIrR, maintaining low levels of SIrR, which allows SinR to inhibit matrix genes,
such as eps and tasA. At intermediate levels of SpoOA~P, this response regulator
binds to the high-affinity site of sinl, activating the expression of Sinl, which then
binds to and inhibits SinR, leading to the derepression of slrR. The expressed
SIrR, by forming a complex with SinR, inhibits SinR, resulting in prolonged SIrR
expression. In this high SItR state, the formation of SIrR-SinR complexes leads
to low levels of free SinR, thereby derepressing matrix genes. Additionally, the
SIrR-SinR complex suppresses the expression of the motility gene hag and the
autolysin genes [ytABC and /ytF, resulting in the formation of stationary coherent
cell chains that constitute the matrix. As SpoOA~P phosphorylation levels increase,
other low-affinity operators of sin/ bind, leading to decreased Sinl production while
sporulation genes are activated. Furthermore, the alternative matrix gene repressor
AbrB, which also targets eps, tas4, and bls4 (encoding a surface hydrophobicity
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protein), is connected to the SpoOA pathway, providing additional fine-tuning of
matrix-associated gene expression. AbrB is expressed at low levels of SpoOA~P
and represses matrix genes, while intermediate levels of SpoOA~P cause repression
of the abrB gene, simultaneously inducing the expression of AbbA, which inhibits
the resident AbrB and thereby relieves repression of matrix genes [5, 60].

Key regulatory genes known to be essential for in vitro biofilm formation
in B. subtilis are also important for effective root colonization and biocontrol
against Ralstonia solanacearum in tomato plants. Various null mutations within the
SpoOA pathways resulted in either hyper-strong biofilms with increased numbers of
colonizing cells (4abrB and 4sinR) or defective biofilms with reduced numbers of
root-attached cells (4sinl, deps, and AtasA), depending on whether they positively
or negatively impact biofilm development, respectively [7].

To date, five distinct kinases, from KinA to KinE, have been identified as
initiating the SpoOA phosphorylation cascade in response to various signals. KinC
and KinD have been found to play a direct role in root colonization by initiating
biofilm formation in response to different plant signals. The AkinD mutant was
unable to form a biofilm on tomato roots. It was determined that L-malic acid is
the responsible signal for biofilm induction; however, since the concentrations
required for biofilm formation were quite high, it was suspected that L-malic acid
might primarily function as a carbon source, altering metabolism to favor biofilm
existence. The combination of glycerol, a primary root exudate, and manganese
strongly promotes biofilm formation. However, this effect was significantly reduced
for AkinD and less so for the AkinC mutant, further indicating the importance of
these kinases in biofilm formation in response to plant-related signals. Providing
additional evidence that KinC and KinD are involved in biofilm formation in
response to root exudates, Beauregard et al. [S] observed that plant polysaccharides
such as arabinogalactan, pectin, and xylan induce the formation of a pellicle in
Bacillus subtilis. They tested the ability of mutants deficient in each of the five
kinases, from KinA to KinE, as well as the double mutant AkinCD, to form a pellicle
in response to three plant polysaccharides, identifying KinC and KinD as sensors
responsible for pectin and arabinogalactan. However, all mutants were still able
to form a biofilm in response to xylan, suggesting the presence of an additional,
yet unidentified pathway capable of initiating biofilm formation in response to
plant signals. Furthermore, they identified over 40 predicted glycosylhydrolases in
B. subtilis that could degrade plant polysaccharides, allowing their use as a carbon
source for cell growth and other metabolic processes. Indeed, they demonstrated
that B. subtilis utilizes plant polysaccharides to incorporate them into the matrix
EPS [5].

In addition to Spo0A, DegU plays a crucial role in regulating the transition
from motility to biofilm formation in B. subtilis by repressing motility genes in its
phosphorylated form. It also regulates the production of the surface hydrophobic
protein BslA and poly-y-glutamic acid (PGA), which are important for stable
biofilm formation [34, 70]. Yu et al. [70] observed that root colonization efficiency
positively correlates with y-PGA production in high-producing strains of B. subtilis.
Although a direct link between root colonization and DegU in B. subtilis has not yet
been demonstrated, the 4degU mutant of the closely related B. amyloliquefaciens
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was unable to colonize Arabidopsis thaliana roots compared to the wild type,
suggesting that DegU may be critical for root colonization [70].

The ultimate master regulator, ComA, influences root colonization by
indirectly affecting biofilm formation. ComA also regulates surfactin production.
Surfactin is considered a crucial signaling molecule that stimulates biofilm
formation in B. subtilis by inducing potassium leakage. Surfactin-deficient mutants
also exhibited disrupted biofilm formation, but only under conditions that do not
naturally induce biofilm formation. In contrast, under biofilm-inducing conditions
provided by media such as MSgg and MSNg, B. subtilis was able to form stable
biofilms independent of surfactin. Moreover, no significant difference in root
colonization ability was observed between the surfactin-deficient mutant (srfAA)
and the wild type, indicating that surfactin is not essential for root colonization [55].

For further cellular differentiation, all three main regulators are additionally
controlled via quorum sensing (QS) [42]. QS facilitates cell-to-cell communication
based on the production, secretion, and response to autoinducers. This allows cells
to detect the density of neighboring producers and potential collaborators and
respond accordingly. QS is critical for the development of cooperative behaviors,
as it regulates the synthesis of substances such as surfactin or ECM components.
In B. subtilis, regulatory peptides (Phr) and their related response regulators, the
aspartyl-phosphatases (Rap), mediate QS, which in turn regulates the activity of
the three main regulators [42]. The autoinducer Phr is translated from pre-Phr
proteins, which are secreted and processed into mature Phr peptides. At high cell
densities, Phr peptides reach a threshold concentration that allows their import into
the cell, where they bind to their corresponding Rap phosphatase and inhibit it.
This alleviates the inhibition of the master regulator, leading to altered expression
of target genes. SpoOA is regulated by RapABEHIJ60, as these phosphatases
inhibit SpoOA phosphorylation by dephosphorylating SpoOF~P. In contrast, Rap
phosphatases regulate ComA (RapCDFGHKPQ60) and DegU (RapG), primarily
by preventing their DNA-binding activity [8, 69]. The extent to which QS plays a
role in root colonization by B. subtilis remains unknown.

In addition to the QS autoinducer Phr and the secondary metabolite surfactin,
B. subtilis produces and secretes cyclic di-adenosine monophosphate (c-di-
AMP), which may function as a signal during biofilm formation. c-di-AMP acts
as an extracellular signaling molecule, influencing biofilm formation and root
colonization, potentially through changes in the phosphorylation state of SpoOA.
However, the precise molecular mechanism remains to be elucidated [56].

The signaling responsible for inducing biofilm formation on roots is not a
unidirectional process from plant to microbe, but rather an interaction between both
parties. In addition to the compounds produced by plants that elicit chemotactic
responses and biofilm formation in bacterial cells, B. subtilis is capable of affecting
gene expression in plants, thereby promoting root colonization. Approximately
300 genes are differentially expressed in Arabidopsis thaliana when colonized
by B. subtilis. This includes downregulation of genes associated with protective
signaling in roots, as well as genes related to cell wall metabolism, which could
contribute to both initial attachment and survival, thus facilitating overall root
colonization. Indeed, suppression of genes involved in the plant's innate immune
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response may play a crucial role during B. subtilis colonization of roots, as it may
help bacterial cells evade the plant's defense mechanisms during initial colonization
[46]. Various compounds produced by B. subtilis, including lipopeptides such as
surfactins and iturins, as well as key bacterial components like flagellin, act as
microbe-associated molecular patterns that trigger specific immune responses in
plants [18]. Rekha et al. [46] observed that B. subtilis strain RR4 initially suppresses
various immunity-related genes during root colonization of rice, thus aiding its
own colonization, and subsequently induces defense responses to enhance plant
immunity. Deng et al. [15] described how the endophyte B. subtilis strain BSn5 can
mask its own-produced flagellin by producing the lantibiotic subtilomycin, thereby
reducing the stimulation of the plant’s defensive response.

It is suggested that the EXLXI protein, produced and secreted by Bacillus
subtilis, plays a crucial role in plant-microbe interactions. This protein has a structure
highly similar to that of plant B-expansins, which are known to bind to plant cell
walls and facilitate their expansion. Mutants deficient in EXLX1 production also
showed a significant reduction in root colonization compared to wild-type strains
[7].

Similar to how different B. subtilis strains vary in their ability to promote
plant growth and control phytopathogens, they also differ in their capacity to
successfully colonize plant roots. The genetic relatedness among different B. subtilis
strains influences their ability to either co-colonize plant roots or competitively
exclude each other. After inoculating Arabidopsis thaliana roots with multiple
unrelated strains, the resulting biofilm on the roots predominantly consisted of a
single strain, indicating an antagonistic interaction among the strains. In contrast,
inoculation with pairs of related strains led to the formation of mixed biofilms and
joint colonization, suggesting that B. subtilis colonizes plant roots in a manner that
reflects genetic relatedness [53].

Interactions of Bacillus and plants

The potential of B. subtilis to promote plant growth and enhance plant
defense against pathogens varies significantly among strains. While some
compounds, particularly those with broad target ranges and multiple functions such
as surfactin, are commonly synthesized by B. subtilis strains, the production of
others, like subtilin, appears to be strain-specific [30]. This suggests that certain
compounds may provide specific strains of B. subtilis with advantages in particular
ecological niches, thereby helping to tailor and optimize plant-microbe interactions.
It is evident that plant growth promotion and pathogen control are not unilaterally
beneficial acts by B. subtilis. The bacteria also derive benefits from their interaction
with plants. PGPR rely on carbon sources exuded by plants in nutrient-poor soils
and often respond specifically to plant-produced signals [48]. Root exudates serve
not only as a nutrient source for PGPR but also as signaling molecules that establish
connections and initiate the colonization process [5]. Although some beneficial
interactions between plants and microorganisms seem independent of direct
physical contact, such as with volatile organic compounds, biocontrol and growth
stimulation effects are heavily dependent on the PGPR’s ability to effectively attach
to and colonize the host plant, particularly under natural conditions. This highlights
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the fundamental role of successful root colonization in bacterial interactions. In
this context, several bacterial traits are important, including chemotaxis to sense
and reach the plant root and biofilm formation for attachment and resilience on the
root [27].

Growth promotion and pathogen suppression are achieved through the
synthesis of various defensive compounds in host plant tissues, leading to ISR,
which is supported by bacteria through antibiosis against pathogens. Additionally,
bacteria can secrete phytohormones and other beneficial compounds. Soil particles
bound by roots are easily colonized by bacteria, which compete with resident
bacteria for rhizosphere nutrients. Thus, mutualism between bacteria develops
through metabolic exchanges: plants provide organic substances (carbon) to resident
bacteria, and in return, bacteria assist plants in absorbing water and nutrients
from the soil. ISR induction and improved plant growth are additional outcomes
of the mutualistic interaction between plants and bacteria [26]. B. subtilis plays a
significant role among growth-promoting bacteria and in biocontrol. The advantage
of using B. subtilis is its ability to activate ISR, likely mediated by salicylic acid.
B. subtilis can be used to induce resistance by synthesizing protective enzymes
in the host, such as POD, PPO, and PAL. In the event of pathogen attack, plants
activate defensive mechanisms. This protective response often leads to systemic
acquired resistance (SAR) and the induction of hypersensitive responses, resulting
in the formation of brown, desiccated tissue. Inoculation of plants with Bacillus
subtilis strain (pf4) resulted in high levels of SAR. Compared to non-inoculated
plants, inoculated plants showed significantly higher similarity (96.5%), shoot
length (9.0 cm), root length (8.03 cm), and strength index (1703). Treatment of
sunflower seeds with Pseudomonas fluorescens enhanced root biomass production.
Similar results were observed in castor bean seeds inoculated with P. fluorescens
and B. subtilis, with a greater increase in growth achieved with P. fluorescens than
with B. subtilis. When tomato seeds were treated with Bacillus subtilis (EPC016),
a significant increase in seedling growth was observed compared to non-inoculated
plants [28].

Most studies on B. subtilis root colonization have been conducted under
sterile and strictly controlled conditions, which are far from the natural, complex
environment of the plant rhizosphere and root. Laboratory observations are often
difficult to reproduce in field conditions. The rhizosphere is shown to contain
up to 10" microbial cells per gram, representing over 30,000 species [6]. One
reason for the variability in biocontrol success in field conditions may be natural
plant microbiomes. Interactions among microbes can be either cooperative or
competitive, meaning that depending on the bacterial community encountered,
B. subtilis root colonization can be enhanced, reduced, or even successful or
unsuccessful. For example, Pseudomonas protegens, another widely used PGPR,
can inhibit B. subtilis biofilm formation in co-cultivation by producing a compound,
2.4-diacetylphloroglucinol, which delays cell differentiation by suppressing biofilm-
specific genes [43]. Accordingly, biofilm formation not only plays a crucial role
in root colonization but also modulates interactions with co-occurring microbes.
Molina-Santiago et al. [38] noted that the B. subtilis D-matrix mutant, deficient
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in biofilm matrix production, showed increased susceptibility to Pseudomonas
chlororaphis invasion, leading to higher sporulation during co-inoculation of melon
seeds. Conversely, co-inoculation of B. subtilis and B. licheniformis synergistically
improved growth in red pepper and tomato plants, indicating a positive interaction
between the pair.

It has been shown that adding B. subtilis to the natural rhizosphere has only
a minor impact on the overall plant microbiome. Inoculation of tomato plants
with B. subtilis in greenhouse studies affected the eukaryotic microbiome for 14
days, while the bacterial impact lasted only 3 days [44]. Wei et al. [66] observed a
similar outcome for B. subtilis applied to leaves rather than root inoculation. Here,
B. subtilis also appeared to have only a minor effect on the natural phyllosphere
microbiome [66]. However, the impact of the natural plant microbiome on B. subtilis
and whether specific taxa can enhance its root colonization remains unknown and
needs further investigation.

Plant microbiome formation is largely determined by complex interactions
between microorganisms [57]. Synergistic interactions and co-cultivation of
multispecies biofilms of Pseudomonas spp. and Bacillus spp. on banana roots
influenced colony composition at the root-microbiome interface and acted as a
beneficial plant consortium against pathogens [54].

Synergetic interactions between nodule bacteria and B. subtilis

Disease suppression and stimulation of plant growth have been observed
for the interaction between nodulating bacteria and Bacillus subtilis, which
could stimulate the synthesis of phytohormones in host plants and in free-living,
endophytic, rhizospheric, and symbiotic microorganisms present in the root system
[50].

Various bacterial genera colonize the rhizosphere, including Bacillus,
Acinetobacter, Arthrobacter, Enterobacter, Cellulosimicrobium, Mycobacterium,
Pseudomonas, Sinorhizobium [16, 52]. Combined application of these bacteria
results in enhanced plant growth stimulation, increased enzyme and antioxidant
production, phosphorus solubilization, biocontrol activity, nodule formation, and
nitrogen fixation.

B. subtilis demonstrates significant potential as a plant growth promoter
and biocontrol agent. However, its effectiveness is influenced by environmental
conditions and competition with other microorganisms. Despite its proven benefits,
the variability observed in field performance underscores the need for further
research to optimize its application and identify new strains with enhanced efficacy
[28].

Conclusions. Studies on plant-bacteria interactions in the rhizosphere reveal
that beneficial bacteria like Bacillus spp. enhance plant growth and resilience
through hormone regulation, biofilm formation, modulation of plant immune
responses, and improved nutrient availability and stress tolerance. B. subtilis and
related species are particularly effective in increasing crop yields and combating
plant diseases. Their ability to improve drought and salt tolerance is especially
noteworthy, making Bacillus spp. promising candidates for sustainable agriculture.
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Pedepar

Memorto oanoi pobomu € ananiz rimepamypu o000 NOMeHYiuHo20 GUKOPUCHIAHHSL
Bacillus spp. y 6ionoeiunomy KOHMPOI pOCIUH MA PO3GUMKY CMALO20
semnepoocmea. Qensad aimepamypu. Pocaunu, siki e3aemooditomv i3 PGPR
(pusobaxmepiamu, Wo CMUMYTIOMb PIC POCIUH), Kpauje pO36USAIOMbCs i
€ binbu cmitikumu 0o cmpecy. Bacillus spp. euxopucmogyomscs y ciibCoKomy
eocnooapemsi sik PGPR 0ns nioguwerntst 6podicatiHocmi ma cmpecocmiukocmi
KYIbmyp, npome eQekmugHicme iX GUKOPUCHAHHA MOdIce 3MIHIOBAMUCs 3d
Pi3HUX YMO8. Biominnocmi y pesynbmamax eunpo6yeans midc 1a60pamopHumu
[ NONLOBUMU YMOBAMU NIOKPECTIOIOMb HEOOXIOHICIb NOOAILUUUX OOCTIONCEHb Y
yiu cgpepi. Bacillus spp., nanpuknao, B. subtilis, noxpawyroms gixcayito azomy,
bepymo yuacmo y Mobinizayii pocghopy ma 30i1buLyiome 6MICm 3ai3d 8 POCIUHAX.
Kpim mozo, Bacillus spp. supobnsaioms ghimozopmonu ma cnoiyku, siki pezynoioms
2opmonaneHutl bananc pocaun. Bayunu saxuwarome pociunu 6i0 namozeuis,
BUPOOISAIOUU AHMUMIKPOOHI CNOMYKU, MAKL K JNINONenmuou ma anmuOiomuxu.
3 memoio kpawoi konowizayii' B. subtilis moodynioroms excnpecito eenié pocium i
YmEopIoiomy OIONIIEKU Y NPOYec, Wo peyrioembCs CUCMEMOIO qUOTUM Sensing.
Bucnoexu. Jlocniodicenns 63aemo0ii pociun i baxmepiil y puzocgepi nokazanu,
wo Kopucwi bakmepii, maxi ax Bacillus spp., nokpawyrome picm i cmitkicms
POCIUH WLIAXOM pecylsiyil 2OpMOHI8, YMEOpeHHs. DIONNIBOK, 6NAUGY HA IMYHHI
8I0N0BIOL POCIUH, NOKPAUEHHSL OOCMYNHOCI NONCUBHUX PEUOGUH I CMIUKOCMI 00
cmpecy. B. subtilis ma inwi éuou dayun € 0coonuso epekmusHumMu y nio8UUeHHI
8pOdICAIHOCMI KYIbMYP Ma 3MeHwenHi 3axeopiosanocmi. Ocobnuso 6axiciugoio
€ ix 30amuicme nidGUWYSAMU CMIUKICMb POCIUH 00 HOCYXU MA COLOHOCHIL.
i xapaxmepucmuxu poonsime Bacilli spp. nepcnekmuenumu ma yiHHUMU OJsl
BUKOPUCTNANHS Y CIMATLOMY CLIbCLKOMY 20CNO0APCMEI.

Knwwuosi cnoea: Bacillus spp., puzobaxmepii. 6iokonmpoius, 6ionnieka, cmane
3eM1epodbCmeo.
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