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INTRODUCTION 
 
Fungal plant pathogens are a major cause of crop yield 
losses worldwide, threatening food security and sustainable 
agricultural production. Although chemical fungicides 
remain widely used due to their rapid disease control, their 
intensive and prolonged application has led to 
environmental contamination, disruption of soil microbiota, 
pathogen resistance, and potential risks to human health 
(Gikas et al., 2022). These limitations have driven increasing 
interest in environmentally sustainable alternatives for 
plant disease management. Therefore, the use of beneficial 
microorganisms in green technology is becoming 

increasingly popular. Bacillus sp. are Gram-positive, 
endospore-forming bacteria commonly found in diverse 
environments such as soil, aquatic systems, and the 
gastrointestinal tracts of mammals (Saxena et al., 2020). 
Their widespread occurrence is attributed to their 
adaptability and ability to produce a variety of bioactive 
substances. These include enzymes, antimicrobial 
compounds, and insecticidal proteins, which make them 
valuable in multiple sectors including agriculture, 
environmental remediation, and others industrial 
biotechnology applications such as enzymes production 
(Saxena et al., 2020). 
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 Bacillus velezensis has gained increasing attention as a sustainable biocontrol 
agent due to its multifaceted mechanisms against phytopathogens and its 
capacity to endure harsh environmental conditions through endospore 
formation. This review critically examines the biological attributes and 
functional mechanisms that position B. velezensis as a viable alternative to 
chemical fungicides in modern agriculture. Central to its efficacy is the 
development of the functional endospore, a highly specialized dormant 
structure that serves as a critical delivery vehicle, ensuring the bacterium's 
survival during industrial processing and environmental stress. Particular 
emphasis is placed on its dual-action strategy: direct mechanisms involving 
the production of diverse antifungal secondary metabolites such as cyclic 
lipopeptides, polyketides, and volatile organic compounds (VCOs) which 
physically disrupt pathogenic fungi, and indirect mechanisms that activate 
plant immune responses through Induced Systemic Resistance (ISR). The 
bacterium’s capacity to colonize the rhizosphere through chemotaxis, biofilm 
formation, and root adhesion further enhances its competitiveness and 
persistence. Additionally, the structural and biochemical resilience of its 
endospores enables high shelf stability and consistent efficacy in field 
applications. Collectively, this synthesis underscores B. velezensis as a 
biologically robust, environmentally safe, and agronomically promising 
solution for sustainable crop protection. 
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Within agriculture, Bacillus species are frequently 
employed as biopesticides due to their effectiveness in 
controlling plant pathogens and nematodes. A large number 
of Bacillus sp. have an ability to produce endospores, this 
trait is one of the defining characteristics of the genus. 
Endospore formation is a survival strategy that allows 
Bacillus sp. to withstand harsh environmental conditions 
such as extreme temperatures, desiccation, radiation 
ultraviolet radiation, and nutrient limitation and chemical 
exposure (Ahmed et al., 2024; Russi et al., 2024). Through 
this endospores formation, it shows the ability of Bacillus sp. 
to act as antifungal. The most extensively studied and 
utilized species for biological control are B. velezensis, 
Bacillus subtilis, Bacillus thuringiensis, Bacillus 
amyloliquefaciens, as well as Bacillus firmus and Bacillus 
pumilus. Among biological control agents, the spore-
forming bacterium such as Bacillus velezensis has emerged 
as a highly effective and eco-friendly option. This species 
exhibits strong antagonistic activity against diverse 
phytopathogens through the production of antimicrobial 
secondary metabolites, including cyclic lipopeptides and 
polyketides, as well as through the induction of plant 
systemic resistance (Kim et al., 2021). This review explores 
the increasing use of beneficial microorganisms in green 
technologies for plant disease management. It specifically 
highlights the applications of endospore forming Bacillus 
velezensis. and their contribution to environmental 
sustainability in agriculture. 

Bacillus velezensis 
 
B. velezensis has attracted considerable attention as a highly 
effective biocontrol agent due to its remarkable capacity for 
endospore formation and its ability to synthesize a wide 
array of antifungal secondary metabolites such as 
lipopeptides, polyketides and VOCs (Baptista et al., 2022). 
This species was originally isolated from the rhizosphere of 
crops in Velez-Málaga, Spain, and was later taxonomically 
clarified as a distinct species closely related to B. 
subtilis and B. amyloliquefaciens (Balderas-Ruíz et al., 2021). 
Subsequent genomic and phylogenetic analyses revealed 
that B. velezensis is particularly enriched in biosynthetic 
gene clusters responsible for antimicrobial compound 
production, which underpins its strong antagonistic activity 
against plant pathogens (Fazle Rabbee & Baek, 2020). By the 
presence of biosynthetic gene clusters (BGCs) for 
lipopeptides, hydrolytic enzymes, and VOCs, all of which 
contribute to its broad-spectrum activity. Importantly, these 
BGCs offer molecular targets for future strain engineering 
(Markelova & Chumak, 2025). 

In comparison to conventional chemical fungicides, B. 
velezensis offers several advantages, including lower 
environmental toxicity, reduced risk of pathogen resistance 
development, biodegradability, and compatibility with 
integrated pest management strategies (Kenfaoui et al., 
2024). While chemical fungicides often provide rapid and 
broad-spectrum disease suppression, their prolonged use 
can lead to environmental contamination and resistance in 
target pathogens (Gikas et al., 2022). In contrast, B. 
velezensis exerts multifaceted and sustained disease 
suppression through antimicrobial metabolite production, 
niche competition, and host-mediated defence activation, 
making it a more sustainable alternative for long-term crop 
protection (Karačić et al., 2024). 

Table 1 summarizes several important Bacillus species 
commonly used as biological control agents against fungal 
plant pathogens. The table highlights the target pathogens, 
including Fusarium oxysporum, Rhizoctonia solani, Botrytis 
cinereal, and Phytophthora infestans, as well as the primary 
mechanism include the production of antimicrobial 
compounds such as lipopeptides and antibiotics, secretion 
of lytic enzymes, competition for nutrients, induction of 
plant systemic resistance, and endospore-mediated survival. 
Among the listed species, Bacillus velezensis demonstrates 
broad-spectrum antifungal activity through both direct 
antagonistic effects and indirect activation of plant defense 
responses, highlighting its strong potential as a sustainable 
biocontrol agent in agriculture. 

Importantly, B. velezensis also functions as a plant 
growth–promoting rhizobacterium (PGPR). It enhances 
plant growth through multiple direct and indirect 
mechanisms, including the production of phytohormones 
such as indole-3-acetic acid (IAA), solubilization of insoluble 
phosphate, and secretion of siderophores that improve iron 
acquisition by plants (Suárez-Bautista et al., 2024). 
Additionally, B. velezensis produces VOCs that stimulate root 
elongation and biomass accumulation (Ling et al., 2022). 
They solubilise essential nutrients such as phosphorus and 
potassium, improving nutrient availability and uptake by 
plants. Furthermore, these cells synthesise phytohormones, 
particularly IAA, which enhances root development, nutrient 
absorption, and overall plant vigour (Balderas-Ruíz et al., 
2021). Indirectly, it promotes plant health by inducing 
systemic resistance (ISR), thereby priming plant immune 
responses against a broad spectrum of pathogens. These 
combined PGPR traits not only improve nutrient uptake and 
plant vigor but also contribute to enhanced stress tolerance 
and yield stability under field conditions (Etesami et al., 
2023; Xiong et al., 2024). 

One of the defining features contributing to the 
ecological success and agricultural relevance of B. velezensis 
is, its ability to form highly resilient endospores (Wang et al., 
2025). These dormant structures allow B. velezensis to 
persist in soil environments for extended periods, 
maintaining viability until favourable conditions are restored 
(Etesami et al., 2023). This characteristic is particularly 
advantageous in agricultural systems, where fluctuating 
environmental conditions often limit the efficacy and 
consistency of biological control agents. Upon improvement 
of environmental conditions, the endospores rapidly 
germinate into metabolically active vegetative cells capable 
of colonizing plant roots and aerial surfaces (Xiong et al., 
2024). The multifunctional attributes of B. velezensis, 
including robust endospore formation, potent antifungal 
activity, plant growth–promoting capabilities, and 
environmental resilience, underscore its significance as a 
sustainable tool in modern agriculture and biotechnology. 
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Table 1 Antifungal activities and mechanisms of selected Bacillus species against major phytopathogenic fungi
Strain Target Fungal Pathogens Mode of Action References 

Bacillus velezensis Botrytis cinereal 
Sclerotinia sclerotiorum 
Fusarium sp. 

Produces lipopeptides, induced 
systemic resistance, proteases 

Su et al., 2023; 
Zhong et al., 2024 

Bacillus subtilis Fusarium oxysporum 
Rhizoctonia solani 
Alternaria solani 

Produces lipopeptides and chitinases 
that competes for nutrients 

Hashem et al., 
2019 

Bacillus 
amyloliquefaciens 

Phytophthora infestans 
Fusarium oxysporum 
Colletotrichum gloeosporioides 

Antiobiotics, cell wall degradation 
enzymes 

Zalila-Kolsi et al., 
2023 

Bacillus thuringiensis Sclerotium rolfsii 
Fusarium sp. 

Antifungal toxins, endospore-
mediated biocontrol 

Belousova et al., 
2021 

Bacillus pumilus Aspergillus flavus 
Fusarium graminearum 

Lytic enzymes, oxidative stress 
induction in fungi 

Dobrzyński et al., 
2023 

Bacillus firmus Phytium sp. 
Nematodes (indirect fungal 
benefits) 

Induces plant resistance, produces 
metabolites with antifungal and 
nematicidal effects 

Ghahremani et al., 
2020 

Endospore Structure and Function of Bacillus velezensis 
Bacterial endospores are resistant structures formed by 
stressed vegetative cells. Structurally complex and 
biologically inert, the endospore is designed to ensure long-
term survival and rapid reactivation under favourable 
conditions (Gikas et al., 2022). Its architecture is conserved 
among Bacillus species and comprises multiple specialised 
layers that contribute to its exceptional resistance and 
functional versatility. Figure 1 shows the structure of 
endospore. The core of the endospore contains the cell's 
genetic material (DNA), ribosomes, and essential enzymes, 
but exists in a metabolically dormant state. The core is 
dehydrated, with water content reduced to approximately 
10–25% of the levels found in vegetative cells, which 
contributes to its enzymatic dormancy and thermal stability. 
A high concentration of dipicolinic acid (DPA) complexed 
with calcium ions (Ca-DPA) is present in the core and plays a 
crucial role in DNA stabilization, dehydration, and resistance 
to wet heat and oxidizing agents (Mugadza 2018; McKenney 
et al., 2012). 

 

Figure 1 Structure of the B. velezensis endospore 

 

The surrounding of the core is the inner membrane, 
which is impermeable to many toxic molecules and 
contributes significantly to the spore's resistance to harmful 
chemicals. Outside this is the germ cell wall, which will 
eventually become the cell wall of the germinated 
vegetative cell (Cho et al., 2020). Enclosing the germ cell wall 
is the cortex, a thick layer of loosely cross-linked 
peptidoglycan. The cortex is critical in maintaining the core's 
dehydrated state and provides mechanical support against 
osmotic pressure. External to the cortex is the spore coat, 
made up of multiple protein layers that protect the spore 
from UV radiation, enzymes, and antimicrobial compounds 
(Russi et al., 2024). In some strains, including environmental 
isolates of B. velezensis, an additional exosporium layer may 
be present, although it is less defined than in other spore-
forming bacteria such as B. anthracis. The function of the 
endospore in B. velezensis extend beyond mere survival. 
These structures enable the bacterium to persist in soil 
ecosystems for extended periods, making them especially 
valuable in agricultural applications where long-term shelf 
life and environmental stability are crucial (Zhong et al., 
2024). Upon encountering favourable conditions, such as in 
the rhizosphere of a plant. B. velezensis endospores 
germinate into metabolically active vegetative cells capable 
of colonizing plant roots, producing antimicrobial 
compounds, and promoting plant growth. This transition is 
rapid and efficient, allowing the bacterium to respond 
swiftly to environmental opportunities (Etesami et al., 2023; 
Jang et al., 2023). Moreover, the robustness of B. velezensis 
endospores is central to its use in biocontrol formulations. 

Recent proteomic and transcriptomic analyses further 
elucidate the molecular basis of endospore structure. Chen 
et al. (2022) showed that the sporulation process in B. 
velezensis is accompanied by the upregulation of genes 
encoding structural proteins such as SpoIVA, CotA, CotE, and 
enzymes involved in DPA synthesis. These proteins are 
essential for proper coat assembly and spore maturation. 
Interestingly, the study also found that environmental 
stressors such as pH variation or iron limitation not only 
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induced sporulation but altered the composition of spore 
coat proteins, potentially enhancing their environmental 
adaptability. According to Zhong et al. (2024), formulations 
containing B. velezensis spores demonstrated superior shelf 
stability and maintained viability for over six months under 
ambient conditions, making them more effective than 
vegetative cell-based products. The resistance traits of the 
spores ensure that they can survive industrial processing, 
such as spray-drying or granulation, without significant loss 
of function. 

Moreover, spore-based formulations are compatible 
with integrated pest management strategies and can be 
applied across diverse climatic conditions, soil types, and 
cropping systems (Chen et al., 2022). B. velezensis 
endospores do not directly produce bioactive compounds in 
their dormant state, they play a pivotal role as robust, long-
lasting carriers that ensure rapid establishment of 
metabolically active populations capable of producing a 
broad spectrum of antimicrobial and plant growth–
promoting compounds (Jin et al., 2024). This unique 
combination of durability, efficacy, and multifunctionality 
underscores the significant potential of B. velezensis 
endospores as a cornerstone of next-generation biological 
control products in agriculture (Fazle Rabbee & Baek, 2020). 

In conclusion the endospore structure of B. velezensis 
reflects a highly evolved survival mechanism that integrates 
physical protection, chemical resistance, and functional 
readiness for reactivation. The unique structural integrity of 
its endospore ensures both longevity and immediate 
functional activation upon application in soil or plant-
associated environments. 

 
B. velezensis AS A BIOCONTROL AGENT IN AGRICULTURE 
 
B. velezensis has been extensively studied for its potential in 
suppressing a wide range of plant pathogens, particularly 
those responsible for soil-borne diseases. Its efficacy as a 
biocontrol agent in agriculture is attributed to its dual 
mechanism of action: direct antagonism of pathogens and 
indirect stimulation of plant defense responses (Yao et al., 
2025). Numerous studies have demonstrated its successful 
application in controlling diseases across diverse crops and 
agroecosystems. 

A prominent example is the use of B. velezensis strain 
EB1 in managing Fusarium oxysporum wilt in banana. Liu et 
al. (2025) reported that the co-application of B. velezensis 
strain EB1 with potassium sorbate resulted in complete 
disease suppression, outperforming conventional fungicides 
even at tenfold higher concentrations. Notably, this synergy 
also enhanced the production of antifungal lipopeptides, 
emphasizing the metabolic plasticity of B. velezensis under 
combinatory treatments. This finding underscores the 
importance of formulation synergy in maximizing biocontrol 
potential. Similarly, Jiang et al. (2024) evaluated B. 
velezensis strain Bv S3 in controlling F. oxysporum in rice 
seedlings. The treatment significantly reduced disease 
severity by over 65% and simultaneously improved soil 
enzymatic activity, indicating a dual function of disease 
suppression and rhizosphere health promotion. This 
illustrates the added value of B. velezensis-based biocontrol 
in enhancing soil microbiome function, a trait lacking in 
chemical fungicides. 

In vegetable production, Kuo et al. (2023) developed a 
fermentation-based formulation of B. velezensis Tcb43 for 
controlling powdery mildew in greenhouse-grown 

cucumber. The results demonstrated efficacy comparable to 
commercial chemical sprays, with added benefits of 
increased plant vigor and chlorophyll content. However, 
challenges in formulation stability and field-scale delivery 
remain significant barriers to commercial scalability. 

Figueiredo et al. (2025) highlighted the performance of 
B. velezensis CNPMS-22 in mitigating maize root rot caused 
by Fusarium verticillioides. The strain not only reduced 
disease incidence under both greenhouse and field 
conditions but also showed high endospore viability post-
application. In solanaceous crops, Yan et al. (2021) 
demonstrated that B. velezensis SDTB038 produced 
surfactin that effectively suppressed late blight in potato, 
with comparable efficacy to fluopimomide, a synthetic 
fungicide. Surfactin’s stability across a wide pH and 
temperature range makes it particularly suitable for 
fluctuating field conditions, a limitation often encountered 
with synthetic chemical agents. 
 
Direct Antagonism Mechanism of B. velezensis Against 
Plant Pathogens 
Direct biocontrol mechanisms are primarily mediated 
through the biosynthesis of a diverse array of antimicrobial 
secondary metabolites, including cyclic lipopeptides (iturins, 
fengycins, and surfactins), polyketides, bacteriocins, and 
VOCs (Su et al., 2024). Among the most important 
antimicrobial compounds produced by B. velezensis are 
cyclic lipopeptides (CLPs), which are synthesised by non-
ribosomal peptide synthetases (NRPSs) (Fazle Rabbee & 
Baek, 2020). These CLPs are classified into three major 
families: surfactins, fengycins, and iturins. Fengycins and 
iturins exhibit strong antifungal activity by disrupting fungal 
membrane integrity and inhibiting spore germination and 
mycelial growth, whereas surfactins display potent 
antibacterial, antiviral, and biosurfactant properties that 
facilitate pathogen suppression and root colonisation (Xiao 
et al., 2021). Numerous B. velezensis strains have been 
reported to possess multiple NRPS gene clusters, enabling 
the simultaneous production of diverse lipopeptides and 
thereby enhancing their biocontrol efficacy (Balleux et al., 
2025). 

Cyclic lipopeptides exert strong antifungal activity by 
inserting into fungal cell membranes, leading to pore 
formation, membrane destabilisation, ion leakage, and 
ultimately cell lysis (Jiang et al., 2024; Liu et al., 2025). 
Fengycins are particularly effective against filamentous 
fungi by inhibiting spore germination and hyphal elongation, 
while iturins display broad-spectrum antifungal activity 
through sterol-binding interactions that disrupt membrane 
integrity (Figueiredo et al., 2025). In addition to 
lipopeptides, B. velezensis synthesizes polyketide antibiotics 
such as bacillaene, difficidin, and macrolactin, which exhibit 
potent antibacterial and antifungal activities by inhibiting 
protein synthesis, DNA replication, and key metabolic 
pathways in competing microorganisms (Fazle Rabbee & 
Baek, 2020). Bacteriocins further enhance competitive 
exclusion by targeting closely related bacterial pathogens 
within the rhizosphere. These antimicrobial compounds act 
synergistically, creating a chemically hostile 
microenvironment that suppresses pathogen establishment 
and proliferation (Sharma & Yadav, 2023). B. velezensis also 
produces an array of hydrolytic enzymes, including 
chitinases, β-1,3-glucanases, proteases, and cellulases, 
which degrade the structural components of fungal cell 
walls (Chen et al., 2022). This enzymatic degradation 
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weakens pathogen integrity and enhances the efficacy of 
antimicrobial metabolites. The coordinated action of 
enzymatic lysis and chemical inhibition significantly reduces 
fungal viability and infectivity (Liu et al., 2025). 
 
Indirect Mechanism of B. velezensis 
Beyond direct antagonism, germinated spores activate plant 
innate immune responses by inducing systemic resistance 
pathways, such as induced systemic resistance (ISR) and, in 
some cases, systemic acquired resistance (SAR), thereby 
increasing plant tolerance to both biotic and abiotic stresses 
(Yao et al., 2025). Indirectly, B. velezensis activates ISR in 
host plants, a defence mechanism mediated primarily 
through jasmonic acid (JA) and ethylene signalling pathways. 
ISR primes the plant immune system, enabling faster and 
stronger defence responses upon pathogen attack without 
incurring the metabolic costs associated with constitutive 
defence activation. This systemic protection extends to a 
broad spectrum of fungal and bacterial pathogens, even in 
tissues not directly colonized by the bacterium. 

Figure 2 shows B. velezensis utilizes chemotaxis to move 
toward root exudates, where chemoreceptors detect 
specific chemical signals and direct flagellar motility toward 
the rhizosphere, enhancing colonization efficiency and 
competitive establishment (Chen et al., 2022). Upon 
reaching the root surface, the bacterium adheres through 
surface proteins, adhesins, and extracellular polymeric 
substances (EPS), enabling stable root attachment and 
beneficial plant association. Xiong et al. (2024) reported that 
B. velezensis WRN014 highly expressed TasA and PS 
operons, which are essential for root adhesion and EPS 
production. The bacterium subsequently forms biofilms that 
protect both bacterial cells and plant roots from 
environmental stress while suppressing pathogens through 
nutrient and space competition. Enhanced biofilm 
formation was shown to improve rhizosphere persistence 
and disease suppression against Phytophthora capsica in 
pepper plants (Zhong et al., 2024). 

 
 

Figure 2 Antagonism mechanism of Bacillus velezensis (Adapted and modified from Kenfaoui et al., 2024) 
 

In addition to rhizosphere colonization, B. velezensis 
produces diverse antimicrobial secondary metabolites that 
contribute to its strong biocontrol activity. Cyclic 
lipopeptides such as iturins, fengycins, and surfactins disrupt 
fungal membranes, inhibit filamentous fungi, promote 
biofilm formation, and stimulate plant immune responses 
through ISR activation (Fan et al., 2018). The bacterium also 
synthesizes polyketides including bacillaene, difficidin, and 
macrolactin, which inhibit microbial protein synthesis, as 
well as VOCs such as acetoin and 2,3-butanediol that 
suppress pathogens and promote plant growth (Tu et al., 
2024). Production of these metabolites is regulated by two-
component signal transduction systems that respond to 

environmental and rhizosphere cues (Chen et al., 2022). 
Furthermore, interaction with plant roots activates ISR, 
where microbial-associated molecular patterns such as 
flagellin and lipopeptides trigger reactive oxygen species 
production, defense gene expression, and enhanced 
resistance against biotic and abiotic stresses. 

Effective rhizosphere colonisation is a critical 
prerequisite for sustained biocontrol activity. B. velezensis 
exhibits strong chemotactic responses toward root exudates 
rich in sugars, amino acids, and organic acids, mediated by 
methyl-accepting chemotaxis proteins (Fazle Rabbee & 
Baek, 2020). Upon reaching the root surface, the bacterium 
adheres via cell surface adhesins and secretes extracellular 
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polymeric substances that facilitate robust biofilm 
formation (Fazle Rabbee & Baek, 2020). These biofilms act 
as a physical barrier, limiting pathogen access to root tissues 
while simultaneously enhancing nutrient acquisition and 
microbial persistence. Biofilm formation also improves 
tolerance to environmental stresses such as desiccation, 
oxidative stress, and fluctuating pH, thereby stabilising B. 
velezensis populations in the rhizosphere (Sharma et al., 
2023). 

Biofilm-associated cells display enhanced resistance to 
abiotic stresses and exhibit increased production of 
antimicrobial metabolites (Singh et al., 2025). This has been 
demonstrated in pathosystems such as Phytophthora 
capsici–infected pepper plants, where biofilm-forming B. 
velezensis strains provided superior disease suppression 
compared to planktonic cells. Furthermore, surfactin plays a 
dual role by facilitating biofilm architecture and acting as a 
signalling molecule that modulates plant defence responses 
(Chen et al., 2025). 

VOCs produced by B. velezensis, including acetoin and 
2,3-butanediol, contribute to both pathogen suppression 
and plant growth promotion (Srikamwang et al., 2023). 
These VOCs inhibit pathogen development at low 
concentrations while simultaneously enhancing plant stress 
tolerance by modulating antioxidant enzyme activity and 
hormonal balance (Ling et al., 2022). VOC-mediated 
signalling also promotes systemic resistance and improves 
plant resilience under drought and salinity stress conditions. 

At the regulatory level, the biosynthesis of antimicrobial 
compounds and stress-response factors is tightly controlled 
by complex regulatory networks, including two-component 
signal transduction systems and global regulators such as 
Spo0A and ComA (Yu et al., 2023). These systems sense 
environmental cues, root exudates, and microbial 
competition, enabling dynamic modulation of gene 
expression in response to changing rhizosphere conditions 
(Rabbee et al., 2023). Transcriptomic and metabolomic 
studies have demonstrated that rhizosphere colonisation 
significantly upregulates genes associated with non-
ribosomal peptide synthetase (NRPS) and polyketide 
synthase (PKS) pathways, leading to enhanced production of 
antifungal and antibacterial metabolites (Amutuhaire et al., 
2025). Collectively, the integration of antimicrobial 
metabolite production, enzymatic pathogen degradation, 
biofilm-mediated root protection, induction of plant 
systemic resistance, and resilience to abiotic stresses 
underscores the exceptional versatility of B. velezensis as a 
biocontrol agent. These adaptive and multifunctional 
defence mechanisms reinforce its potential as a sustainable 
and environmentally friendly alternative to chemical 
pesticides in modern agriculture. 

Induced Systemic Resistance Mediated by Bacillus 
velezensis 
Induced systemic resistance (ISR) is a plant-mediated 
defence strategy activated by beneficial rhizobacteria, 
including Bacillus velezensis, that enhances the plant’s 
ability to resist a broad spectrum of pathogens without 
directly inhibiting them at the site of infection (Yu et al., 
2022). Unlike systemic acquired resistance (SAR), which is 
typically triggered by pathogen invasion and associated with 
salicylic acid (SA) accumulation, ISR is predominantly 
regulated through JA and ethylene (ET) signalling pathways 
and does not involve constitutive expression of defence 
genes (Wilson et al., 2023). 

Root colonisation by B. velezensis is the initial step in ISR 
activation. Upon establishing stable populations on the root 
surface and in the rhizosphere, B. velezensis releases 
microbial-associated molecular patterns (MAMPs) and 
bioactive metabolites that are perceived by plant pattern 
recognition receptors (Kenfaoui et al., 2024). Key ISR-
eliciting signals produced by B. velezensis include cyclic 
lipopeptides such as surfactin, fengycin, and iturin, as well 
as VOCs like acetoin and 2,3-butanediol. Among these, 
surfactin plays a central role by acting as both a 
biosurfactant and a signalling molecule that primes plant 
immune responses (Sun et al., 2021). 

ISR enables faster and stronger activation of defence 
mechanisms upon pathogen challenge. This primed state is 
characterised by enhanced accumulation of defence-related 
enzymes such as phenylalanine ammonia-lyase, 
peroxidases, polyphenol oxidases, and β-1,3-glucanases 
following pathogen attack (Yu et al., 2022). Additionally, ISR 
leads to increased production of phytoalexins, lignin 
deposition, and callose formation, which collectively 
strengthen cell walls and limit pathogen penetration and 
spread (Zhong et al., 2024). 

ISR induced by B. velezensis provides broad-spectrum 
protection against diverse fungal and bacterial pathogens, 
including Fusarium, Rhizoctonia, Phytophthora, and 
Pseudomonas species (Figueiredo et al., 2025). Because ISR 
relies on host-mediated defence activation rather than 
direct antimicrobial toxicity, it imposes lower selection 
pressure on pathogens and reduces the likelihood of 
resistance development. This makes ISR a particularly 
valuable component of long-term disease management 
strategies (Zhong et al., 2024). 

Transcriptomic studies have shown that B. velezensis-
induced ISR results in the upregulation of JA/ET-responsive 
genes, including those encoding transcription factors, 
defence-related enzymes, and signalling components 
involved in oxidative burst regulation (Wu et al., 2023). 
Cross-talk between JA, ET, and SA pathways allows plants to 
fine-tune their immune responses depending on the nature 
of the invading pathogen, thereby enhancing defence 
efficiency without compromising plant growth (Mo et al., 
2025). 

In agricultural systems, ISR triggered by B. velezensis 
contributes not only to disease suppression but also to 
improved plant fitness and stress tolerance. ISR-primed 
plants often exhibit enhanced resistance to abiotic stresses 
such as drought, salinity, and temperature fluctuations due 
to strengthened antioxidant systems and improved 
hormonal balance (Jang et al., 2023). Consequently, B. 
velezensis functions not only as a biocontrol agent but also 
as a biological elicitor of plant immunity, providing durable 
and environmentally sustainable protection against plant 
pathogens. 
 
CHALLENGES, ADVANCEMENTS AND FUTURE OUTLOOK OF 
Bacillus velezensis 
 
Despite the promising potential of B. velezensis as a plant 
growth-promoting and biocontrol bacterium, several 
challenges still limit its large-scale agricultural application 
(Jang et al., 2023). Its biocontrol efficacy often varies under 
field conditions due to environmental factors such as soil 
pH, temperature, moisture, nutrient availability, and 
microbial competition, which can affect rhizosphere 
colonization, metabolite production, and long-term 
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persistence (Kenfaoui et al., 2024). To overcome these 
limitations, future studies should focus on strain 
optimization and advanced formulation technologies, 
including encapsulation systems, nanoformulations, and 
carrier-based biofertilizers to improve spore stability, shelf 
life, and controlled release. Omics-based approaches, 
genetic engineering, and adaptive evolution studies may 
further enhance stress tolerance, colonization efficiency, 
and antimicrobial metabolite production while maintaining 
environmental safety. 

Commercialization also remains challenging due to 
inconsistent field performance, shorter residual activity 
compared to chemical fungicides, costly large-scale spore 
production, and complex regulatory approval processes 
(Zhong et al., 2024). Therefore, commercial strategies 
should emphasize cost-effective fermentation optimization, 
scalable downstream processing, and formulation 
standardization to ensure consistent product quality. 
Collaboration between research institutions, biotechnology 
industries, and agricultural sectors could accelerate 
technology transfer and field validation. Integrating B. 
velezensis into Integrated Pest Management (IPM) systems, 
alongside farmer education and demonstration trials, may 
further improve market acceptance and adoption. 

Despite these limitations, B. velezensis offers substantial 
opportunities due to increasing global demand for 
sustainable agriculture and environmentally friendly crop 
protection (Rabbee et al., 2023). Its multifunctional 
properties, including pathogen suppression, plant growth 
promotion, biofilm formation, ISR induction, and durable 
endospore formation, make it a promising microbial 
biopesticide. Future research should also explore synergistic 
microbial consortia, long-term ecological impacts on soil 
microbiomes, crop-specific applications, precision 
agriculture integration, and climate-resilient formulations to 
strengthen its reliability and sustainability in modern 
agriculture. 

 
CONCLUSION 

 
In conclusion, Bacillus velezensis represents a next-
generation biocontrol agent with significant potential to 
reshape sustainable crop protection strategies. Its 
multifunctional mechanisms, integrating direct 
antimicrobial activity, plant immune stimulation, and 
environmental persistence, provide a resilient and holistic 
approach to disease management. As global agriculture 
faces increasing pressure to reduce chemical inputs while 
maintaining productivity, biologically based solutions such 
as B. velezensis offer a viable pathway toward 
environmentally responsible intensification. However, 
despite these promising outcomes, several limitations 
persist in the translation of B. velezensis from lab to field. 
Formulation consistency, spore recovery rates post-drying, 
and colonization efficiency under abiotic stress conditions 
remain key research priorities. Ultimately, the deployment 
of B. velezensis within integrated pest management systems 
may contribute substantially to long-term food security, 
ecosystem stability, and the transition toward climate-smart 
and sustainable farming practices. 
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