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Introduction: Bacillus velezensis is a ubiquitous bacterium with potent antifungal 
activity and a plant growth promoter. This study investigated the potential of 
B. velezensis CNPMS-22 as a biocontrol agent against phytopathogenic fungi 
under diverse experimental conditions and its potential as a plant growth 
promoter. Genome sequencing and analysis revealed putative genes involved 
in these traits.

Methods: This research performed in  vitro experiments to evaluate the 
CNPMS-22 antagonistic activity against 10 phytopathogenic fungi using dual 
culture in plate (DCP) and inverted sealed plate assay (ISP). Greenhouse and field 
tests evaluated the ability of CNPMS-22 to control Fusarium verticillioides in 
maize plants in vivo. The CNPMS-22 genome was sequenced using the Illumina 
HiSeq 4,000 platform, and genomic analysis also included manual procedures 
to identify genes of interest accurately.

Results: CNPMS-22 showed antifungal activity in vitro against all fungi tested, 
with notable reductions in mycelial growth in both DCP and ISP experiments. 
In the ISP, volatile organic compounds (VOCs) produced by CNPMS-22 also 
altered the mycelium coloration of some fungi. Scanning electron microscopy 
revealed morphological alterations in the hyphae of F. verticillioides in contact 
with CNPMS-22, including twisted, wrinkled, and ruptured hyphae. Eight cluster 
candidates for synthesizing non-ribosomal lipopeptides and ribosomal genes 
for extracellular lytic enzymes, biofilm, VOCs, and other secondary metabolites 
with antifungal activity and plant growth promoters were identified by genomic 
analysis. The greenhouse and field experiments showed that seed treatment 
with CNPMS-22 reduced Fusarium symptoms in plants and increased maize 
productivity.

Conclusion: Our findings highlight the CNPMS-22’s potential as bioinoculant 
for fungal disease control and plant growth with valuable implications for a 
sustainable crop productivity.
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1 Introduction

Bacillus velezensis is a ubiquitous species commonly isolated from 
diverse niches (Alenezi et al., 2021). It is harmless to humans and 
animals, does not pollute the environment, and can be cultured and 
preserved as colonies or spores (Ye et al., 2018; Alenezi et al., 2021). In 
the last two decades, several strains of B. velezensis have gained 
popularity as a potential biocontrol agent in agriculture (Koumouts 
et al., 2004; Vignesh et al., 2022; Hammad et al., 2023; Liu et al., 2024). 
To date, at least 10 commercial products using B. velezensis are 
available on the market (Ngalimat et al., 2021).

The antimicrobial activity of B. velezensis has been well 
demonstrated by numerous studies in vitro, laying a solid foundation 
for its potential applications. Secondary metabolites produced by 
B. velezensis exhibit broad-spectrum activity against viruses, bacteria, 
fungi, nematodes, and insects (Rashid et al., 2017; Rabbee and Baek, 
2020; Choub et  al., 2021; Hu et  al., 2022; Diniz et  al., 2023; 
Kamalanathan et  al., 2023; Liu et  al., 2024). Furthermore, several 
volatile diffusively organic compounds (VOCs) with potent 
antimicrobial activity have been identified in many strains of 
B. velezensis (Xu et al., 2016; Lim et al., 2017; Calvo et al., 2020; Li 
et al., 2020; Ling et al., 2022; Choub et al., 2022; Wu et al., 2023). 
Consequently, secondary metabolites and VOCs may reduce crop 
losses with the advantage of being safer and more efficient than 
chemical fungicides (Gao et al., 2017; Schulz-Bohm et al., 2017; Li 
et al., 2020; Choub et al., 2022; Ling et al., 2022; Zhao et al., 2022).

Furthermore, the antimicrobial activity of B. velezensis is not 
solely dependent on its lipopeptides, antibiotics, and VOC production. 
In addition, biofilm, quorum sensing, quorum quenching, proteases, 
and hydrolytic enzymes play crucial roles in the biocontrol 
mechanisms (Ling et  al., 2022; Tang et  al., 2024). In addition to 
suppressing the growth and development of many phytopathogens, 
B. velezensis produces secondary metabolites as quorum sensing and 
quorum quench that trigger plant defense mechanisms, thus 
enhancing their ability to respond to pathogens and pest attacks (Fan 
et al., 2018; Rabbee et al., 2019; Diniz et al., 2023; Jang et al., 2023; 
Majdura et al., 2023).

This study aimed to evaluate B. velezensis CNPMS-22’s 
antagonistic potential against phytopathogenic fungi through in vitro, 
greenhouse, and field experiments and perform the genome 
sequencing of CNPMS-22 to identify the genes responsible for 
these attributes.

2 Materials and Methods

2.1 Material and experimental conditions

The strain CNPMS-22 was isolated in 2007  in an experiment 
exploring the frequency of endophytic fungi in maize cultivated in the 
Brazilian Cerrado soil. The bacterium showed strong antagonist 
activity against the fungus growing in a plate. After obtaining pure 
colonies, the isolate was labeled CNPMS-22 and deposited in the 
Embrapa Collection of Multifunctional and Phytopathogenic 
microorganisms of maize and sorghum. Initially, the bacterium was 
identified as Bacillus subtilis by 16S rDNA sequencing (GenBank 
accession number MH358457). Compatibility tests in  vitro were 
carried out with CNPMS-22 and other bacterial species isolated from 

maize fields and commercial products based on bioinoculants 
available on the Brazilian market. This test is routinely made at the 
Embrapa microbial laboratory whenever new bacterial isolates are 
prospected for agronomic uses. Since then, the isolate has been the 
subject of extensive study to evaluate its potential as an antagonist of 
pathogenic fungi and a plant growth promoter. In vitro experiments 
tested the CNPMS-22 antagonist activity against 10 pathogenic fungi 
and the four most virulent races of F. verticillioides in Brazilian maize 
crops. The following fungi were used in dual culture in plate (DCP) 
and volatile organic compounds (VOCs) assays: Aspergillus niger F22, 
A. ochraceus EMS301, Colletotrichum graminicola EMS132, Fusarium 
graminearum EMS142, F. paranaense CML4246, F. phaseoli CML4255, 
F. verticillioides CML2778, Macrophomina phaseolina EMS297, 
Penicillium sp. EMS300, and Stenocarpella maydis EMS299. The 
Brazilian maize variety BRS Caimbé was used in the greenhouse and 
field experiments. The experiments were conducted at the Embrapa 
Maize and Sorghum Research Center in Sete Lagoas (Latitude: 
−19.4679, Longitude: −44.2477 19° 28′ 4″ South, 44° 14′ 52″ West), 
state of Minas Gerais, Brazil. The raw data that gave rise to the analysis 
are presented in Supplementary file S2.

2.2 In vitro antagonist activity of 
CNPMS-22 against fungi by dual culture in 
plate and inverted sealed plate

The dual culture in plate assay (DCP) tested the CNPMS-22 
antagonist activity against 10 phytopathogenic fungi in Potato 
Dextrose Agar (PDA) medium (Beever and Bollard, 1970). Briefly, a 
5 mm disc from the edge of pure cultures of each pathogen, grown for 
10 days in PDA, was transferred to the center of a Petri dish of 90 mm 
diameter containing the PDA medium. The CNPMS-22 was grown 
for 48 h at 28°C with constant agitation at 120 rpm. The inoculum 
concentration was adjusted to 1 × 108 CFU.ml−1 by optical density 
readings (OD = 1) at a wavelength of 540 nm in a spectrophotometer. 
Promptly, aliquots of 20 μL of the standardized culture were inoculated 
in four equidistant points from the center of the plate. The test was 
carried out in quadruplicate, and the control consisted of pure cultures 
of the phytopathogens. The colony radius of each fungus was 
measured when the growth of the control reached the entire surface 
of the medium.

The inverted sealed plates assay evaluated the effect of VOCs on 
fungal growth (Gao et al., 2017). A 20 μL of the standardized culture 
of CNPMS-22 (1 × 108 CFU.ml−1) was plated on a PDA medium and 
incubated at 28°C for 48 h. Subsequently, mycelial discs of pathogens 
previously grown in PDA were placed in the center of new Petri dishes 
containing the PDA medium. Then, the lid of each plate was removed 
and placed face to face. The top plate contained PDA inoculated with 
tested fungi, and the bottom plate was inoculated with CNPMS-22. 
The two dishes were taped with parafilm and incubated at 28°C for 10 
days. The controls consisted of each tested fungus inoculated in a PDA 
medium (top plate) and the bottom plate with PDA alone, without 
CNPMS-22 inoculation.

All plates in both experiments were subjected to constant 
temperature (28°C), with a 12 h light photoperiod, and humidity, in a 
bacteriological incubator oven (Solab, Piracicaba, SP, Brazil). The 
experiment was monitored daily, and during the approximately 10 
days of the experiment, both the bacterium and fungi continued to 
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grow in the control plates, indicating that sufficient nutrients were 
present in the culture media. The plates were photographed, and the 
diameter of the colonies, color, and the density of mycelium of 
pathogens were evaluated. The experiment was performed in triplicate.

For both assays, the percentage of inhibition (%), which indicates 
the area of the fungus’s mycelium growth, was calculated using the 
formula proposed by Abbott (1925):

 
( ) ( )T t x100

PI %
T

−
=

Where: |PI| = percent inhibition; T = mycelium radius in the 
absence of the antagonist; t = mycelium radius in the presence of 
the antagonist.

2.3 Scanning electron microscopy of the 
antagonistic effect of CNPMS-22 on 
Fusarium verticillioides morphology

A pure culture of CNPMS-22 was mixed with a spore suspension 
of 1 × 106 spores.ml−1 of F. verticillioides CML2778 and incubated at 
200 rpm for 5 days at 28°C. Then, the dual culture was fixed in a 
Karnovsky solution (Karnovsky, 1965) by mixing in a 1:1 ratio. After, 
the samples were stored at 4°C for 24 h. The coverslips were prepared 
by applying 5 μL of poly-L-lysine (0.1%) and adding 20 μL of each 
sample once the poly-L-lysine had dried. Then, the samples were 
washed three times in cacodilate buffer for 10 min each wash, followed 
by dehydration in acetone 25, 50, 75, 90, and 100%, with one wash for 
10 min for each concentration up to 90 and three washes in 100% 
acetone. Next, the samples were dried at a critical point (CPD 030—
BalTec Corporation) and metalized in a gold evaporator (BalTec—
SCD 050). The observations were done in a Scanning Electron 
Microscope FEG-SEM (Field Emission Gun—Scanning Electron 
Microscope) with an ultra-high resolution, field-free CLARA model 
2021 (TESCAN, São Bernardo do Campo, SP, Brazil). The experiment 
was conducted at the Microscopy Laboratory Electronics and 
Ultrastructural Analysis (LME) at the Federal University of Lavras, 
Minas Gerais, Brazil. The experiment was performed in triplicate, and 
10 SEM images were considered for analysis. The parameters evaluated 
were wrinkled and broken hyphae and biofilm associated with the 
hyphae of F. verticillioides. The data analysis was made by counting the 
number of events per image and calculating the percentage of the 
events observed in each treatment (confrontation and control).

2.4 Biofilm formation

Two methods were used to test the CNPMS-22 biofilm formation 
capacity. The first method was performed in Eppendorf tubes, 
according to Latorre et al. (2016), and the second test was performed 
using the crystal violet staining method described by O’Toole and 
Kolter (1998).

First, a colony of CNPMS-22 was inoculated in LB medium and 
grown overnight at 30°C; the concentration was adjusted to 1 × 
109 CFU.ml−1 after spectrophotometric reading (OD 595). After that, 
a 1/20 dilution was transferred to Eppendorf tubes of 1.5 mL 
containing 600 μL of nutrient broth medium or polypropylene tubes 

of 10 mL containing 2.5 mL of the culture medium. After 24 h of 
incubation at 30°C without shaking, the medium was gently discarded, 
and the tubes were washed three times with deionized water (Latorre 
et al., 2016). Following, 1 mL of 1% crystal violet solution was added 
to each tube and incubated for 45 min at room temperature. After the 
dye was discarded, the tubes were gently washed three times, and the 
dye adhered to the biofilm solubilized with 1 mL absolute ethanol, and 
read in a spectrophotometer (OD 600). The color intensity and size of 
the adherent cells via crystal violet staining were used as parameters 
for the qualitative measurement of biofilm synthesis. The color 
intensity and size of the adherent crystal violet ring were scored from 
faint (−) to strong (++), as described by Fall et  al. (2004). The 
experiment was performed in quintuplicates and repeated three times.

The second method to evaluate the biofilm formation capacity by 
CNPMS-22 was based on Stepanović et al. (2007) with modifications. 
In triplicate, 10 μL of the standardized bacterial culture at 1 × 108 CFU.
ml−1 were inoculated in 200 μL of TSB culture medium with 1% 
glucose in a polystyrene microplate. For fungi, 20 μL of the culture 
grown in a TSB liquid medium was inoculated. Then, four 8 mm discs 
of fungal mycelium were plated in 50 mL of TSB and grown for 
12 days at a temperature of 30°C. The negative control consisted of 
only the culture medium. The microplate was incubated for 48 h at 
30°C. After this period, the culture was removed by inversion, the 
wells were washed three times with 200 μL of distilled water, and the 
plate was placed inverted on a paper towel for complete drainage. An 
aliquot of 200 μL methanol was added to each well to fix the biofilm. 
After 20 min, the methanol was removed, and the plate was left at 
room temperature until drying. Then, 200 μL of 0.5% crystal violet 
solution was added to each well, and after 15 min, the dye was 
removed by inversion. The plate was washed with running distilled 
water and placed at room temperature to dry. Finally, 200 μL of ethyl 
alcohol was added to each microplate well and rested for 30 min. The 
microplate was read in a UV/VIS spectrophotometer (FLUOstar 
Omega, BMG LABTECH, Germany) at 570 nm.

The classification criterion for determining the biofilm formation 
capacity was based on the following optical density values: as 
non-forming (Doa ≤ Docn), weakly forming (Docn ≤ Doa ≤ 2x 
Docn), moderately formative (2x Docn < Doa ≤ 4x Docn), or strong 
formative (4x Docn < Doa). Where: Doa = Optical density of the 
absorbance and Docn = Optical density of the negative control.

2.5 Exopolysaccharides production

The evaluation of exopolysaccharides (EPS) production by 
CNPMS-22 was carried out according to the methodology of Paulo 
et al. (2012). Briefely, the culture medium was composed of 50 g.l−1 
sucrose, 20 g.l−1 yeast extract, 20 g.l−1 MgSO4, 0.01 g.l−1 NaCl, 0.01 g.
l−1 FeSO4, 0.01 g.l−1 MnSO4, 0.02 g.l−1 of CaCl2 and 20 g.l−1 of K2HPO4, 
pH 7.5 (Guimarães et al., 1999). Filter paper discs (Whatman 42) with 
5 mm diameter were sterilized and applied to the culture medium. 
Then, 5 μL of the bacterial culture grown in TSB medium was 
standardized to 1 × 108 CFU.ml−1 and inoculated on the plates. The 
plates were incubated at 30°C for 24 h, and we  assessed EPS 
production based on the absence or presence of mucous colonies 
around the discs.

A translucent or creamy material surrounding the colonies 
indicates the potential EPS production. EPS production was 
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confirmed by scraping the culture using a platinum loop and mixing 
it with 2 mL of absolute ethanol. The formation of precipitate was 
considered a positive result, and the presence of turbidity was 
considered a negative result (Paulo et al., 2012).

2.6 Antifungal activity of CNPMS-22 
against Fusarium verticillioides in the 
greenhouse

Spores of a pure culture of F. verticillioides CML2778 were 
collected and transferred to a PDA medium. Erlenmeyer flasks of 1 L 
capacity containing 200 g of crushed maize grains and 20% humidity 
were autoclaved twice at 120°C for 30 min. After, discs of CML2778 
grown in PDA were inoculated in five Erlenmeyer (two discs per flask) 
and incubated at 25°C for 20 days in a Biochemical Oxygen 
Demand (BOD).

Before planting, 100 g of crushed grains containing the fungal 
inoculum were placed in a 5-liter pot containing red ravine soil (C 
horizon) and incorporated into the first 5 cm of the soil. The 
experiment was arranged in a completely randomized design, with six 
treatments and eight replicates in 48 plastic pots, each with a 5 L 
capacity and four plants per pot. The treatment consisted of 1- soil 
infected with CML2778 + seeds treated with CNPMS-22; 2- soil 
infected with CML2778 + seeds treated with Captan; 3- soil infected 
with CML2778 + untreated seeds; 4- uninfected soil + seeds treated 
with the fungicide Captan; 5- uninfected soil + seeds treated with 
CNPMS-22; 6- uninfected soil with untreated seeds (control). The 
experiment was irrigated daily, and the temperature in the greenhouse 
was 28°C. After 30 days, the plants were cut at the base (5 cm from the 
soil surface) for evaluation. The parameters evaluated were the 
number of living plants per pot (stand), the height of each plant (cm), 
measured from the ground to the tip of the last fully open leaf, and the 
dry mass of the aerial part of each plant (g). The aerial part the plants 
were weighed, placed in paper bags, dried in an oven at 60°C for 48 h, 
and weighed again. The data were subjected to analysis of variance 
(ANOVA) and the Tukey mean comparison test at 5% probability 
using the SISVAR 5.6 statistical program.

2.7 Field experiment

For the field experiments, seeds of maize variety BRS Caimbé, 
susceptible to F. verticillioides, were disinfested and inoculated with a 
mixture of suspensions of 1 × 108 CFU.ml−1 of CNPMS-22 and 1 × 106 
conidia.ml−1 of F. verticillioides CML2778, both at 0.8% NaCl (w/v). 
After a two-hour incubation in the CNPMS-22 and phytopathogen 
suspensions, the excess inoculum was removed, and the seeds were 
mixed with adhesive and dried in a laminar flow chamber. Control 
seeds were placed in suspensions containing only conidia of CML2778 
or 0.8% NaCl (w/w) saline solution. Additionally, the seeds were 
chemically treated with the fungicide Fludioxonil + Metalaxyl-M was 
added to the seeds at a concentration of 1,000 ppm.

The experiments were conducted at Embrapa Maize and Sorghum 
Research Center in Sete Lagoas, Minas Gerais, Brazil, during the 
2022/2023 harvest in typical dystrophic Red Oxisol soil. Planting 
fertilizations were carried out using 400 kg ha−1 of NPK 8–28-16 and 
top-dressing fertilizations using 200 kg ha−1 of urea at 23 and 34 days 

after planting. The experimental design was completely randomized 
with three replicates. The plots comprised four rows of 5 meters 
spaced 0.7 meters apart.

At the end of the cycle, approximately 180 days after planting, the 
ears were harvested from the entire usable area of the plots, and grain 
weight and moisture were used to calculate productivity. The data 
obtained were subjected to analysis of variance (ANOVA). The 
treatment means were compared using the Scott Knott test at 5% 
significance (p < 0.05).

2.8 Genome sequencing of CNPMS-22

Genomic DNA extraction of Bacillus velezensis CNPMS-22 was 
performed by the Wizard Genomic DNA Purification Kit (Promega, 
United  States) and quantified on the Qubit® 2.0 fluorometer 
(Life Technologies).

The library quality was checked in GelBot (Loccus) (Cotia, SP, 
Brazil), and the genome was sequenced using the Illumina 
NextSeq1000 platform Illumina with a P1-600 kit in a paired-end 
strategy by GoGenetic Company (Curitiba, PR, Brazil). The 
Trimmomatic v. Zero.39 software was used to check the quality of the 
sequences generated (Bolger et al., 2014). The genome was assembled 
using the raw reads by SPAdes v. 3.12.0 (Bankevich et al., 2012). The 
assembly quality was checked by Quast v.5.0.2 (Mikheenko et al., 
2018), and the completeness was evaluated using BUSCO 
(Benchmarking Universal Single-Copy Orthologs v.5.3.1) (Manni 
et al., 2021). The genome annotation was performed with the Prokka 
tool v.1.14.6 (Seemann, 2014), the NCBI Prokaryotic Genome 
Annotation Pipeline (PGAP) v6.6 (Tatusova et  al., 2016), and 
manual annotations.

The pre-assembled genomic sequences were annotated with 
PROKKA version 1.8 (Seemann, 2014) and RAST version 2.0 (Rapid 
Annotation using Subsystem Technology) software (Aziz et al., 2008). 
We  also manually analyzed by searching for identities between 
CNPMS-22 nucleotide sequences and DNA sequences of B. velezensis, 
B. amyloliquefaciens, and other bacterial species deposited in the 
GenBank. The assembled genome of CNPMS-22 was deposited in the 
GenBank database with the following accession number: 
JBHGBV000000000.1.

3 Results

3.1 In vitro antagonist test by dual culture 
in plate and inverted sealed plate

The strain CNPMS-22 exhibited antagonistic activity against the 
10 phytopathogenic fungi tested (Figure  1; Table  1). The DCP 
treatment led to a remarkable reduction in the mycelium growth of all 
10 fungi tested, with inhibition rates ranging from 54.50% 
(F. verticillioides CML2778) to 76.19% (Stenocarpella maydis 
EMS299). The VOCs produced by CNPMS-22 reduced the radial 
growth and biomass of all fungi tested, with inhibition rates ranging 
from 0% (Macrophomina phaseolina and S. maydis) to 97.60% 
(Aspergillus ochraceus) (Figure 1; Table 1). However, although the 
mycelium radial growth of M. phaseolina EMS297 and S. maydis 
EMS299 reached the edges of the plates (Table 1), the mycelial biomass 
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of both fungi was drastically reduced (Figure 2). The VOCs produced 
by CNPMS-22 also affected the color of the mycelium pigmentation 
of six of the 10 fungi tested, resulting in specific color changes 
(Table 1).

3.2 Antagonist effect of CNPMS-22 on 
Fusarium verticillioides morphology by 
scanning electron microscopy

Scanning electron microscopy (SEM) images showed significant 
morphological alterations in the hyphae of F. verticillioides CML2778 
(Figure 3). The fungus showed twisted, wrinkled, and ruptured hyphae 
(Figures 3B,C). The biofilm formation by CNPMS-22 was observed by 
the association between bacterial adhered to the fungus hyphae 
(Figure 3A). In the treatment of CNPMS-22 + fungus, all hyphae were 
wrinkled, and the frequency of broken hyphae was 56%. In the 
control, the frequency of wrinkled hyphae was 2%, and the frequency 
of broken hyphae was equal to zero.

3.3 Biofilm formation

The two methods used to demonstrate the biofilm formation by 
CNPMS-22 were effective (Figure 4). Figure 4A shows the results of 
the first method described by Latorre et al. (2016). The color intensity 

and size of the adherent crystal violet ring were scored from faint (−) 
to strong (++), as described by Fall et al. (2004). The second method 
based on the crystal violet staining method reported by O’Toole and 
Kolter (1998) to demonstrate the biofilm ability of a bacterial strain. 
In Figure 4A, the violet halo around the Eppendorf correspond to a 
stained biofilm. The results of the second method based on Stepanović 
et al. (2007), the biofilm formation by CNPMS-22 was classified as 
very strong (0.30 < Doa) with the value of 3.18 Doa, according to the 
criteria established by Stepanović et al. (2007).

3.4 Exopolysaccharides production

The production of extracellular polymeric substances (EPS) by 
CNPMS-22 was demonstrated by two tests: the formation of mucoid 
colony in a plate and precipitation of EPS in absolute ethanol 
(Figure 4B). The mucoid phenotype in a plate indicated the presence 
of a thick polysaccharide layer with a matte surface toward the center 
of the colony and a cream translucent to the edges (Figure 4A).

3.5 Greenhouse experiment

In the greenhouse, CNPMS-22 inhibits the disease symptoms of 
F. verticillioides in 100%, while the plant controls showed apparent 
disease symptoms (Figure 5; Table 2). The results showed that plants 

FIGURE 1

Antagonistic activity of CNPMS-22 against phytopathogenic fungi. (A,C) Confrontation by dual culture in plate assay (B,D) and organic volatile 
compounds (VOCs) activity by inverted plate assay.
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originating from seeds that did not receive treatment showed a 
reduction in stand height, plant height, and dry weight in the soil 
infested with F. verticillioides CML2778. In contrast, seed treatment 
with CNPMS-22 prevented the reduction of plant stand and dry 
weight in soil infested with CML2778. In addition, plants from 
seeds treated with CNPMS-22 showed increased plant height 
compared to soil without CML2778 infestation. In addition, seed 
treatment with chemical fungicide was insufficient to prevent the 
reduction in height and dry weight of plants in soil infested with 
phytopathogen. The results also showed that seeds treated with 
CNPMS-22 planted in soil infested with CML2778 promoted an 
increase in plant height by 32% compared with seeds treated with 
fungicide (19%), and in plant dry weight by 52%, compared with 
untreated seeds or treated with fungicide (39%). The experiment 
carried out in a greenhouse showed that plants originating from 
seeds without antifungal treatment, germinated in soil artificially 
infested with CML2778, presented significant mortality. In contrast, 
seed treatments with the fungicide Captan or CNPMS-22 efficiently 
controlled seedling death (Table 2). In non-infested soil and soil 
infested with CML2778, there was no statistical difference in the 
number of surviving plants at 30 days after planting (DAP) between 

the treatments with the fungicide Captan or CNPMS-22 (p < 0.5) 
(Table 2).

In non-infested soil without any treatment (fungicide or CNPMS-
22), all plants survived, while in the same soil that received seeds 
treated with fungicide or CNPMS-22, plant survival was 85 and 
96.75%, respectively. In contrast, in soil infested with CML2778, the 
plant survival was only 34.37%, while with the application of the 
fungicide or CNPMS-22, survival rates increased to 87.5% in both 
treatments (p > 0.5).

Plants generated from untreated seeds in infested soil have a 
statistically lower average height than plants in non-infested soil 
(control). Concerning seeds treated with the fungicide Captan, it 
was found that soil infestation negatively influenced the average 
height of the plants. In contrast, the treatment of seeds with 
CNPMS-22 positively affected the plants’ height when they were in 
soil infested, which is statistically different from the others 
(Table 2).

The analysis of the dry weight of the aerial part of the plants at 30 
DAP indicated that the soil infested with CML2778 negatively 
influenced the development of plants originating from untreated seeds 
or those treated with fungicide. In contrast, plants from the treatment 

TABLE 1 Antagonistic effect of CNPMS-22 on fungal morphology and growth by dual culture in plate and volatile organic compounds assays.

Dual culture in plate 
(DCP)

Inverted sealed plates (ISP)

(volatile organic compounds)

Genera/Species
Colony 
radius

ZI%* Mycelial 
growth (cm)

Inhibition (%)
Mycelial 
density

Hyphae color

Aspergillus niger F22 4.20 2.53 +++++ White

F22 + CNPMS22 1.70 59.05 0.16 93.68 − White

A. ochraceus EMS301 3.80 4.16 +++++ Beige

EMS301 + CNPMS22 1.10 69.74 0.10 97.60 − Beige

Fusarium graminearum 

EMS142
4.20 6.80 +++++ Orange

EMS142 + CNPMS22 1.60 60.71 2.80 58.82 + White

Colletotrichum graminicola 

EMS132
3.50 6.43 +++++ White/gray

EMS132 + CNPMS22 0.90 72.83 0.30 95.33 + White

F. paranaense CML4246 4.20 6.76 +++++ Yellow

CML4246 + CNPMS22 1.40 65.00 3.73 44.82 + Pink

F. phaseoli CML4255 3.50 3.66 +++++ Brown

CML4255 + CNPMS22 0.80 75.14 0.56 84.70 +++ White

F. verticillioides CML2778 4.00 6.16 +++++ Purple

CML2778 + CNPMS22 1.80 54.50 2.96 51.95 + White

Macrophomina phaseolina 

EMS297
4.20 8.00 +++++ gray

EMS297 + CNPMS22 1.60 60.24 8.00 0.00 + White

Penicillium sp. EMS300 3.40 4.00 +++++ White

EMS300 + CNPMS22 0.90 71.64 0.13 96.75 − White

Stenocarpella maydis EMS299 4.20
76.19

8.00 +++++ White

EMS299 + CNPMS22 1.00 8.00 0.00 + White

*Zone of Inhibition; mycelial density: +++++ = 100%; ++++ = <80%; +++ = <60%; ++ = < 40%; + = < 20%.

https://doi.org/10.3389/fmicb.2025.1522136
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Figueiredo et al. 10.3389/fmicb.2025.1522136

Frontiers in Microbiology 07 frontiersin.org

of seeds inoculated with CNPMS-22 did not show statistically 
significant differences compared to soil infested with the fungus and 
non-infested soil (Figure 5; Table 2).

3.6 Field experiment

In the field experiment, seeds inoculated with CNPMS-22 
efficiently prevented productivity losses due to F. verticillioides 
(Table 3). The treatments inoculated with CNPMS-22 and CML2778 
showed productivity of 8,340.93 kg ha−1, which was statistically equal 
to the treatment with the chemical fungicide Fludioxonil + 
Metalaxyl-M (8,219.25 kg ha−1) and significantly higher than the 
controls uninoculated or inoculated with the phytopathogen (7,447.31 
and 7,304.60 kg ha−1, respectively).

It is essential to highlight that the experiment was done only in 
one season and locally since our primary objective was to certify 
that the antagonist activity of CNPMS-22, observed in vitro, could 
be replicated in vivo in the greenhouse and field conditions. This 
result established the foundation for future experiments to 
transform this strain into a bio-input for tropical maize crops. 
Embrapa has partnerships with private companies that will assume 
the costs of future experiments and design and implement new field 
experiments in the Brazilian maize-producing areas, considering at 
least two harvest seasons. Only after that can the bio input 
be commercialized.

3.7 Genome sequencing

The genome sequencing of the strain CNPMS-22, previously 
identified as Bacillus subtilis, by the 16S rDNA sequencing (GenBank 
accession number MH358457), showed high Average Nucleotide 
Identity (ANI > 95%) with B. velezensis (98.772%) and 
B. amyloliquefaciens (98.769%), which represents a difference of only 
0.003% between the two genomes. Digital DNA–DNA hybridization 
and DNA blast at the GenBank dataset showed that CNPMS-22 
belongs to B. velezensis (100% identity). To confirm the taxonomic 
position of CNPMS-22, we used the fastANI program (Jain et al., 
2018). According to fastANI, the CNPMS-22 strain shares 98.77% 
nucleotide identity with B. velezensis. The digital DNA–DNA 
hybridization (dDDH) with the Type Strain Genome Server (TYGS) 
(Meier-Kolthoff and Göker, 2019) and the taxonomic index showed 
that CNPMS-22 is phylogenetically related to B. velezensis FZB42 
(former B. amyloliquefaciens subsp. plantarum FZB42) (96.4% 
identity) (NCBI Reference Sequence: NC_009725.2) (Fritze, 2004).

The CNPMS-22 genome was estimated at 4.08 Mbp size, with 
4,038 coding sequences for 3,813 proteins, 123 contigs, (>500 pb), 
3,096,991 reads, total of bases used 708,45 Mb, medium coverage of 
175,982, SSU lengths (1,073 bp-1,538 bp), 84 tRNAs, 14 rRNAs, five 
ncRNAs, one tmRNA, and 66.49% GC. The assembled genome of 
CNPMS-22 has been deposited in the GenBank database with the 
following accession number JBHGBV000000000.1, and the raw data 
was deposited in the National Library of Medicine under Sequence 

FIGURE 2

Side view of plates showing the antifungal effect of volatile organic compounds (VOCs) of CNPMS-22. The bacterium reduced the mycelial growth of 
three species of fungi that grew across the plate’s entire diameter during the experiment’s duration (10 days).
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Read Archive (SRA) SRR31156977, and the extended genomic 
annotations made by manual analysis are shown in Supplementary  
Table S1. The genome mining prediction of CNPMS-22 and manual 
sequence comparisons with nucleotides of bacterial species deposited 
in the GenBank identified three gene clusters controlling the synthesis 
of nonribosomal lipopeptides (iturin, surfactin, and fengycin), 
previously identified by UPLC-MS (Souza et al., 2018). Other gene 
clusters coding for ribosomal and nonribosomal compounds like 
proteases, hydrolytic enzymes, and metabolites directly involved in 
antimicrobial activity were also identified in the CNPMS-22 genome. 
In addition, genes involved in synthesizing VOCs, biofilm and 

siderophores, and ISR in plants were also identified in the CNPMS-22 
genome (Supplementary Table S1).

4 Discussion

4.1 DCP and ISP

This study evaluated the in vitro antagonist activity of Bacillus 
velezensis strain CNPMS-22 against 10 species of phytopathogenic 
fungi by dual culture in plate (DCP) and inverted sealed plate 

FIGURE 3

Scanning electron microscopy (SEM) images of CNPMS-22 antagonism against Fusarium verticillioides. (A–C) Control with an average growth; 
(D) CNPMS-22 showing the typical mesh of extracellular polymeric substances (EPSs) during biofilm formation; (E,J,L) CNPMS-22 adhered to wrinkled 
hyphae of F. verticillioides, and biofilm; (F,G,K) broken and wrinkled hyphae (yellow arrows). (H-J) CNPMS-22 biofilm (white arrows) associated to 
wrinkled hyphae of F. verticillioides.
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(ISP). We also tested the efficacy of the CNPMS-22 for controlling 
F. verticillioides in the greenhouse and field experiments. The 
experiments to evaluate the effect of secreted compounds and 
VOCs produced by CNPMS-22 showed a significant reduction of 
the mycelium growth and densities of all fungi tested. Our data 
endorsed previous studies using B. velezensis, which demonstrated 

the antifungal activity of different strains against various plant-
pathogenic fungi (Peypoux et al., 1981; Petrova et al., 2023; Diniz 
et al., 2024). CNPMS-22 also showed high antagonistic activity 
against Brazil’s five virulent isolates of F. verticillioides, 
Exserohilum turcicum, Acremonium strictum, Colletotrichum 
sublineolum, and Stenocarpella maydis (Diploidia maydis) isolated 

FIGURE 4

Test of biofilm formation in Eppendorf and EPS production by CNPMS-22. (A) Crystal violet ring adhered to the tube, indicating biofilm formation, and 
(B) mucoid colony and extracellular polymeric substances precipitated by absolute ethanol.

FIGURE 5

Effect of Bacillus velezensis CNPMS-22 and Fusarium verticillioides on maize plants growing in the greenhouse.
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from maize and sorghum cultivated in Brazil (Figueiredo et al., 
2010). The results of our study, evaluating the antifungal of 
CNPMS-22, showed similar inhibition rates with other studies, 
although the fungi species and experimental conditions 
were different.

The promising results from the DCP and ISP in this study 
underscore the potential of CNPMS-22 as a potent biological control 
agent against various pathogenic fungi of relevant crops. These results 
show that CNPMS-22 can produce a range of nonribosomal, 
ribosomal, and volatile organic compounds with antagonistic activity 
against different fungi.

The VOCs produced by CNPMS-22 also affected the color of the 
mycelium of six out of ten fungi (F. verticillioides, F. graminearum, 
F. paranaense, F. phaseoli, Colletotrichum graminicola, and 
Macrophomina phaseolina). Filamentous fungi, particularly 
ascomycetous, produce secondary metabolites containing a wide 
variety of pigments, including, e.g., carotenoids, riboflavin, melanins, 
polyketides, and azaphilones. These pigments determine the 
characteristic color of each fungus. In Fusarium species, the color of 
mycelium is due to pigment accumulation of the golden yellow 
polyketide aurofusarin, red rubrofusarin, and the carotenoid 
neurosporaxanthin, which possibly plays a significant role in the 
fungus’s yellow or orange color (Cambaza, 2018). Colletotrichum 
graminicola produces melanin synthesized by the pentaketide pathway 
(Ramachandra et al., 2023). It was observed that white mutants were 
less efficient than the wild type in their ability to cause plant lesions 
since melanized appressoria of C. graminicola is necessary for fungus 
penetration in the host plant (Rasmussen and Hanau, 1989). 
M. phaseolina produces melanin that diffuses through hyphae and 
sclerotia; pigmented M. phaseolina is more pathogenic than 
non-pigmented (Abdallah et al., 2017). These differences have been 
attributed to melanin, which reduces the susceptibility of melanized 
microbes to the host defense mechanism (Nosanchuk and Casadevall, 
2003). The white-colored hyphae of C. graminicola (Rasmussen and 
Hanau, 1989) and M. phaseolina (Abdallah et al., 2017; Nosanchuk 

and Casadevall, 2003) have been associated with a reduction in 
their virulence.

In our study, F. graminearum, C. graminicola, F. verticillioides, 
F. phaseoli, and M. phaseolina have mycelial color turned white, 
suggesting a possible reduction in their virulence. Isaac (1994) 
postulated that fungi pigments might have originated from defense 
demands to fulfill a protective role in preventing the hydrolysis of their 
mycelium by enzymes produced by other microbes. Thus, fungal 
pigments confer tolerance to biotic and abiotic stresses and may result 
from synthesizing physiologically active byproducts (Avalos and 
Limón, 2015). Thus, besides the effect of secreted metabolites, it seems 
that VOCs of CNPMS-22, turning specific fungi to white, may reduce 
the virulence of at least five pathogenic fungi, adding another attribute 
to its role in plant protection.

Volatile organic compounds (VOCs) are byproducts of microbial 
metabolism that play essential roles in intra- and inter-kingdom 
interactions. These compounds are long-distance messengers 
produced by microorganisms’ primary and secondary metabolites 
(Schulz-Bohm et al., 2017). VOCs are evaporable and can readily 
travel through the air over long distances (El Jaddaoui et al., 2023). 
Various studies have identified several VOCs with potent antifungal 
activity in B. velezensis. For example, Li et al. (2020) found 30 volatile 
compounds in the strain CT32 with broad-spectrum antifungal 
activity. These authors reported that, upon exposure to VOCs emitted 
by the strain CT32, the mycelial growth of Verticillium dahliae and 
Fusarium oxysporum was reduced by 66.94 and 45.72%, respectively. 
In another study, Calvo et al. (2020) evaluated the in vitro and in vivo 
activity of the volatilome of three strains of biocontrol B. velezensis 
(BUZ-14, I3, and I5) against Botrytis cinerea, Monilinia fructicola, 
M. laxa, Penicillium italicum, P. digitatum, and P. expansum. These 
authors observed that the growth in vitro of these pathogens was 
significantly inhibited, in particular, M. laxa, M. fructicola, and 
P. italicum (66, 72 and 80%, respectively) by BUZ-14 and B. cinerea 
(100%) by I3 and I5. In vivo tests also showed significant inhibitions 
since volatile metabolites of I3 reduced gray mold in grapes by 50%, 
and those of BUZ-14 decreased brown rot severity in apricots, 
especially by M. fructicola, from 60 to 4 mm (Calvo et  al., 2020). 
Bacillus velezensis CE 100 disrupted the cell membrane integrity of 
Colletotrichum gloeosporioides and reduced spore germination by 
36.4% and mycelial growth by 20.0% (Choub et  al., 2022). These 
authors also found that 5-nonylamine and 3-methylbutanoic acid 
suppressed the spore germination of C. gloeosporioides by 10.9 and 
30.4% and reduced mycelial growth by 14.0 and 22.6%, respectively. 
Ling et  al. (2022) identified 10 VOCs of B. velezensis L1 through 
headspace-gas chromatography-ion mobility spectrometry (GC-IMS) 
and pure chemical tests. They found that the in  vivo and in  vitro 
biocontrol effects of VOCs released by B. velezensis L1 on Alternaria 

TABLE 2 Greenhouse experiment to test the antifungal activity of CNPMS-22.

Seed 
treatment

Stand* Plant height (cm) Dry aerial weight (g)

Infested soil Uninfested soil Infested soil Uninfested soil Infested soil Uninfested soil

Untreated 2.62 Aa 4.00 Ab 65.14 Aa 85.28 Ab 2.48 Aa 3.59 ABb

Fungicide 3.5 Ba 3.37 Aa 72.21 Aa 95.42 Bb 2.71 ABa 4.55 Bb

CNPMS-22 3.12 ABa 4.00 Aa 86.25 Bb 77.91 Aa 3.77 Ba 3.33 Aa

*The average difference in the stand (survival of plants per pot), plant height (measured from the ground to the tip of the last fully open leaf), and dry aerial weight between the different maize 
seed treatments in infested soil (SI) and soil not infested (SNI) with Fusarium verticillioides. Means followed by the same letters did not differ significantly by the Tukey test (p < 0.05).

TABLE 3 Productivity of maize grains (kg ha−1) as a function of 
inoculation with CNPMS-22 and Fusarium verticillioides after 180 days of 
field cultivation.

Treatments Productivity (kg ha−1)

Control 7,447.31 b

Control + Fv 7,304.60 b

Fungicide + Fv 8,219.25 a

CNPMS-22 + Fv 8,340.93 a

Fv, Fusarium verticillioides; Control, Uninoculated seeds. Means followed by the same letter 
do not differ by the Scott–Knott test at 5% probability (n = 4).
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iridiaustralis were 92.86 and 90.30%, respectively, and spore 
germination and sporulation were 66.89 and 87.96%, respectively. 
These authors also demonstrated that 2,3-butanedione had the most 
potent antifungal effects, inhibiting the growth of A. iridiaustralis in 
wolfberry fruit (Ling et al., 2022). Finally, Tang et al. (2024) found that 
the VOCs 2-dodecanone and 2-undecanone exhibited inhibition rates 
of 81.67 and 80.08%, respectively, against mycelial growth of 
Sclerotium rolfsii LC1. The present study evidenced the potent activity 
of VOCs against the 10 fungi tested. Volatile organic compounds of 
CNPMS-22 showed an inhibitory effect above 90% on the growth of 
Aspergillus niger, A. ochraceus, Colletotricum graminicola, and 
Penicillium sp. Volatile organic compounds also significantly reduced 
the mycelial densities of Fusarium graminearum, Macrophomina 
phaseolina, and Stenocarpella maydis. This series of studies revealed 
VOCs’ high diversity and complexity and their strain-specificity.

Volatile organic compounds produced by CNPMS-22 were more 
effective than DCP in controlling the growth of fungi, as evidenced by 
a comparison between DCP and ISP. For example, VOCs showed an 
inhibition rate above 90% for Aspergillus niger, A. ochraceus, 
Colletotricum graminicola, Fusarium phaseoli, and Penicillium sp. 
against 59.05, 60.71, 72.83, 75.14, and 71.64% in the DCP assay, 
respectively.

4.2 Scanning electron microscopy

Scanning electron microscopy (SEM) analysis of the mixed 
culture consisting of CNPMS-22 and F. verticillioides CML2778 
revealed morphological damages in the fungus conidia, characterized 
by wrinkled hyphae with large depressions and loss of turgidity. The 
effective lysis of fungi’s cell walls is known to be  associated with 
apoptosis of fungal cells induced by lipopeptide, secreted proteases, 
hydrolytic enzymes, and VOCS (Qi et al., 2010; Wu et al., 2023; Tian 
et al., 2022; Sun et al., 2024). Also, CNPMS-22 bacterium and biofilm 
adhered to hyphae of CML2778 were frequent. Thus, the 
morphological alterations in CML2778, evidenced by SEM, might 
be attributed to an additive effect of biofilm and a set of antifungal 
compounds produced by CNPMS-22.

4.3 Genome sequencing

The genome of CNPMS-22 showed high identity with the type 
strains of B. velezensis and B. amyloliquefaciens, confirming the high 
identity between both species. Together with B. siamensis, these 
species form the operational group of B. amyloliquefaciens of close-
related species (Fan et al., 2017). In addition, these species belong to 
the B. subtilis complex, further complicating genomic analysis and 
making it challenging to curate databases.

The antifungal activity of B. velezensis has been frequently 
associated with three families of well-known cyclic lipopeptides (LPs), 
such as surfactin, fengycin, and iturin A (bacillomycin-D), encoded 
by three clusters of nonribosomal peptide (NRPs) genes (Koumoutsi 
et al., 2004; Meena et al., 2018; Yin et al., 2024). In a previous study, 
performing the UPLC-MS analysis, we found the presence of the three 
lipopeptides surfactin, fengycin, and iturin in culture supernatants of 
CNPMS-22 (Souza et al., 2018). In this study, we used the genomic 
data to perform manual searches and confirm the existence of the 
three clusters encoding surfactin, fengycin, and iturin in the 

CNPMS-22 genome. Genome analysis and mining also revealed that 
CNPMS-22 harbors other gene clusters encoding the biosynthesis of 
secondary metabolites of two main groups: non-ribosomal cyclic 
lipopeptides (NRPs) (bacillibactin and bacillomycin D) and 
polyketides (PK) (macrolactin, bacillaene difficidin, oxidifficidin, 
bacillaene, and macrolactin). The strain CNPMS-22 also shows 
ribosomally synthesized and post-translationally modified peptides 
(RiPPs) comprising bioactive peptides, enzymes, and volatile organic 
compounds (Supplementary Table S1).

We adopt a manual procedure to complement the computational 
analysis because the nomenclature of genes of B. velezensis using 
PROKKA sometimes generates conflicting results, making identifying 
targeted clusters difficult. For example, the search for iturin in many 
genomes of B. velezensis deposited in the GenBank fails because it is 
annotated simply as nonribosomal peptide synthetases, and one of 
them, among various, corresponds to iturin. In this scenario, the 
amino acid sequence of a target gene allows the correct identification 
of the gene of interest. Another complicating factor for using 
computational information to identify genes in a newly sequenced 
genome resides in synonyms for various genes and proteins, making 
accurate identification of genes difficult. In these cases, the amino acid 
sequence and protein domains are the best choice to determine the 
presence of a gene in the target genome, even with some differences.

The search for genes controlling the synthesis of volatile organic 
molecules and their precursors in the CNPMS-22 genome revealed 12 
genes. However, most VOCs are byproducts of metabolic processes 
and can be  determined only by gas chromatography–mass 
spectrometry (SPME-GC/MS) (Choub et al., 2022; Ling et al., 2022; 
Wu et al., 2023). In our study, VOCs of CNPMS-22 inhibited the 
mycelial growth of five fungi above 90%.

Various studies also reported the role of antibiotics, proteases and 
hydrolytic enzymes, biofilm, quorum sensing, and quorum quenching 
enzymes, among other factors, in the antifungal activity of B. velezensis 
(Xu et al., 2016; Borriss et al., 2019; Diniz et al., 2023; Liu et al., 2024). 
Also, a myriad of other compounds with antifungal activity have been 
identified in B. velezensis, like acetoin (3-hydroxybutanone) (Xiao and 
Lu, 2014; Zheng et al., 2023) and alcohols, benzenes, alkyls, ketones, 
aldehyde, alkene, ether and terpenes terpenes (Dhouib et al., 2019). 
These molecules and their derivatives have been extensively studied 
as potential alternatives to chemical fungicides in the cosmetics, food, 
and pharmaceutical industries (Ge et al., 2016; Kim et al., 2016; Han 
et al., 2021; Maina et al., 2022; Zheng et al., 2023). Modular polyketide 
synthase involved in the biosynthetic pathways of polycyclic aromatic 
products like macrolactins, bacillaenes, difficidin, bacilysin, and the 
siderophore bacillibactin were identified in various strains of 
B. velezensis (Koumoutsi et al., 2004; Das and Khosla, 2009; Rabbee 
and Baek, 2020; Wang et  al., 2022; Liu et  al., 2024; Rivers and 
Lowell, 2024).

Using manual analysis and bioinformatic, we found other genes 
with antifungal activity in the CNPMS-22 genome, such as 
extracellular lytic enzymes, chitinase, cellulase, β-1,3-1,4-glucanase, 
phosphodiesterases, extracellular proteases (dihydrolipoamide 
dehydrogenase, oxalate decarboxylase), subtilisin and serine proteases, 
as previously reported (Xu et al., 2016; Choub et al., 2021; Ning et al., 
2021). These results reinforce the potential arsenal of CNPMS-22 and 
reveal that the antifungal activity of B. velezensis comprises various 
mechanisms controlled by many genes, forming a complex 
independent network with lipopeptides, secreted enzymes, VOCs, 
biofilm, siderophores, and ISR genes. However, the in silico genomic 
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analysis, per se, showing the presence of several putative genes related 
to the antifungal activity observed in CNPMS-22 does not guarantee 
that they are active in vivo. Thus, expression analysis experiments 
using gene knockout, reverse transcription polymerase chain reaction 
(RT-PCR), quantitative polymerase chain reaction (qPCR), 
metabolomics, transcriptome, or proteomic are necessary for precisely 
identifying and quantifying the individual contribution of each of 
these genes to the antifungal activity of CNPMS-22. In addition, 
comparative studies of the CNPMS-22 genome with other well-
characterized B. velezensis, such as the type strain FZB42 which differ 
of CNPMS-22 by 0.003%, may help elucidate the molecular aspects of 
CNPMS-22 phenotype.

4.4 Greenhouse and field experiments

The greenhouse experiment demonstrated the role of 
CNPMS-22 in protecting plants against F. verticillioides and other 
fungal diseases. In soil infested with the fungus, the detrimental effects 
of the fungus were evident, with plant survival of 34.37%. Conversely, 
seed treatments with fungicide or CNPMS-22 augmented the survival 
rates of plants to 87.5% and significantly improved the plants’ health. 
This result underscored the protective effects of CNPMS-22 and 
fungicide treatments on plants. The fungal disease symptoms in plants 
inoculated with CML2778 ranged from lesser to severe chlorosis, 
while CNPMS-22 significantly diminished the disease incidence, with 
an average reduction of 75% (p > 0.5).

In the field experiment, the plants from seeds treated with 
CNPMS-22 did not show symptoms of fusariosis disease. Concerning 
the field experiment, it is essential to highlight that it was done only 
in one season and locally since our primary objective was to certify 
that the antagonist activity of CNPMS-22, observed in vitro, could 
be replicated in vivo in the greenhouse and field conditions. This result 
established the foundation for future experiments to transform this 
strain into a bio-input for tropical maize crops. The Embrapa 
partnerships with private companies stated that, from that point, they 
assume the costs and design and implement new field experiments in 
the Brazilian maize-producing areas. Only after that can the bio input 
be commercialized.

In Brazil’s producing areas, the high incidence of diseases 
significantly reduces crop productivity. The increase in Brazilian 
productivity in recent years occurred due to the intensive use of 
agricultural inputs. In particular, the high indiscriminate use of 
fungicides has generated contamination problems for farmers and the 
environment. The incidence of stalk rot caused by F. verticillioides 
reaches over 70%, which causes productivity losses of up to 50% in 
susceptible cultivars under environmental conditions favorable to the 
pathogen’s development. This pathogen can cause disease symptoms 
at all stages of a plant’s development, causing seed losses, seedling 
death, stalk and ear rot, and damage to stored grains (Samsudin and 
Magan, 2016; Diniz et al., 2022b).

In developing countries, the high cost of chemical fungicides and 
their low effectiveness often reduce productivity and make agricultural 
activities more expensive and less profitable. In this study, CNPMS-22 
inoculated in seeds, protected maize plants, equivalent to fungicide. 
Thus, the cost-effectiveness of CNPMS-22 may represent a promising 
solution for the high cost of fungicides, improving productivity and 
reducing expenses in these regions.

Fungal diseases often lead to reduced productivity and increased 
agricultural expenses. In these scenarios, the cost-effectiveness of 
CNPMS-22 and its high efficiency as an antifungal agent offer a 
promising contribution to minimizing the damages of fungal diseases 
and increasing productivity. In this complex scenario, a cost–benefit 
analysis must be carefully evaluated before introducing an inoculant 
with a foreign species into the microbiome.

In our study, the visual disease symptoms in plants grown in the 
greenhouse and field were an easy diagnostic tool for evaluating the 
CNPMS-22 antagonist activity against F. verticillioides since the 
contrast between plants from seeds inoculated with CNPMS-22 and 
CML2778 was evident. In the greenhouse experiment, the fungal 
disease symptoms were first observed 45–50 days after planting and 
ranged from a lesser to severe chlorosis. The experiments in the 
greenhouse and in field demonstrated the role of CNPMS-22  in 
protecting plants against F. verticillioides and other fungal diseases. In 
addition, in the field experiment, CNPMS-22 presented an activity 
similar to that of a chemical fungicide to protect plants against 
fungal diseases.

Fusarium verticillioides also produces fumonisins that can cause 
various health problems for humans and animals (Silva et al., 2009; 
Blacutt et al., 2018). Fusarium verticillioides can infect maize through 
the seeds, plant wounds, or stigma (Munkvold et al., 1997; Diniz et al., 
2022a,b). The fungus impairs seed germination; root infection may 
cause plant death or drastically affect maize growth and yield 
(Munkvold et al., 1997; Diniz et al., 2022a). Alternative fungal control 
methods have been developed to minimize the risks of mycotoxins 
and residues of substances used to control fungi in grains and 
derivatives used in food.

Contamination of grains by fungi occurs mainly pre-harvest, 
causing ear rot (field fungi), or post-harvest (Penicillium and 
Aspergillus), generating moldy grains and mycotoxin accumulation 
during storage and processing under inadequate conditions (Lanza 
et al., 2014; García-Díaz et al., 2020; Yu and Pedroso, 2023). In Brazil, 
the principal genera of fungi in the field are Fusarium, Cephalosporium, 
Gibberella, Nigrospora, Helminthosporium, Alternaria, and 
Cladosporium. These fungi generally do not develop during storage, 
except in grains with high moisture content (Mannaa and Kim, 2017; 
Prestes et al., 2019).

Biological control of fungi using Bacillus sp. presents a series of 
advantages to chemical control, as it does not contaminate or cause 
environmental imbalance, does not leave residues in grains used as 
food, and is a cheap and easy-to-apply alternative (Jan et al., 2023; Lee 
et al., 2023; Karačić et al., 2024).

In addition, treating seeds with CNPMS-22 improved the 
germination and health of maize seedlings. Fungi species from 
Fusarium, Aspergillus, Penicillium, and Claviceps (not tested) produce 
toxins that can cause disease and death in humans and other animals. 
Mycotoxins can be present in stored grains and food as contaminants. 
Thus, seed inoculation with CNPMS-22 can protect stored grains, 
maintain their quality, and prevent grain contamination 
by mycotoxins.

The bacterial biofilm of plant growth-promoting rhizobacteria 
attached to the roots induces plant growth and exerts biocontrol 
activity, protecting plants from soil-borne pathogens (Bhattacharyya 
et al., 2023; Li et al., 2024; Rafique et al., 2024). Biofilm adhered to 
roots form a shield that excludes other organisms from the same niche 
and constitutes the initial stage of bacterial activity against pathogens 
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(Haggag and Timmusk, 2008; Abd El Daim et al., 2015; Nucci et al., 
2023). Thus, the plant-bacteria association through root colonization 
and biofilm formation is crucial for protecting plants from harmful 
fungi and competitors.

In nature, the involvement of biofilm in bacterial antagonism is 
strongly related to niche exclusion; biofilm-associated with plant roots 
is responsible for biocontrol since it occupies the pathogen 
colonization sites (Haggag and Timmusk, 2008; Schluter et al., 2015). 
The dense biofilm matrix limits the diffusion of compounds secreted 
by bacteria, which are therefore concentrated at the pathogen infection 
sites (Haggag and Timmusk, 2008; Abd El Daim et al., 2015). This 
environment is critical for accumulating antifungal lipopeptides and 
VOC compounds, improving the biocontrol activity of antagonistic 
bacteria. In our work, the strain CNPMS-22’s high ability to form 
biofilm and produce EPS was demonstrated in vitro by the Eppendorf 
assay, biofilm quantification in microtiter plates, EPS precipitation, 
and scanning electron microscopy. Bacteria attach to the root surface 
using various cell surface components, such as outer membrane 
proteins, wall polysaccharides (capsules), lipopolysaccharides, cell 
surface agglutinin, and exopolysaccharides. In addition, biofilm 
matrix components from B. velezensis are essential for trophic 
interactions in the microbial community and play a central role in 
driving its assembly and function (Sun et  al., 2022). Our study 
identified various genes involved in plant colonization and biofilm 
formation in the CNPMS-22 genome.

CNPMS-22 suppresses fungal pathogens probably by secreting an 
array of lipopeptides, secondary metabolites, and hydrolytic enzymes 
in its surrounding environment. In addition, VOCs, biofilm formation, 
and the exclusion of competitors through colonization of plant roots 
must be involved in its antifungal activity. Finally, the induction of 
systemic resistance in plants (ISR) by VOCs, biofilm adhered to roots, 
colony forming, and regulation of the cellular transport of water and 
solutes contribute to plant growth and defense against pathogens 
(Tian et al., 2022; Kamalanathan et al., 2023; Sun et al., 2024). Thus, 
the ISR in plants is also an essential part of the biological control 
activity exerted by B. velezensis. Altogether, these complex bacterial 
networks allied to quorum sensing and quorum quench molecules 
protect plants from pathogenic microbes and modulate plant defense 
and growth.

The positive effect of CNPMS-22 on maize plants by inhibiting the 
development of fungal disease symptoms and promoting plant growth 
could be observed in the greenhouse and field experiments. In the 
greenhouse, CNPMS-22 inhibited growth and prevented the 
development of disease symptoms in soil infested with F. verticillioides 
while promoting an increase in plant height and dry matter. 
CNPMS-22 also prevented the development of fungal diseases in the 
field and increased the maize yield. These attributes of CNPMS-22 
may contribute to improving crop production and indicate that this 
strain can become a player in integrated disease management 
strategies. However, several studies have warned about the risks of 
non-target effects of deliberately released organisms in a new 
environment due to their potential impact on native microbial 
communities and ecosystem functioning. Mawarda et al., 2020, state 
that the non-target effects of deliberately released organisms into a 
new environment are of great concern due to their potential impact 
on biodiversity, soil, and ecosystem functioning. However, B. velezensis 
is recurrently isolated from rhizosphere soil, phloem, leaves, and 
stigma from healthy maize and soybean plants cultivated in all 
Brazilian territories with diverse climates and ecosystems. In addition, 

various Bacillus species have been widely used in agriculture due to 
their diverse biological activities. Commercial formulations using 
B. velezensis are available on the biopesticide market (Fan et al., 2018; 
Shen et al., 2023; Zhong et al., 2024). The results demonstrating that 
B. velezensis CNPMS-22 has broad-spectrum antifungal and plant 
growth-promoting traits indicate that this bacterium could be  a 
promising candidate for development into a commercialized product 
for sustainable agriculture.

5 Conclusion

The present study, in vitro, in the greenhouse and the field, showed 
relevant results concerning the antifungal activity of the strain 
CNPMS-22 and its plant growth promoter ability. The genome 
sequencing revealed that CNPMS-22 belongs to B. velezensis. 
CNPMS-22 displays three clusters of nonribosomal lipopeptides, 
genes for secondary metabolites, and hydrolytic enzymes with 
antifungal activity. The strain CNPMS-22 has excellent potential for 
developing inoculants to protect plants against pathogenic fungi and 
promote plant growth and yield. CNPMS-22 may suppress fungal 
pathogens by secreting an array of lipopeptides, secondary 
metabolites, and hydrolytic enzymes in its surrounding environment. 
CNPMS-22 may also reduce cost production by replacing total or 
partially the use of fungicides in agriculture and contribute to 
sustainable development and environmental preservation.

Data availability statement

The datasets presented in this study can be found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be found at: https://www.ncbi.nlm.nih.gov/
nuccore/?term=CNPMS-22JBHGBV000000000.1.

Ethics statement

A comprehensive sequence of analyses and approvals, overseen by 
a network of Brazilian regulatory agencies, including the National 
Health Surveillance Agency (ANVISA), the Brazilian Institute of the 
Environment and Renewable Natural Resources (IBAMA), the 
Ministry of Agriculture, Livestock and Food Supply (MAPA), National 
Biosafety Committee, and the Embrapa Internal Safety Standards, is 
mandatory for the development of Embrapa’s technologies using 
microorganisms. This rigorous process ensures that the safety and 
efficacy of the product are thoroughly evaluated before field 
experiments can be conducted.

Author contributions

JF: Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Supervision, Validation, Visualization, 
Writing  – original draft, Writing  – review & editing. GD: 
Conceptualization, Investigation, Methodology, Validation, 
Writing  – review & editing, Writing  – original draft. MM: 
Investigation, Methodology, Validation, Writing  – original draft, 
Writing – review & editing. FS: Conceptualization, Investigation, 

https://doi.org/10.3389/fmicb.2025.1522136
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/nuccore/?term=CNPMS-22JBHGBV000000000.1
https://www.ncbi.nlm.nih.gov/nuccore/?term=CNPMS-22JBHGBV000000000.1


Figueiredo et al. 10.3389/fmicb.2025.1522136

Frontiers in Microbiology 14 frontiersin.org

Methodology, Writing – original draft, Writing – review & editing. 
VR: Formal analysis, Investigation, Methodology, Validation, 
Writing  – original draft, Writing  – review & editing. FL: 
Conceptualization, Investigation, Methodology, Validation, 
Writing – review & editing, Writing – original draft. CO-P: Formal 
analysis, Methodology, Project administration, Writing – review & 
editing, Writing  – original draft. VC-M: Data curation, Formal 
analysis, Methodology, Validation, Writing – original draft, Writing – 
review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. Embrapa 
Maize and Sorghum Research Center and Conselho Nacional de 
Desenvolvimento Científico e Tecnológico, CNPq supported 
this work.

Acknowledgments

The authors are grateful to Empresa Brasileira de Pesquisa 
Agropecuária (Embrapa) for funding, the Federal University of Lavras 
(UFLA) for electron microscopy and ultrastructural analysis, and the 
Federal University of São João del Rei (UFSJ) for the research.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Gen AI was used in the creation of 
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1522136/
full#supplementary-material

References
Abbott, W. S. (1925). A Method of computing the effectiveness of an insecticide. J. 

Econ. Entomol. 18, 265–267. doi: 10.1093/jee/18.2.265a

Abd El Daim, I. A., Häggblom, P., Karlsson, M., Stenström, E., and Timmusk, S. 
(2015). Paenibacillus polymyxa A26 sfp-type PPTase inactivation limits bacterial 
antagonism against Fusarium graminearum but not of F. culmorum in kernel assay. 
Front. Plant Sci. 6:368. doi: 10.3389/fpls.2015.00368

Abdallah, A. M., Ali, M. M. H., Hassanin, M. M. H., Halawa, A. E. A., and 
Nada, M. G. A. (2017). Relationship between morphological and physiological 
characters of the pigmented fungi, Macrophomina phaseolina and Rhizoctonia solani 
and their virulence. J. Biol. Chem. Environ. Sci. 46, 699–711. doi: 
10.1080/07060661.2024.2387707

Alenezi, F. N., Slama, H. B., Bouket, A. C., and Cherif-Silini, H. (2021). Bacillus 
velezensis: a treasure house of bioactive compounds of medicinal, biocontrol and 
environmental importance. Forests 12:1714. doi: 10.3390/f12121714

Avalos, J., and Limón, C. M. (2015). Biological roles of fungal carotenoids. Curr. Genet. 
61, 309–324. doi: 10.1007/s00294-014-0454-x

Aziz, R. K., Bartels, D., Best, A. A., DeJongh, M., Disz, T., et al. (2008). The RAST 
Server: rapid annotations using subsystems technology. BMC Genomics 9:75. doi: 
10.1186/1471-2164-9-75

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, A. S., et al. 
(2012). SPAdes: A new genome assembly algorithm and its applications to single-cell 
sequencing. J. Comput. Biol. 19, 455–477. doi: 10.1089/cmb.2012.0021

Beever, R. E., and Bollard, E. G. (1970). The nature of the stimulation of fungal growth 
by potato extract free. Microbilogy 60, 273–279. doi: 10.1099/00221287-60-2- 
273

Bhattacharyya, A., Mavrodi, O., Bhowmik, N., Weller, D., Thomashow, L., and 
Mavrodi, D. (2023). Bacterial biofilms as an essential component of rhizosphere plant-
microbe interactions. Methods Microbiol. 53, 3–48. doi: 10.1016/bs.mim.2023.05.006

Blacutt, A. A., Gold, S. E., Voss, K. A., Gao, M., and Glenn, A. E. (2018). Fusarium 
verticillioides: advancements in understanding the toxicity, virulence, and niche 
adaptations of a model mycotoxigenic pathogen of maize. Phytopathology 108, 312–326. 
doi: 10.1094/PHYTO-06-17-0203-RVW

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for 
Illumina sequence data. Bioinformatics 30, 2114–2120. doi: 10.1093/ 
bioinformatics/btu170

Borriss, R., Wu, H., and Gao, X. (2019) Secondary metabolites of the plant growth 
promoting model rhizobacterium Bacillus velezensis FZB42 are involved in direct 
suppression of plant pathogens and in stimulation of plant-induced systemic resistance. 
In H. B. Singh, C. Keswani, M. S. Reddy and E. Sansinenea, García-Estrada, C. (eds.). 
Secondary metabolites of plant growth promoting rhizomicroorganisms. 1st ed 147–168. 
Springer, Singapore.

Calvo, H., Mendiara, I., Arias, E., Gracia, A. P., Blanco, D., and Venturini, M. E. (2020). 
Antifungal activity of the volatile organic compounds produced by Bacillus velezensis 
strains against postharvest fungal pathogens. Postharvest Biol. Technol. 166:111208. doi: 
10.1016/j.postharvbio.2020.111208

Cambaza, E. (2018). Comprehensive description of Fusarium graminearum pigments 
and related compounds. Food Secur. 7:165. doi: 10.3390/foods7100165

Choub, V., Ajuna, H. B., Won, S. J., Moon, J. H., Choi, S. I., Maung, C. E. H., et al. 
(2021). Antifungal activity of Bacillus velezensis CE 100 against anthracnose disease 
(Colletotrichum gloeosporioides) and growth promotion of Walnut (Juglans regia L.) 
trees. Int. J. Mol. Sci. 22:10438. doi: 10.3390/ijms221910438

Choub, V., Won, S. J., Ajuna, H. B., Moon, J. H., Choi, S. I., Lim, H. I., et al. (2022). 
Antifungal activity of volatile organic compounds from Bacillus velezensis CE 100 against 
Colletotrichum gloeosporioides. Horticulturae 8:557. doi: 10.3390/horticulturae8060557

Das, A., and Khosla, C. (2009). Biosynthesis of aromatic polyketides in bacteria. Acc. 
Chem. Res. 42, 631–639. doi: 10.1021/ar8002249

Dhouib, H., Zouaria, I., Abdallaha, D. B., Belbahri, L., Taktaka, W., Triki, M. A., et al. 
(2019). Potential of a novel endophytic Bacillus velezensis in tomato growth promotion 
and protection against Verticillium wilt disease. Biol. Control 139:104092. doi: 
10.1016/j.biocontrol.2019.104092

Diniz, G. F. D., Cota, L. V., Figueiredo, J. E. F., Aguiar, F. M., Silva, D. D., Lana, U. G. 
P., et al. (2022a). Antifungal activity of bacterial strains from maize silks against 
Fusarium verticillioides. Arch. Microbiol. 204:89. doi: 10.1007/s00203-021-02726-4

Diniz, G. F. D., Cota, L. V., Figueiredo, J. E. F., Lana, U. G. P., Marins, M. S., Silva, F. C., 
et al. (2023). Isolation and identification of broad-spectrum antagonist bacteria against 
pathogenic fungi of maize crop. Braz. J. Maize Sorghum 22:e1342. doi: 10.18512/ 
rbms2023v22e1342

Diniz, G. F. D., Figueiredo, J. E. F., Canuto, K. M., Cota, L. V., Souza, A. S., 
Simeone, M. L. F., et al. (2024). Chemical and genetic characterization of lipopeptides 
from Bacillus velezensis and Paenibacillus ottowii with activity against Fusarium 
verticillioides. Front. Microbiol. 15:2024. doi: 10.3389/fmicb.2024.1443327

https://doi.org/10.3389/fmicb.2025.1522136
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1522136/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1522136/full#supplementary-material
https://doi.org/10.1093/jee/18.2.265a
https://doi.org/10.3389/fpls.2015.00368
https://doi.org/10.1080/07060661.2024.2387707
https://doi.org/10.3390/f12121714
https://doi.org/10.1007/s00294-014-0454-x
https://doi.org/10.1186/1471-2164-9-75
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1099/00221287-60-2-273
https://doi.org/10.1099/00221287-60-2-273
https://doi.org/10.1016/bs.mim.2023.05.006
https://doi.org/10.1094/PHYTO-06-17-0203-RVW
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1016/j.postharvbio.2020.111208
https://doi.org/10.3390/foods7100165
https://doi.org/10.3390/ijms221910438
https://doi.org/10.3390/horticulturae8060557
https://doi.org/10.1021/ar8002249
https://doi.org/10.1016/j.biocontrol.2019.104092
https://doi.org/10.1007/s00203-021-02726-4
https://doi.org/10.18512/rbms2023v22e1342
https://doi.org/10.18512/rbms2023v22e1342
https://doi.org/10.3389/fmicb.2024.1443327


Figueiredo et al. 10.3389/fmicb.2025.1522136

Frontiers in Microbiology 15 frontiersin.org

Diniz, G. F. D., Figueiredo, J. E. F., de Paula Lana, U. G., Marins, M. S., da Silva, D. D., 
Cota, L. V., et al. (2022b). Microorganisms from corn stigma with biocontrol potential 
of Fusarium verticillioides. Braz. J. Biol. 82:e262567. doi: 10.1590/1519-6984.262567

El Jaddaoui, I., Rangel, D. E. N., and Bennett, J. W. (2023). Fungal volatiles have 
physiological properties. Fungal Biol. 127, 1231–1240. doi: 10.1016/j.funbio. 
2023.03.005

Fall, R., Kinsinger, R. F., and Wheeler, K. A. (2004). A simple method to isolate 
biofilm-forming Bacillus subtilis and related species from plant roots. Syst. Appl. 
Microbiol. 27, 372–379. doi: 10.1078/0723-2020-00267

Fan, B., Blom, J., Klenk, H. P., and Borriss, R. (2017). Bacillus amyloliquefaciens, 
Bacillus velezensis, and Bacillus siamensis form an "Operational Group B. 
amyloliquefaciens" within the B. subtilis species complex. Front. Microbiol. 8:22. doi: 
10.3389/fmicb.2017.00022

Fan, B., Wang, C., Song, X., Ding, X., Wu, L., Wu, H., et al. (2018). Bacillus velezensis 
FZB42  in 2018: The gram-positive model strain for plant growth promotion and 
biocontrol. Front. Microbiol. 9:2491. doi: 10.3389/fmicb.2018.02491

Figueiredo, J. E. F., Teixeira, M. A., Bressan, W., Pinto, N. F. J., and Casela, C. R. (2010). 
Avaliação da atividade antagonista da bactéria endofítica cnpms-22 sobre fungos 
fitopatogênicos in vitro. Comunicado Técnico 186. Embrapa Milho e Sorgo Available 
online at: https://www.infoteca.cnptia.embrapa.br/infoteca/bitstream/doc/881726/1/
ct186.pdf (Accessed October 3, 2024).

Fritze, D. (2004). Taxonomy of the genus Bacillus and related genera: the aerobic 
endospore-forming bacteria. Phytopathology 94, 1245–1248. doi: 10.1094/PHYTO. 
2004.94.11.1245

Gao, Z., Zhang, B., Liu, H., Han, J., and Zhang, Y. (2017). Identification of endophytic 
Bacillus velezensis ZSY-1 strain and antifungal activity of its volatile compounds against 
Alternaria solani and Botrytis cinerea. Biol. Control 105, 27–39. doi: 10.1016/j. 
biocontrol.2016.11.007

García-Díaz, M., Gil-Serna, J., Vázquez, C., Botia, M. N., and Patiño, B. (2020). A 
comprehensive study on the occurrence of mycotoxins and their producing fungi 
during the maize production cycle in Spain. Microorganisms 8:141. doi: 10.3390/ 
microorganisms8010141

Ge, Y., Li, K., Li, L., Gao, C., Zhang, L., Ma, C., et al. (2016). Contracted but effective: 
production of enantiopure 2, 3-butanediol by thermophilic and GRAS Bacillus 
licheniformis. Green Chem. 18, 4693–4703. doi: 10.1039/C6GC01023G

Guimarães, D. P., Costa, F. A. A., Rodrigues, M. I., and Maugeri, F. (1999). 
Optimization of dextran synthesis and acidic hydrolisis by surface response analysis. 
Braz. J. Chem. Eng. 16, 129–139. doi: 10.1590/S0104-66321999000200004

Haggag, W. M., and Timmusk, S. (2008). Colonization of peanut roots by biofilm-
forming Paenibacillus polymyxa initiates biocontrol against crown rot disease. J. Appl. 
Microbiol. 104, 961–969. doi: 10.1111/j.1365-2672.2007.03611.x

Hammad, M., Ali, H., Hassan, N., Tawab, A., Salman, M., Jawad, I., et al. (2023). Food 
safety and biological control; genomic insights and antimicrobial potential of Bacillus 
velezensis FB2 against agricultural fungal pathogens. PLoS One 18:e0291975. doi: 
10.1371/journal.pone.0291975

Han, X., Shen, D., Xiong, Q., Bao, B., Zhang, W., Dai, T., et al. (2021). The plant-
beneficial rhizobacterium Bacillus velezensis FZB42 controls the soybean pathogen 
phytophthora sojae due to bacilysin production. Appl. Environ. Microbiol. 87:e0160121. 
doi: 10.1128/AEM.01601-21

Hu, Y., You, J., Wang, Y., Long, Y., Wang, S., Pan, F., et al. (2022). Biocontrol efficacy 
of Bacillus velezensis strain YS-AT-DS1 against the root-knot nematode Meloidogyne 
incognita in tomato plants. Front. Microbiol. 13:1035748. doi: 10.3389/fmicb. 
2022.1035748

Isaac, S. (1994). Many fungi are brightly colored; Does pigmentation provide any 
advantage to those species? Mycologist 8, 178–179. doi: 10.1016/S0269-915X(09)80191-2

Jain, C., Rodriguez-R, L. M., Phillippy, A. M., Konstantinidis, K. T., and Aluru, S. 
(2018). Highthroughput ANI analysis of 90K prokaryotic genomes reveals clear species 
boundaries. Nat. Commun. 9:5114. doi: 10.1038/s41467-018-07641-9

Jan, F., Arshad, H., Mehreen, M., Jamal, A., and Smith, D. L. (2023). In vitro 
assessment of Bacillus subtilis FJ3 affirms its biocontrol and plant growth promoting 
potential. Front. Plant Sci. 14:2023. doi: 10.3389/fpls.2023.1205894

Jang, S., Choi, S. K., Zhang, H., Zhang, S., Ryu, C. M., and Kloepper, J. W. (2023). 
History of a model plant growth-promoting rhizobacterium, Bacillus velezensis GB03: 
from isolation to commercialization. Front. Plant Sci. 14:1279896. doi: 10.3389/fpls. 
2023.1279896

Kamalanathan, V., Sevugapperumal, N., and Nallusamy, S. (2023). Antagonistic 
bacteria Bacillus velezensis VB7 possess nematicidal action and induce an immune 
response to suppress the infection of root-knot nematode (RKN) in tomato. Genes 
14:1335. doi: 10.3390/genes14071335

Karačić, V., Miljaković, D., Marinković, J., Ignjatov, M., Milošević, D., Tamindžić, G., 
et al. (2024). Bacillus species: excellent biocontrol agents against tomato diseases. 
Microorganisms 12:457. doi: 10.3390/microorganisms12030457

Karnovsky, M. J. (1965). A formaldehyde-glutaraldehyde fixative of high osmolality 
for use in electron-microscopy. J. Cell Biol. 27, 137–138A.

Kim, T., Cho, S., Lee, S. M., Woo, H. M., Lee, J., Um, Y., et al. (2016). High production 
of 2,3-Butanediol (2,3-BD) by Raoultella ornithinolytica B6 via optimizing fermentation 

conditions and overexpressing 2,3-BD synthesis genes. PLoS One 11:01650766. doi: 
10.1371/journal.pone.0165076

Koumoutsi, A., Chen, X. H., Henne, A., Liesegang, H., Hitzeroth, G., Franke, P., et al. 
(2004). Structural and functional characterization of gene clusters directing 
nonribosomal synthesis of bioactive cyclic lipopeptides in Bacillus amyloliquefaciens 
strain FZB42. J. Bacteriol. 186, 1084–1096. doi: 10.1128/JB.186.4.1084-1096.2004

Lanza, F. E., Zambolim, E., da Costa, R. V., Queiroz, V. A. V., Cota, L. V., Silva, D. D., 
et al. (2014). Prevalence of fumonisin-producing Fusarium species in Brazilian corn 
grains. Crop Prot. 65, 232–237. doi: 10.1016/j.cropro.2014.08.003

Latorre, J., Hernandez-Velasco, X., Wolfenden, R. E., Vicente-Salvador, J. L., 
Wolfenden, A. D., Menconi, A., et al. (2016). Evaluation and selection of Bacillus Species 
based on enzyme production, antimicrobial activity, and biofilm synthesis as direct-fed 
microbial candidates for poultry. Front. Vet. Sci. 3:95. doi: 10.3389/fvets.2016.00095

Lee, J., Kim, S., Jung, H., Koo, B. K., Han, J. A., and Lee, H. S. (2023). Exploiting 
bacterial genera as biocontrol agents: mechanisms, interactions and applications in 
sustainable agriculture. J. Plant Biol. 66, 485–498. doi: 10.1007/s12374-023-09404-6

Li, Y., Narayanan, M., Shi, X., Chen, X., Li, Z., and Ma, Y. (2024). Biofilms formation 
in plant growth-promoting bacteria for alleviating agro-environmental stress. Sci. Total 
Environ. 907:167774. doi: 10.1016/j.scitotenv.2023.167774

Li, X., Wang, X., Shi, X., Wang, B., Li, M., Wang, Q., et al. (2020). Antifungal effect of 
volatile organic compounds from Bacillus velezensis CT32 against Verticillium dahliae 
and Fusarium oxysporum. PRO 8:1674. doi: 10.3390/pr8121674

Lim, S. M., Yoon, M. Y., Choi, G. J., Choi, Y. H., Jang, K. S., Shin, T. S., et al. (2017). 
Diffusible and volatile antifungal compounds produced by an antagonistic Bacillus 
velezensis G341 against various phytopathogenic fungi. Plant Pathol. J. 33, 488–498. doi: 
10.5423/PPJ.OA.04.2017.0073

Ling, L., Luo, H., Yang, C., Wang, Y., Cheng, W., Pang, M., et al. (2022). Volatile 
organic compounds produced by Bacillus velezensis L1 as a potential biocontrol agent 
against postharvest diseases of wolfberry. Front. Microbiol. 13:987844. doi: 10.3389/ 
fmicb.2022.987844

Liu, Q., Zhao, W., Li, W., Zhang, F., Wang, Y., Wang, J., et al. (2024). Lipopeptides from 
Bacillus velezensis ZLP-101 and their mode of action against bean aphids Acyrthosiphon 
pisum Harris. BMC Microbiol. 24:231. doi: 10.1186/s12866-024-03378-2

Maina, S., Prabhu, A. A., Vivek, N., Vlysidis, A., Koutinas, A., and Kumar, V. (2022). 
Prospects on bio-based 2,3-butanediol and acetoin production: recent progress and 
advances. Biotechnol. Adv. 54:107783. doi: 10.1016/j.biotechadv.2021.107783

Majdura, J., Jankiewicz, U., Gałązka, A., and Orzechowski, S. (2023). The role of 
quorum sensing molecules in bacterial–plant interactions. Meta 13:114. doi: 
10.3390/metabo13010114

Mannaa, M., and Kim, K. D. (2017). influence of temperature and water activity on 
deleterious fungi and mycotoxin production during grain storage. Mycobiology 45, 
240–254. doi: 10.5941/MYCO.2017.45.4.240

Manni, M., Berkeley, M. R., Seppey, M., and Zdobnov, E. M. (2021). BUSCO: assessing 
genomic data quality and beyond. Curr. Protoc. 1:e323. doi: 10.1002/cpz1.323

Mawarda, P. C., Le Roux, X., van Elsas, J. D., and Salles, J. F. (2020). Deliberate 
introduction of invisible invaders: A critical appraisal of the impact of microbial 
inoculants on soil microbial communities. Soil Biol. Biochem. 148:107874. doi: 
10.1016/j.soilbio.2020.107874

Meena, K. R., Tandon, T., Sharma, A., and Kanwar, S. S. (2018). Lipopeptide antibiotic 
production by Bacillus velezensis KLP  2016. J. Appl. Pharm. Sci. 8, 091–098. doi: 
10.7324/JAPS.2018.8313

Meier-Kolthoff, J. P., and Göker, M. (2019). TYGS is an automated high-throughput 
platform for state-of-the-art genome-based taxonomy. Nat. Commun. 10:2182. doi: 
10.1038/s41467-019-10210-3

Mikheenko, A., Prjibelski, A., Saveliev, V., Antipov, D., and Gurevich, A. (2018). 
Versatile genome assembly evaluation with QUAST-LG. Bioinformatics 34, i142–i150. 
doi: 10.1093/bioinformatics/bty266

Munkvold, G. P., McGee, D. C., and Carlton, W. M. (1997). Importance of different 
pathways for maize kernel infection by Fusarium moniliforme. Phytopathology 87, 
209–217. doi: 10.1094/PHYTO.1997.87.2.209

Ngalimat, M. S., Yahaya, R. S. R., Baharudin, M. M. A., Yaminudin, S. M., Karim, M., 
Ahmad, S. A., et al. (2021). A Review on the biotechnological applications of the 
operational group Bacillus amyloliquefaciens. Microorganisms 9:614. doi: 
10.3390/microorganisms9030614

Ning, Y., Yang, H., Weng, P., and Wu, Z. (2021). Zymogram analysis and identification 
of the extracellular proteases from Bacillus velezensis SW5. Appl. Biochem. Microbiol. 57, 
S27–S37. doi: 10.1134/S0003683821100082

Nosanchuk, J. D., and Casadevall, A. (2003). The contribution of melanin to microbial 
pathogenesis. Cell. Microbiol. 5, 203–223. doi: 10.1046/j.1462-5814.2003.00268.x

Nucci, A., Rocha, E. P. C., and Rendueles, O. (2023). Latent evolution of biofilm 
formation depends on life-history and genetic background. NPJ Biofilms Microbiomes 
9:53. doi: 10.1038/s41522-023-00422-3

O’Toole, G. A., and Kolter, R. (1998). Initiation of biofilm formation in Pseudomonas 
fluorescens WCS365 proceeds via multiple, convergent signaling pathways: a genetic 
analysis. Mol. Microbiol. 28, 449–461. doi: 10.1046/j.1365-2958.1998.00797.x

https://doi.org/10.3389/fmicb.2025.1522136
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1590/1519-6984.262567
https://doi.org/10.1016/j.funbio.2023.03.005
https://doi.org/10.1016/j.funbio.2023.03.005
https://doi.org/10.1078/0723-2020-00267
https://doi.org/10.3389/fmicb.2017.00022
https://doi.org/10.3389/fmicb.2018.02491
https://www.infoteca.cnptia.embrapa.br/infoteca/bitstream/doc/881726/1/ct186.pdf
https://www.infoteca.cnptia.embrapa.br/infoteca/bitstream/doc/881726/1/ct186.pdf
https://doi.org/10.1094/PHYTO.2004.94.11.1245
https://doi.org/10.1094/PHYTO.2004.94.11.1245
https://doi.org/10.1016/j.biocontrol.2016.11.007
https://doi.org/10.1016/j.biocontrol.2016.11.007
https://doi.org/10.3390/microorganisms8010141
https://doi.org/10.3390/microorganisms8010141
https://doi.org/10.1039/C6GC01023G
https://doi.org/10.1590/S0104-66321999000200004
https://doi.org/10.1111/j.1365-2672.2007.03611.x
https://doi.org/10.1371/journal.pone.0291975
https://doi.org/10.1128/AEM.01601-21
https://doi.org/10.3389/fmicb.2022.1035748
https://doi.org/10.3389/fmicb.2022.1035748
https://doi.org/10.1016/S0269-915X(09)80191-2
https://doi.org/10.1038/s41467-018-07641-9
https://doi.org/10.3389/fpls.2023.1205894
https://doi.org/10.3389/fpls.2023.1279896
https://doi.org/10.3389/fpls.2023.1279896
https://doi.org/10.3390/genes14071335
https://doi.org/10.3390/microorganisms12030457
https://doi.org/10.1371/journal.pone.0165076
https://doi.org/10.1128/JB.186.4.1084-1096.2004
https://doi.org/10.1016/j.cropro.2014.08.003
https://doi.org/10.3389/fvets.2016.00095
https://doi.org/10.1007/s12374-023-09404-6
https://doi.org/10.1016/j.scitotenv.2023.167774
https://doi.org/10.3390/pr8121674
https://doi.org/10.5423/PPJ.OA.04.2017.0073
https://doi.org/10.3389/fmicb.2022.987844
https://doi.org/10.3389/fmicb.2022.987844
https://doi.org/10.1186/s12866-024-03378-2
https://doi.org/10.1016/j.biotechadv.2021.107783
https://doi.org/10.3390/metabo13010114
https://doi.org/10.5941/MYCO.2017.45.4.240
https://doi.org/10.1002/cpz1.323
https://doi.org/10.1016/j.soilbio.2020.107874
https://doi.org/10.7324/JAPS.2018.8313
https://doi.org/10.1038/s41467-019-10210-3
https://doi.org/10.1093/bioinformatics/bty266
https://doi.org/10.1094/PHYTO.1997.87.2.209
https://doi.org/10.3390/microorganisms9030614
https://doi.org/10.1134/S0003683821100082
https://doi.org/10.1046/j.1462-5814.2003.00268.x
https://doi.org/10.1038/s41522-023-00422-3
https://doi.org/10.1046/j.1365-2958.1998.00797.x


Figueiredo et al. 10.3389/fmicb.2025.1522136

Frontiers in Microbiology 16 frontiersin.org

Paulo, E. M., Vasconcelos, M. P., Oliveira, I. S., Affe, H. M. J., Nascimento, R., 
Melo, I. S., et al. (2012). An alternative method for screening lactic acid bacteria for the 
production of exopolysaccharides with rapid confirmation. Food Sci. Technol. 32, 
710–714. doi: 10.1590/S0101-20612012005000094

Petrova, P., Gerginova, M., Arsov, A., Armenova, N., Tsigoriyna, L., Gergov, E., et al. 
(2023). Whole-genome sequence of Bacillus velezensis strain R22 isolated from Oryza 
sativa rhizosphere in Bulgaria. Microbiol. Resour. Announc. 12:e0069323. doi: 
10.1128/MRA.00693-23

Peypoux, F., Besson, F., Michel, G., and Delcambe, L. (1981). Structure of bacillomycin 
D, a new antibiotic of the iturin group. Eur. J. Biochem. 118, 323–327. doi: 
10.1111/j.1432-1033.1981.tb06405.x

Prestes, I. D., Rocha, L. O., Nuñez, K. V. M., and Silva, N. C. C. (2019). Fungi and 
mycotoxins in corn grains and their consequences. Sci. Agropecuaria 10, 559–570. doi: 
10.17268/sci.agropecu.2019.04.13

Qi, G., Zhu, F., Du, P., Yang, X., Qiu, D., Yu, Z., et al. (2010). Lipopeptide induces 
apoptosis in fungal cells by a mitochondria-dependent pathway. Peptides 31, 1978–1986. 
doi: 10.1016/j.peptides.2010.08.003

Rabbee, M. F., Ali, M. S., Choi, J., Hwang, B. S., Jeong, S. C., and Baek, K. H. (2019). 
Bacillus velezensis: A valuable member of bioactive molecules within plant microbiomes. 
Molecules 24:1046. doi: 10.3390/molecules24061046

Rabbee, M. F., and Baek, K. H. (2020). Antimicrobial activities of lipopeptides and 
polyketides of Bacillus velezensis for agricultural applications. Molecules 25:4973. doi: 
10.3390/molecules25214973

Rafique, M., Naveed, M., Mumtaz, M. Z., Niaz, B., Alamri, S., Siddiqui, M. H., et al. 
(2024). Unlocking the potential of biofilm-forming plant growth-promoting 
rhizobacteria for growth and yield enhancement in wheat (Triticum aestivum L.). Sci. 
Rep. 14:15546. doi: 10.1038/s41598-024-66562-4

Ramachandra, S. K., Kaushik, S., Austin, H., Kumar, R., and Parthiban, M. (2023). The 
role of melanin in plant pathogenic fungi: insights into structure, biosynthesis, and 
function. Plant Biol. Crop Res. 6:1090.

Rashid, M. H., Khan, A., Hossain, M. T., and Chung, Y. R. (2017). Induction of 
systemic resistance against aphids by endophytic Bacillus velezensis YC7010 via 
Expressing PHYTOALEXIN DEFICIENT4 in Arabidopsis. Front. Plant Sci. 8:211. doi: 
10.3389/fpls.2017.00211

Rasmussen, J. B., and Hanau, R. M. (1989). Exogenous scytalone restores appressorial 
melanization and pathogenicity in albino mutants of Colletotrichum graminicola. Can. 
J. Plant Pathol. 11, 349–352. doi: 10.1080/07060668909501078

Rivers, M. A. J., and Lowell, A. N. (2024). Expanding the biosynthetic toolbox: the 
potential and challenges of in vitro type II polyketide synthase research. SynBio 2, 
85–111. doi: 10.3390/synbio2010006

Samsudin, N. I. P., and Magan, N. (2016). Efficacy of potential biocontrol agents for 
control of Fusarium verticillioides and fumonisin B1 under different environmental 
conditions. World Mycotoxin J. 92, 205–213. doi: 10.3920/WMJ2015.1886

Schluter, J., Carey, D. N., Bassler, B. L., and Foster, K. R. (2015). Adhesion as a weapon 
in microbial competition. ISME J. 9, 139–149. doi: 10.1038/ismej.2014.174

Schulz-Bohm, K., Martín-Sánchezm, L., and Garbevam, P. (2017). Microbial volatiles: 
Small molecules with an important role in intra-and inter-kingdom interactions. Front. 
Microbiol. 8:2484. doi: 10.3389/fmicb.2017.02484

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics 30, 
2068–2069. doi: 10.1093/bioinformatics/btu153

Shen, Y., Shi, Z., Zhao, J., Li, M., Tang, J., Wang, N., et al. (2023). Whole genome 
sequencing provides evidence for Bacillus velezensis SH-1471 as a beneficial rhizosphere 
bacterium in plants. Sci. Rep. 13:20929. doi: 10.1038/s41598-023-48171-9

Silva, L., Fernández-Franzón, M., Font, G., Pena, A., Silveira, I., Lino, C., et al. (2009). 
Analysis of fumonisins in corn-based food by liquid chromatography with fluorescence 
and mass spectrometry detectors. Food Chem. 112, 1031–1037. doi: 
10.1016/j.foodchem.2008.06.080

Souza, C. G., Martins, F. I. C. C., Zocolo, Z. J., Figueiredo, J. E. F., Canuto, K. M., and 
Brito, E. S. (2018). Simultaneous quantification of lipopeptide isoforms by UPLC-MS in 

the fermentation broth from Bacillus subtilis CNPMS-22. Anal. Bioanal. Chem. 410, 
6827–6836. doi: 10.1007/s00216-018-1281-6

Stepanović, S., Vuković, D., Hola, V., Di Bonaventura, G., Djukić, S., Cirković, I., et al. 
(2007). Quantification of biofilm in microtiter plates: overview of testing conditions and 
practical recommendations for assessment of biofilm production by staphylococci. 
APMIS 115, 891–899. doi: 10.1111/j.1600-0463.2007.apm_630.x

Sun, M., Liang, C., Fu, X., Liu, G., Zhong, Y., Wang, T., et al. (2024). Nematocidal 
activity and biocontrol efficacy of endophytic Bacillus velezensis Pt-RP9 from Pinus 
tabuliformis against pine wilt disease caused by Bursaphelenchus xylophilus. Biol. 
Control 196:105579. doi: 10.1016/j.biocontrol.2024.105579

Sun, X., Xu, Z., Xie, J., Hesselberg-Thomsen, V., Tan, T., Zheng, D., et al. (2022). 
Bacillus velezensis stimulates resident rhizosphere Pseudomonas stutzeri for plant 
health through metabolic interactions. ISME J. 16, 774–787. doi: 
10.1038/s41396-021-01125-3

Tang, T., Wang, F., Huang, H., Xie, N., Guo, J., Guo, X., et al. (2024). Antipathogenic 
activities of volatile organic compounds produced by Bacillus velezensis LT1 against 
Sclerotium rolfsii LC1, the pathogen of southern blight in Coptis chinensis. J. Agric. Food 
Chem. 72, 10282–10294. doi: 10.1021/acs.jafc.4c00984

Tatusova, T., DiCuccio, M., Badretdin, A., Chetvernin, V., Nawrocki, E. P., 
Zaslavsky, L., et al. (2016). NCBI prokaryotic genome annotation pipeline. Nucleic Acids 
Res. 44, 6614–6624. doi: 10.1093/nar/gkw569

Tian, X. L., Zhao, X. M., Zhao, S. Y., Zhao, J. L., and Mao, Z. C. (2022). The biocontrol 
functions of Bacillus velezensis strain Bv-25 against Meloidogyne incognita. Front. 
Microbiol. 13:843041. doi: 10.3389/fmicb.2022.843041

Vignesh, M., Shankar, S. R. M., Subramani, N., Vedha Hari, B. N., and Ramzadevi, D. 
(2022). Study on spray-drying of Bacillus velezensis NKMV-3 strain, its formulation and 
bio efficacy against early blight of tomato. Biocatal. Agric. Biotechnol. 45:102483. doi: 
10.1016/j.bcab.2022.102483

Wang, S., Lin, S., Fang, Q., Gyampoh, R., Lu, Z., Gao, Y., et al. (2022). A 
ribosomally synthesised and post-translationally modified peptide containing a 
β-enamino acid and a macrocyclic motif. Nat. Commun. 13:5044. doi: 
10.1038/s41467-022-32774-3

Wu, W., Zeng, Y., Yan, X., Wang, Z., Guo, L., Zhu, Y., et al. (2023). Volatile organic 
compounds of Bacillus velezensis GJ-7 against Meloidogyne hapla through multiple 
prevention and control modes. Molecules 28:3182. doi: 10.3390/molecules2807 
3182

Xiao, Z., and Lu, J. R. (2014). Generation of acetoin and its derivatives in foods. J. 
Agric. Food Chem. 62, 6487–6497. doi: 10.1021/11jf5013902

Xu, T., Zhu, T., and Li, S. (2016). β-1, 3–1, 4-glucanase gene from Bacillus velezensis 
ZJ20 exerts antifungal effect on plant pathogenic fungi. World J. Microbiol. Biotechnol. 
32, 26–29. doi: 10.1007/s11274-015-1985-0

Ye, M., Tang, X., Yang, R., Zhang, H., Li, F., Tao, F., et al. (2018). Characteristic and 
application of a novel species of Bacillus: Bacillus velezensis. ACS Chem. Biol. 13, 
500–505. doi: 10.1021/acschembio.7b00874

Yin, Y., Wang, X., Zhang, P., Wang, P., and Wen, J. (2024). Strategies for improving 
fengycin production: a review. Microb. Cell Factories 23:144. doi: 
10.1186/s12934-024-02425-x

Yu, J., and Pedroso, I. R. (2023). Mycotoxins in cereal-based products and their 
impacts on the health of humans, livestock animals and pets. Toxins 15:480. doi: 
10.3390/toxins15080480

Zhao, X., Zhou, J., Tian, R., and Liu, Y. (2022). Microbial volatile organic compounds: 
Antifungal mechanisms, applications, and challenges. Front. Microbiol. 13:922450. doi: 
10.3389/fmicb.2022.922450

Zheng, M., Cui, Z., Zhang, J., Fu, J., Wang, Z., and Chen, T. (2023). Efficient acetoin 
production from pyruvate by engineered Halomonas bluephagenesis whole-cell 
biocatalysis. Front. Chem. Sci. Eng. 17, 425–436. doi: 10.1007/s11705-022- 
2229-0

Zhong, X., Jin, Y., Ren, H., Hong, T., Zheng, J., Fan, W., et al. (2024). Research progress 
of Bacillus velezensis in plant disease resistance and growth promotion. Front. Ind. 
Microbiol. 2:1442980. doi: 10.3389/finmi.2024.1442980

https://doi.org/10.3389/fmicb.2025.1522136
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1590/S0101-20612012005000094
https://doi.org/10.1128/MRA.00693-23
https://doi.org/10.1111/j.1432-1033.1981.tb06405.x
https://doi.org/10.17268/sci.agropecu.2019.04.13
https://doi.org/10.1016/j.peptides.2010.08.003
https://doi.org/10.3390/molecules24061046
https://doi.org/10.3390/molecules25214973
https://doi.org/10.1038/s41598-024-66562-4
https://doi.org/10.3389/fpls.2017.00211
https://doi.org/10.1080/07060668909501078
https://doi.org/10.3390/synbio2010006
https://doi.org/10.3920/WMJ2015.1886
https://doi.org/10.1038/ismej.2014.174
https://doi.org/10.3389/fmicb.2017.02484
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1038/s41598-023-48171-9
https://doi.org/10.1016/j.foodchem.2008.06.080
https://doi.org/10.1007/s00216-018-1281-6
https://doi.org/10.1111/j.1600-0463.2007.apm_630.x
https://doi.org/10.1016/j.biocontrol.2024.105579
https://doi.org/10.1038/s41396-021-01125-3
https://doi.org/10.1021/acs.jafc.4c00984
https://doi.org/10.1093/nar/gkw569
https://doi.org/10.3389/fmicb.2022.843041
https://doi.org/10.1016/j.bcab.2022.102483
https://doi.org/10.1038/s41467-022-32774-3
https://doi.org/10.3390/molecules28073182
https://doi.org/10.3390/molecules28073182
https://doi.org/10.1021/11jf5013902
https://doi.org/10.1007/s11274-015-1985-0
https://doi.org/10.1021/acschembio.7b00874
https://doi.org/10.1186/s12934-024-02425-x
https://doi.org/10.3390/toxins15080480
https://doi.org/10.3389/fmicb.2022.922450
https://doi.org/10.1007/s11705-022-2229-0
https://doi.org/10.1007/s11705-022-2229-0
https://doi.org/10.3389/finmi.2024.1442980

	Bacillus velezensis CNPMS-22 as biocontrol agent of pathogenic fungi and plant growth promoter
	1 Introduction
	2 Materials and Methods
	2.1 Material and experimental conditions
	2.2 In vitro antagonist activity of CNPMS-22 against fungi by dual culture in plate and inverted sealed plate
	2.3 Scanning electron microscopy of the antagonistic effect of CNPMS-22 on Fusarium verticillioides morphology
	2.4 Biofilm formation
	2.5 Exopolysaccharides production
	2.6 Antifungal activity of CNPMS-22 against Fusarium verticillioides in the greenhouse
	2.7 Field experiment
	2.8 Genome sequencing of CNPMS-22

	3 Results
	3.1 In vitro antagonist test by dual culture in plate and inverted sealed plate
	3.2 Antagonist effect of CNPMS-22 on Fusarium verticillioides morphology by scanning electron microscopy
	3.3 Biofilm formation
	3.4 Exopolysaccharides production
	3.5 Greenhouse experiment
	3.6 Field experiment
	3.7 Genome sequencing

	4 Discussion
	4.1 DCP and ISP
	4.2 Scanning electron microscopy
	4.3 Genome sequencing
	4.4 Greenhouse and field experiments

	5 Conclusion

	References

