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Abstract

Bacillus velezensis is a Gram-positive, endospore-forming bacterium that has gained significance since
2005 due to its use as a Plant Growth Promoting Rhizobacteria in commercial crops. Research on this
bacterium has led to the development of agricultural bioproducts or bioinputs that show biocontrol and
biostimulation effects, contributing to sustainable agriculture. This chapter, through a bibliographic
review, highlights scientific findings indicating this prokaryote's ability to inhibit pathogen development
through various mechanisms, such as the biosynthesis of secondary metabolites with antimicrobial
activity and its capacity to stimulate protective processes like ISR (Induced Systemic Resistance) and
SAR (Acquired Systemic Resistance), which are crucial in controlling fungi, bacteria, viruses, and
nematodes. It also emphasizes its ability to synthesize hormones, such as IAA (indoleacetic acid), which
plays a crucial role in promoting plant growth, as well as its capacity to colonize roots through biofilm
formation and enhance the bioavailability of essential nutrients, including nitrogen and phosphorus.
Understanding bacteria with potential agricultural applications, such as B. velezensis, helps lay the
groundwork for developing sustainable tools that increase crop productivity while reducing reliance
on agrochemicals.
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Resumen

Bacillus velezensis es un bacilo gram positivo formador de endosporas que desde el 2005 ha tomado
relevancia por sus aplicaciones como Rizobacteria Promotora del Crecimiento Vegetal en cultivos de
interés comercial. Las investigaciones realizadas en torno a esta bacteria, han resultado en la formulacién
de bioproductos o bioinsumos agricolas con accién de biocontrol y bioestimulacion, lo que contribuye a
una agricultura sostenible.

En este capitulo se sefialan mediante una revision bibliografica, los hallazgos cientificos que
apuntan a la capacidad de esta procariota para inhibir el desarrollo de patdgenos mediante mecanismos
diversos, cdmo la biosintesis de metabolitos secundarios con actividad antimicrobiana y su habilidad de
estimular los procesos de proteccion como la ISR (Resistencia Sistémica Inducida) y la SAR (Resistencia
Sistémica Adquirida), lo que resulta de gran ayuda en el control de hongos, bacterias, virus y nematodos.
Tambien se hace énfasis en su capacidad para sintetizar hormonas como la IAA (acido indolaceético), que
tiene un papel clave en los procesos de promocion del crecimiento vegetal, ademas de su destreza para
colonizar las raices mediante la formacion de biofilm y su contribucion en mejorar la biodisponibilidad
de nutrientes como el nitrogeno y el fosforo.
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La generacion de conocimiento de bacterias con potencial de uso en la agricultura como lo es B.
velezensis, ayuda a aportar los fundamentos para el desarrollo de herramientas sostenibles que
contribuyan a incrementar la productividad de los cultivos disminuyendo el uso de agroquimicos.
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Introduction

The search for sustainable agriculture that can meet the food needs of a constantly growing population,
which depends on the use of fertilizers and chemicals, has spurred research into better, environmentally
friendly alternatives that enable fertilization and pest and disease control for economically important
plant species (Saeed et al., 2021; Adeniji y Babalola, 2022).

Within this field are PGPR (Plant Growth-Promoting Rhizobacteria), bacteria capable of fighting
phytopathogens and encouraging the growth of crops of commercial interest (Thepbandit y Athinuwat,
2024). These microorganisms are found in the rhizosphere, the area surrounding the roots. In this region,
numerous processes occur, leading to close relationships and symbiotic bonds. Through these, the
bacteria receive nutrients from root exudates rich in sugars and amino acids. The plants, in turn, benefit
because PGPR produce phytohormones and secondary metabolites that support their growth, defense,
and nutrient uptake. (Benaissa, 2024).

One bacterial species known for its role as a plant growth promoter is Bacillus velezensis, a Gram-
positive bacillus that forms endospores and produces secondary metabolites that inhibit phytopathogens.
This microorganism can also synthesize phytohormones, support nutrient absorption such as phosphorus
and zinc, and promote ISR (Induced Systemic Resistance). Additionally, it can form biofilms, which help
it colonize plant roots more effectively (Khan et al., 2020; Adeniji y Babalola, 2022; Mahdi et al., 2022;
Sharma y Jabaji, 2023).

Due to its broad range of uses, commercial products such as Serenade® ASO have been created,
which leverage the properties of the B. velezensis QST713 strain to fight infections caused by Pythium,
Rhizoctonia, and Fusarium when applied as a foliar spray. Initially, this strain was classified within the
Bacillus subtilis group; however, in 2018, phylogenetic analyses confirmed that it actually belongs to B.
velezensis, resulting in a more accurate taxonomic classification (Pandin et al., 2018; Bayer Crop Science,
2025).
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In the United States, biopesticides based on B. velezensis RTI301 have been proposed for
controlling pathogens in crops such as corn, cotton, and artichoke (EPA US, 2021). The versatility of
this bacterium has resulted in its inclusion in various agrobiotechnological products, such as foliar
fungicides and soil and seed treatments, while also offering solutions tailored to specific crops due to its
effectiveness against various pathogens (Li et al., 2022a).

The applications of PGPRs in agriculture are increasing with each new study, so the goal of this
review is to highlight some of the most important aspects of B. velezensis to promote future research that
can lead to better practices and products for the industry.

1. B. velezensis over time

Since the first strain of this bacterium was isolated from a river in Mélaga, Spain, its taxonomy has
changed several times due to its similarity to other species. The current classification is based on
molecular tools like genome sequencing. In 2005, strains CR-502T and CR-14 were isolated and
classified as a new species because they shared less than 20% similarity with other species in the genus.
In 2011, Bacillus amyloliquefaciens was divided into the subspecies plantarum and amyloliquefaciens.
In 2015, B. amyloliquefaciens subsp. plantarum was reclassified as Bacillus methylotrophicus. From
2016 to 2017, due to the similarities among B. amyloliquefaciens subsp. plantarum, B. methylotrophicus,
and B. velezensis, they were considered a heterotypic synonym, indicating different names but the same
taxon. (Ruiz-Garcia et al., 2005; Rabbee et al., 2019; Serrdo et al., 2024) (Figura 1).

2005 2010 2011 2015 2016-2017

B.subtilis - - B.subtilis - s B.subtilis —— B.subtilis

* B.subtilis
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subsp. amyloliquefaciens subsp. amyloliquefaciens & subsp. amyloliquefaciens

B.amyloliquefanciens
subsp. plantarum

B.methylotrophicus—B.methylotrophicus—B.methylotrophicus ——  B.velezensis

B.velezensis » B.velezensis = B.velezensis /
Figure 1

Description of changes in the taxonomy of B. velezensis over time. Taken
and modified from Rabbee et al., 2019

B.velezensis

2. Applications of B. velezensis

Secondary metabolites are small-molecular-weight compounds that, although not essential for vital
functions, do participate in specific roles such as fighting pathogens or helping root colonization
(Fouillaud et al., 2022). Multiple studies show that B. velezensis can produce secondary metabolites,
including antibiotics that inhibit the growth of various fungi and phytopathogenic bacteria. It can also
generate phytohormones and enhance nutrient uptake, thereby encouraging plant growth. Additionally,
it has the ability to activate defense mechanisms such as induced systemic resistance (ISR) and acquired
systemic resistance (SAR). Its capacity to form biofilms enables better colonization and interaction with
plant roots (Figure 2) (Wang et al., 2021; Xue et al., 2023; Husna et al., 2023; Lin et al., 2025).

The applications of B. velezensis go far beyond its role as a plant growth-promoting
rhizobacterium. Recent research has uncovered its potential in various fields. It has been used in
bioremediation processes, successfully degrading pollutants like the veterinary antibiotic neomycin and
the herbicide trifluralin, which are commonly present in agricultural soils.
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Its use in aquaculture and swine farming has also been investigated, with studies showing
promising results when used as a probiotic to enhance the health of fish and pigs by boosting their
immune systems and encouraging growth. However, one of its main applications is in managing
agricultural diseases, as it helps decrease the reliance on chemical pesticides and supports sustainable
farming (Kadiri et al., 2023; Xia et al., 2024; Yang et al., 2025; Villa et al., 2025; Zhao et al., 2025g;
Zhang et al., 2025a).

3. Secondary metabolites produced by B. velezensis

Rhizosphere bacteria produce secondary metabolites that influence their adaptation to the environment.
These compounds allow them to interact with other bacteria, defend themselves against threats, and are
essential for their symbiotic relationship with plants. These substances include peptide antibiotics,
siderophores, volatile compounds, and phytohormones, which serve to inhibit pathogens or promote plant
growth (Xu et al., 2019; Yu et al., 2020).

B. velezensis has various mechanisms for producing secondary metabolites, involving enzymes
such as non-ribosomal peptide synthetases (NRPSs) that produce cyclic lipopeptides like surfactins,
fengycins, and bacillomycin D. Polyketide synthetases (PKS), on the other hand, contribute to the
production of polyketides such as macrolactin, bacillaene, and difficidin (Figure 3). This bacterium can
also produce dipeptides like bacilysin, as well as ribosomally synthesized bacteriocins; these molecules
have antibacterial activity (Rabbee et al., 2019).
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Figure 2

Mechanisms of B. velezensis in enhancing plant development. The PGPR-
plant relationship starts with colonization, where biofilm formation is
essential for establishing symbiosis. B. velezensis produces secondary
metabolites, including antibiotics, siderophores, and phytohormones. It
triggers protective responses such as ISR and SAR. It also aids in nutrient
absorption, such as phosphates, and in nitrogen fixation. (Image generated
in BioRender).
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Antimicrobial compounds produced by B. velezensis include those
synthesized by non-ribosomal peptide synthetases (NRPSs) and polyketide
synthetases (PKSs). Taken and modified from Rabbee et al., 2019

Secondary metabolites, such as the plant hormone indoleacetic acid, function as biostimulants,
encouraging processes such as root growth, development, as well as seed germination (Anand et al.,
2022; Wang and Yang 2024). According to Erb and Kliebenstein (2020), these compounds are vital for
plant-microorganism communication, aiding plant growth in both agricultural and natural environments.

Cyclic lipopeptides

B. velezensis has been widely studied recently for several reasons, with one of the most important
being its ability to produce substances that inhibit diseases threatening plant species that serve as the
population's food source (Table 1) (Zheng et al., 2024). Among the most commonly mentioned are cyclic
lipopeptides, such as surfactins, fengycins, and iturins, which, due to their chemical makeup, target the
cell membranes of pathogens by binding their lipid part to the microbial bilayer, creating pores that allow
cellular components to escape, leading to cell death (Saiyam et al., 2024) (Figure 4).

Box 4

Table 1

Metabolites produced by B. velezensis that inhibit plant pathogen growth

Strain Metabolite Plant pathogen it affects Reference

FZB42 Difficidin Xanthomonas oryzae Wu et al., 2015.

FZB42 Bacilysin Phytophthora sojae Han et al., 2021.

B-3 Iturin A Fusarium graminearum Xie, et al., 2023a.

FB2 Macrolactin | Alternaria alternata, Fusarium | Hammad et al., 2023.

oxysporum and Fusarium solani

T7 Bacilysin Phytophthora palmivora Thanh et al., 2023.

SQR9 Bacilysin Fusarium wilt Li et al., 2025.
Iturins have an aliphatic chain of 14 to 17 carbons and a chiral

sequence of

LeuAspAspLeuleuAspLeu in their structure (Xiong et al., 2022). Their antifungal mechanism involves

interaction with the fungal membrane and increased potassium permeability (Maget-Dana et al.,

1994).

Iturin A, combined with cholesterol, can form pores with longer lifespans in lipid membranes.
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The characteristics of these pores depend on the lipid content of the membrane (Maget-Dana et
al., 1985). It has been observed that longer acyl chains in iturins help form oligomers that insert into
target membranes and create pores, leading to enhanced antifungal activity (Malina and Shai, 2005).
Iturin A can induce oxidative stress, resulting in mitochondrial damage and ultimately cell death (Figure
4) (Alam et al., 2025; Wang et al., 2020a).

Within the iturin group is also bacillomycin D, which acts on the cell wall and plasma membrane,
causing cell lysis (Jin et al., 2020). This compound can increase the production of reactive oxygen species
(ROS) and cellular antioxidant enzymes, such as glutathione reductase and thioredoxin (Gu et al., 2017).
It has also been shown to promote an increase in intramolecular iron concentration, which activates the
synthesis of biofilm components and encourages their presence in an ecological niche (Xu et al., 2019).
Surfactin is known for its surfactant properties because it reduces surface film formation. It consists of a
cyclic heptapeptide ring with a B-hydroxy fatty acid tail of varying length (Kisil et al., 2023). It can
inhibit the growth of certain pathogens by inserting its hydrophobic tail into the lipid bilayer, disrupting
cell membrane tension and causing cell death by lysis (Heerklotz and Seeling, 2007; Saiyam et al., 2024).

Fengycin Surfactin Dificidin
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Figure 4
Mechanism of action of lipopeptides produced by B. velezensis. Taken
from Fazle and Baek, 2020, modified in BioRender

Fengycin consists of a lactone ring within the B-hydroxy fatty acid chain, which contains 14 to
17 carbon atoms (Armenova et al., 2024). FenA is a gene involved in the fengycin peptide chain. Its main
function is to catalyze the progressive incorporation of individual amino acids into the correct position
within the peptide chain (Wu et al., 2007; Zeng et al., 2021). FenD facilitates the addition of acyl groups
to the fengycin peptide chain, including a fatty acid component. FenD has a domain responsible for
transferring fatty acids to the thiolation domain. Acylation plays a crucial role in developing fengycin's
properties, as it provides amphiphilic properties that confer affinity for pathogen membranes (Lin et al.,
2005; Zeng et al., 2021).

On the other hand, lipopeptides such as fengycins, iturins, and surfactins produced by B.
velezensis ZLP-101 strains have been shown to have an insecticidal effect on Acyrthosiphon pisum Harris
(pea aphid), which mainly affects legumes (Liu et al., 2024a).

Polyketides

In B. velezensis, the production of polyketides has been identified, including bacillaene, macrolactin, and
difficidin. The latter has a broad spectrum of activity, capable of combating Gram-positive and Gram-
negative bacteria. In the latter case, its effect has been observed against Ralstonia solanacearum by
inhibiting protein and DNA synthesis, which triggers a series of problems in genes responsible for cell
wall formation, leading to loss of cell integrity (Tran et al., 2022).
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Polyketides consist of monomers that form chains with 6 to 164 carbon atoms in length. They
originate from B-hydroxyketone or B-hydroxyaldehyde functional groups, which are produced from fatty
acyl-CoA esters (Gomes et al., 2014).

Bacillaene is an antibiotic known for its effectiveness against a broad spectrum of bacteria.
Research indicates that it inhibits protein synthesis in prokaryotic cells while leaving eukaryotic cells
unaffected (Patel et al., 1995; Rungsirivanich et al., 2021; Miao et al., 2024).

In B. velezensis, the production of macrolactin is regulated by the pks2 gene cluster. This
compound demonstrates antibacterial activity by inhibiting the enzyme peptide deformylase, which
disrupts proper protein synthesis and functionality (Fazle and Baek, 2020). Macrolactin is synthesized
from an initial acetyl molecule through the addition of eleven malonyl-CoA units via a reaction known
as Claisen condensation. This process involves the combination of two ester molecules with a carbonyl
compound, resulting in the formation of a carbon-carbon bond (Yoo et al., 2006).

Difficidin is a highly unsaturated macrocyclic polyketide (Wu et al. 2015). The polyketide
synthase responsible for its production is encoded in the dif operon. Difficidin's mechanism of action
involves inhibiting the synthesis of proteins essential for bacterial cell wall development (Caulier et al.,
2019).

Bacilysin is a dipeptide with antibiotic activity that acts as a protoxin. When hydrolyzed by
intracellular peptidases, it releases anticapsin, which inhibits glucosamine-6-phosphate synthetase, an
enzyme essential for the synthesis of glucosamine or N-acetylglucosamine, key components of the
bacterial cell wall (Islam et al., 2022). This molecule, produced by the FZB24 strain of B. velezensis, has
shown effectiveness in inhibiting the growth of oomycetes such as Phytophthora sojae (Han et al., 2021).
Wu et al., 2015, observed that the B. velezensis FZB42 strain damaged the cell walls of Xanthomonas
oryzae, the causal agent of bacterial blight in rice, by producing difficidin and bacilysin. This caused the
cells to lose their integrity, leading to rupture and exposing the intracellular components.

4. Production of vegetal growth hormones.

Phytohormones play a crucial role in regulating processes like plant development and growth. They are
vital for adapting to the environment, as they are involved in responses to both biotic and abiotic stress
(Yu etal., 2020; Wei et al., 2021).

Phytohormones function as signaling molecules, forming a communication network that allows
plants to adapt to environmental changes and adjust their development. Plastids and mitochondria play a
crucial role in regulating various aspects of phytohormone signaling (Bittner et al., 2022).

Previous studies have shown that PGPRs alter root structure, improving nutrient absorption and
fertilizer efficiency, thereby increasing crop yields (Yu and Sun, 2025).

B. velezensis can synthesize IAA, which enhances root growth, leading to improved nutrient
absorption and reduced fertilizer use (Mahdi et al., 2022; Zhang et al., 2025b).

The deficiency of substances as important as auxins can be addressed exogenously, either through
foliar spraying or seed treatment. However, in the search for more environmentally friendly options, the
ability of some strains of B. velezensis to synthesize indoleacetic acid is noteworthy. These include QAZ2,
B26, D103, and YXDHD 1-7, which have contributed to improving the development of species such as
maize (Zea mays), purple false brome (Brachypodium distachyon), quinoa (Chenopodium), and tomato
(Solanum lycopersicum) (Mahdi et al., 2022; Sharma et al., 2023; Li et al., 2024; Zhang et al., 2024).

In a study by Choub et al., 2021, the B. velezensis CE100 strain was isolated from the rhizosphere
of tomato plants. It was observed to be capable of producing indoleacetic acid. When inoculated into
walnut trees, a significant increase in chlorophyll, nitrogen, and phosphorus content was achieved. An
increase in rhizome growth and biomass was also observed.
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The study of the CH1 strain of B. velezensis has identified seven genes involved in indoleacetic
acid synthesis: trpA, trpB, trpC, trpD, trpE, trpF, and trpG. These genes are related to the tryptophan
biosynthesis pathway, which serves as a precursor for this phytohormone (Cheng et al., 2024).

Chebotar et al., 2021 analyzed the genome of B. velezensis BS89, and their results showed that
this strain also contained genes responsible for producing phytohormones such as IAA, antimicrobial
compounds, siderophores, and hydrolytic enzymes. This demonstrates that studying the genomes of
PGPRs is essential for understanding the mechanisms that satisfy plant species’ growth hormone needs,
thereby helping reduce reliance on externally applied chemicals.

5. Production of siderophores

Siderophores are low-molecular-weight organic compounds produced by various microorganisms,
including fungi and bacteria. Their primary role is to capture, transport, and mobilize iron from the
environment into cells, especially during iron deficiency (Butler et al., 2021; Roskova et al., 2022).

In the case of B. velezensis, several strains have demonstrated a strong ability to produce
siderophores, especially when iron availability is low (Table 2).

Bacilibactin is one of the siderophores produced by B. velezensis. Its role includes providing the
plant with the necessary iron while restricting access to iron-dependent microorganisms, thereby
inhibiting their growth. This molecule has been shown to help control pathogens such as Phytophthora
capsici, Rhizoctonia solani, and Magnaporthe oryzae, which impact commercially important crops like
rice (Liu et al., 2024b).

6. Volatile Organic Compounds

Volatile Organic Compounds (VOCSs) are lipophilic substances (such as alcohols, alkanes, acids, and
ketones) containing 20 or fewer carbon atoms and having a low molecular weight. Their low molecular
weight and high vapor pressure enable them to move easily through air or soil under porous conditions,
making them simple to apply (Caulier et al., 2019).

Various PGPR species can produce VOCs in response to chemical signals from their
environment. VOCs prevent pathogen infections by attacking cell walls or inducing ISR in plants (Table
3) (Chen et al., 2008).

The B. velezensis strain BUZ-14 has been shown to produce isoamyl alcohol, benzaldehyde, 1-
butanol, and 2-nonanone. The effects of various VOCs produced by this strain were evaluated. The results
indicated that a concentration of 0.05 mL/L of benzaldehyde nearly completely inhibited gray mold
(Botrytis cinerea) development in post-harvest grapes. However, a dose of 0.1 mL/L also caused
phytotoxicity, resulting in browning of the grape skin. Isoamyl alcohol was also effective against B.
cinerea in grapes but required a dose of 100 mL/L. Brown rot caused by Monilinia laxa in apricots was
also suppressed with a dose of 0.02 mL/L of isoamyl alcohol. The VOC showing the greatest
effectiveness against blue rot (Penicillium italicum) in mandarins was diacetyl at a dose of 0.025 mL/L
(Calvo et al., 2020).

Table 2
B. velezensis strains capable of producing siderophores

Strain Characteristics References
FKM10 | This strain, isolated from the rhizosphere of apple trees, produces siderophores that | Wang et al., 2020b.
enhance iron uptake by plants and combat pathogens like Fusarium verticillioides.
GS-1 It produces secondary metabolites, such as the siderophore bacilibatin. Zhang et al., 2022b.
YL2021 | Particularly notable for its ability to synthesize three catechol-type siderophores in M9 | Liu et al., 2024b.
medium, including bacilibatin, under low iron conditions.
JM11 Recognized for its efficiency in producing siderophores in agricultural soils. Mahmood et al., 2025.
Lzh-5 Genomic analysis of this strain revealed the presence of the genetic cluster | Zhao et al., 2025b.
BGC0000309 responsible for bacilibatin biosynthesis.
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Table 3
Strains of B. velezensis that produce volatile organic compounds and exhibit
their biocontrol activity

Strain VOC produced Pathogens it targets Reference
ZSY-1 Pyrazine (2,5-dimethyl) A. solani Gao etal., 2017.
ZSY-1 Pyrazine (2,5-dimethyl) B. cinerea Gao etal., 2017.
BUZ-14 Benzaldehyde B. cinerea Calvo et al., 2020.
BUZ-14 Isoamyl alcohol B. cinerea Calvo et al., 2020.
CE100 3-methylbutanoic acid C. gloeosporioides Choub et al., 2022.
GJ-7 3-methyl-1-butanol M. hapla Wu et al., 2023.

Another strain with important properties for developing biocontrol products is the ZSY-1 strain,
which was identified as capable of synthesizing VOCs such as 4-chloro-3-methyl and 2,5-dimethyl that
can control infections caused by early blight (Alternaria solani) and gray mold (Botrytis cinerea) in
tomatoes (Gao et al., 2017).

Anthracnose is a disease caused by the fungus Colletotrichum gloeosporioides that mainly affects
tropical crops (Dean et al., 2012). The B. velezensis CE 100 strain showed 22.6% effectiveness in
inhibiting this fungus and reduced spore germination and mycelial growth by producing the VOC 3-
methylbutanoic acid (Choub et al., 2021).

Another major problem in crops is nematodes (Li et al., 2015). Efforts to find solutions have
focused on using PGPRs; an example is the B. velezensis GJ-7 strain, which has proven effective in
controlling Meloidogyne hapla by producing VOCs like 3-methyl-1-butanol, which achieved a mortality
rate of 99.7% at a concentration of 10 pL/mL within the first four days of treatment (Wu et al., 2023).

7. Systemic Acquired Resistance (SAR) and Induced Systemic Resistance (ISR)

Qin et al., 2025 conducted an experiment in which they inoculated the B. velezensis FZB42 strain into
cherry seedlings that were previously infected with the Agrobacterium tumefaciens XYT-58 strain. The
results showed that the bacteria increased the expression of genes related to the production of salicylic
acid (SA), ethylene, and jasmonic acid (JA), which are associated with ISR and SAR.

B. velezensis in soybean cultivation is effective in triggering plant defense mechanisms against
nematode infections, as it enhances jasmonate synthesis by regulating key enzymes in the a-LeA
metabolic pathway (Hu et al., 2024).

One strain of interest for inducing protective mechanisms is B. velezensis BY®6, as it has
demonstrated the ability to trigger ISR and SAR against pathogens like Armillaria solidipes. When the
bacterium was inoculated into Korean poplar seedlings previously infected with the phytopathogenic
fungus, there was increased expression of the genes NPR1 and PR1, which are involved in the salicylic
acid production pathway (linked to the response against biotrophic pathogens), as well as the genes JARL,
JAZ6571, MYC2, and ORCA3, which are involved in jasmonic acid production (linked to the response
against necrotrophic pathogens) (Zhang et al., 2022a).

8. Nitrogen fixation
The nitrogen fixation ability of PGRPs plays a crucial role in enhancing the qualities that improve crop
development and performance. It involves capturing atmospheric nitrogen and converting it into

ammonia, a process that increases soil nitrogen reserves for future use (Timofeeva et al., 2023).

Nitrogen is present in the atmosphere; however, as mentioned above, it must be converted into
bioavailable forms such as ammonium (NH,*) or nitrate (NOs~) to be absorbed (Zhang et al., 2023).
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Plant species require sufficient amounts of this nutrient because it is an essential part of proteins,
nucleic acids, and chlorophyll. To support this process, plants have developed symbiotic relationships
with soil bacteria. One proposed way to increase nitrogen fixation efficiency is by inducing larger nodules
in soybeans (Glycine max) through co-inoculation with B. velezensis S141 and Bradyrhizobium
diazoefficiens USDA110. It was observed that disrupting the dhaS, yhcX, and IPyAD genes, which are
related to IAA synthesis, and the IPI gene, related to cytokinin biosynthesis, in the S141 strain reduced
the number of larger nodules. Therefore, it is concluded that the IAA and cytokinin produced by B.
velezensis S141 helped the rhizobium B. diazoefficiens USDA110 form larger nodules, leading to
improved nitrogen fixation efficiency (Sibponkrung et al., 2020).

9. Phosphate solubilization

Bacteria of the genus Bacillus alter the physical and chemical conditions of the rhizosphere by releasing
organic acids such as citric, gluconate, lactic, and oxalic acids, which acidify the environment and
exchange anions with insoluble phosphates. They also produce phosphatase and phytase enzymes that
mineralize organic phosphorus, along with chelating agents like siderophores that mobilize related to this
element (Saeid et al., 2018; Pan and Cai, 2023) (Figure 5).

Several strains of B. velezensis demonstrated remarkable potential in these processes. For
example, KO1 and QA2 were examined for their ability to solubilize mineral and organic phosphates in
various soil types, thereby increasing phosphorus availability to plants (Mahdi et al., 2022; Xue et al.,
2023).

One interesting mechanism is the auxin-phosphorus alliance. By inoculating white lupin (Lupinus
albus) with the strain B. amyloliquefaciens SQR9 (classified as B. velezensis based on genetic analysis
and comparison by Zhao et al., 2025b, Yu and Sun, in 2025, showed that IAA production in the bacterium
and the plant under phosphorus-deficient conditions generated signals that trigger the development of
densely packed lateral roots, known as cluster roots. These structures help increase phosphorus uptake
by expanding surface area and producing organic acid exudates that solubilize phosphorus in the soil.

One of the strains proposed as a phosphorus-solubilizing agent for commercially important crops
is B. velezensis G62, which, when inoculated into orange roots, enhanced seedling development. The
genes glpA (glycerol-3-phosphate dehydrogenase), glp (glycerophosphoryl diester phosphodiesterase),
glpK (glycerol kinase), phoA (alkaline phosphatase), and phoD (alkaline phosphatase D), involved in
mineralizing and transporting phosphonates, were identified. The phoR gene (phosphate regulon sensor
histidine kinase) was also observed to regulate the response to phosphorus deficiency (Zhao et al., 2025c).
As mentioned in the work of Mosela et al., 2022, the use of strains such as B. velenzensis AG75 helps
reduce the use of phosphate fertilizers in corn and soybean crops, while also increasing root and shoot
biomass, without overlooking that, like most strains of this bacterium, it exhibits antimicrobial and
antifungal activity.

Phytases are phosphatases capable of hydrolyzing phytic acid (Joudaki et al., 2023). They release
phosphorus from phytate, enabling it to be converted into a form that the plant can absorb (Sharma et al.,
2013). The phY gene, which encodes phytase, has been identified in the B. velezensis SQR9 strain (Shao
et al., 2015).

Phosphatases participate in dephosphorylating phosphate bonds (Sharma et al., 2013). The
production of acid and alkaline phosphatases in B. velezensis strain BVPS01 has been confirmed. The
genes involved are phoC (for acid phosphatases) and phoD (for alkaline phosphatases) (Vitorino et al.,
2024). Another strain reported to produce these enzymes is ARL. Higher levels of alkaline phosphatases
were observed in medium supplemented with tricalcium phosphate, while higher levels of acid
phosphatases were found in medium supplemented with aluminum phosphate (Bayisa, 2023).

10. Biofilm formation

Colonization of the plant rhizosphere is a crucial aspect of establishing a PGPR-plant relationship. One
fundamental mechanism of this process is biofilm formation (Vives, 2020), which begins when bacteria
adhere to the root, proliferate, and produce an extracellular matrix containing polysaccharides, proteins,
lipids, and nucleic acids, enabling direct interaction.
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As a physical barrier with the environment, it helps protect the plant from pH changes, pathogen
attacks, or adverse conditions. Additionally, by being in contact with the roots, it enhances nutrient
absorption and promotes the production of secondary metabolites when needed (Gao et al., 2015;
Muratov et al., 2025).

Genetic engineering has helped us understand some of the mechanisms behind biofilm formation.
For example, using gene editing with CRISPR-Cas9, the FZB42 strain of B. velezensis has been studied,
and it has been identified that certain genes are dedicated to the function, formation, and stability of the
biofilm, such as sIrR and sprT (involved in the synthesis of metalloproteinase), since removing them
weakens the biofilm's integrity (Yang et al., 2023a; Guo et al., 2025).

A practical example of the importance of biofilm is seen in the B. velezensis 118 strain, used to
control Fusarium in bananas. Its effectiveness relies on its ability to adhere to and colonize roots by
forming this film, which ensures a stable relationship that allows it to supply the metabolites needed to
combat the infection (Cai et al., 2025).
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Figure 5

11. Genome of B. velezensis

One of the most important keys to understanding how B. velezensis works is to understand its genetic
structure that gives life to all the substances acting as promoters of plant growth (Table 4).

Gonzalez-Leon et al., 2024 conducted an analysis of the Bacillus subtilis 160 strain through
genome sequencing, which identified it as B. velezensis 160. The genome size was determined to be
4,297,348 base pairs. A notable feature of this bacterium is the presence of various clusters responsible
for producing antifungals. Notably, unlike other strains, it has three clusters for surfactin production,
which could explain its ability to reduce the occurrence of corn ear smut caused by the fungus
Sporisorium reilianum (Mercado-Flores et al., 2014).

Another strain that has been studied is B. velezensis B-4. Its genome was sequenced using SMRT
technology by Pacific Biosciences, yielding a length of 3,919,798 bp. This revealed that 43.48% of the
genome is involved in metabolic processes, and 7.78% is directly related to the production of secondary
metabolites. Seven clusters responsible for synthesizing macrolactin, bacilinae, fengycin, difficidin,
bacilibatin, and bacilcin were identified. The Kirby-Bauer method was also used to assess its
effectiveness against Sclerotinia sclerotiorum, Rhizoctonia solani, and Fusarium graminearum, showing
that this strain can inhibit the growth and proliferation of these pathogens (Zhu et al., 2020).
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Genetic analyses of the B. velezensis FZB42 strain revealed that the sprT gene encodes a
polypeptide of 149 amino acids; its deletion diminished swarming and sporulation abilities and lowered
bacilysin production (Yang et al., 2023a).

Table 4 presents different studies where the genomes of various B. velezensis strains have been
sequenced.

Table 4

Advances in B. velezensis research through genomic studies

Strain Characteristics Reference

9912D Genome size is 4,206,167 bp. It contains 19 gene clusters involved in secondary | Pan et al., 2017.
metabolite synthesis

Cco9 Genome size of 4.17 Mb. Previously classified as B. amyloliquefaciens. Cai et al., 2017.

UFLA258 Genome size is 3.95 Mb. Metabolites with antimicrobial properties were | Silva et al., 2019.
identified.

B-4 Genome size of 3,919,798 bp. It has seven clusters involved in producing | Zhu et al., 2020.
macrolactin, bacilinae, fengycin, difficidin, bacilibatin, and bacilysin.

ATR2 Genome size is 4,006,746 bp. The dhb gene cluster, responsible for encoding | Liang et al., 2021.
bacilibatin synthase, is analyzed.

KOF112 Genome size of 3,916,789 bp. Strain isolated from the shoot xylem of Vitis sp. | Hamaoka and Suzuki,
cv. Koshu. 2021.

FZB42 Genome size is 3,918,596 bp. The sprT gene has been identified as an essential | Yang et al., 2023a.
factor for biofilm development, swarming, and sporulation.

GX0002980 | The genome size is 3907,381 bp. It was found to produce substances that inhibit | Wang et al., 2025.
C. gloeosporioides.

YC89 Genome size is 3.95 Mb. Genes associated with IAA production, ISR induction, | Xie et al., 2023b
and secondary metabolites were identified.

GUMT319 Genome size of 3,940,023 bp. Thirteen gene clusters responsible for antifungal | Ding et al., 2021.
mechanisms and biofilm formation were identified.

wWB Genome size of 3,940,023 bp. Thirteen gene clusters responsible for antifungal | Wang et al., 2022.
mechanisms and biofilm formation were identified.

JP3042 Genome size is 4,066,227 bp. It was isolated from vineyard soils in California. Palumbo et al., 2022.

JP3144 Genome size is 4,144,652. 1t was isolated from vineyard soils in California. Palumbo et al., 2022

SC60 Genome size of 3,962,671 base pairs. Contains the trpABFCDE gene cluster that | Dong et al., 2022.
encodes the tryptophan precursor of 1AA.

E Genome size of 3,929,247 bp. Thirteen genetic clusters involved in antifungal | Lietal., 2022b.
and antibacterial activity were identified.

MEP2-18 Genome size of 3,944,892 bp; genes encoding phytases were identified. Medeot et al., 2023.

B1B0110 Genome size is 4.19 Mbp. Genes involved in NRPS synthesis were identified. Carvalho et al., 2023.

SH-1471 Genome size is 4,181,346 bp. Fourteen genes related to the synthesis of secondary | Shen et al., 2023.
metabolites were identified.

VJH504 A genome size of 3.79 Mb with 12 clusters involved in secondary metabolite | Yang et al., 2023b.
synthesis was identified.

160 Genome size of 4,297,348 bp, of which 2804 participate in the production of | Gonzélez-Leon et al.,
antibiotics, antifungals, surfactants, and siderophores. 2024.

IFST-221 Genome size is 3,858 Mbp. Its effectiveness was demonstrated against eight | Liang et al., 2024
species of ascomycetes and oomycetes.

HC-5 Genome size of 4,237,244 bp. It contains ten genetic clusters responsible for | He et al., 2024.
synthesizing antibiotic compounds.

Tcha05 Genome size of 4,027,462 bp. It can inhibit F.. oxysporum. Hung et al., 2025.

LMY3-5 Genome size is 4.03 Mb. Genes associated with antifungal production were | Ren et al., 2025.
identified.

CIMT3 Genome size of 4,242,144 bp. Strain isolated in Africa. Lee et al., 2025.

Lzh-5 Genome size is 4,015,817 bp. Thirteen gene clusters responsible for producing | Zhao et al., 2025b.
secondary metabolites were identified.
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Conclusion

As the population grows, the demand for more food has led to higher use of chemical fertilizers and
pesticides, which harm the environment and cause pathogens to become resistant. Advances in this field,
supported by genomic and field studies, show the potential of B. velezensis for use in agriculture, helping
replace chemical inputs. Genetic engineering is an important tool for improving this bacterium's ability
to produce secondary metabolites of biotechnological value, supporting the development of sustainable
farming practices. Research on this prokaryote is key to creating products that function as biocontrol and
biostimulation agents in major crops, and to better understanding the PGPR-plant relationship.
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