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Abstract White mold, caused by Sclerotinia sclero-
tiorum, is one of the most important diseases affect-
ing common bean crops. Due to its global distribution
and wide host range, the persistence of S. sclerotio-
rum in the environment is favored by the formation
of survival structures, which complicates control
measures. In this context, biological control emerges
as a sustainable strategy for pathogen suppression and
plant growth promotion. To explore this approach,
nine strains of Bacillus spp. were screened for their
ability to control S. sclerotiorum strain SSF and pro-
mote growth of common bean (Phaseolus vulgaris
L.) plants. All strains exhibited antagonistic activ-
ity against S. sclerotiorum strain SSF, demonstrated
through in vitro antagonism assays, including dual
culture and cell-free supernatant (CFS) tests, and
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volatile organic compounds (VOCs) exposure, indi-
cating the involvement of multiple antagonistic mech-
anisms. In addition, the strains displayed key in vitro
biocontrol traits, such as the production of cell wall—
degrading enzymes and siderophores. Greenhouse tri-
als confirmed the efficacy of selected strains in con-
trolling white mold and promoting bean plant growth.
Isolates EVSA, BERA 1I, and BEFA 1 stood out by
enabling the survival of plants inoculated with S.
sclerotiorum while not impairing seed germination.
Both bacterial co-inoculation (EVSA, BERA 1I, and
BEFA 1) and the EVSA strain alone promoted shoot
and root development in bean plants. EVSA demon-
strated multifunctional activity, combining effective
suppression of S. sclerotiorum strain SSF with plant
growth promotion, positioning it as a promising can-
didate for bioinoculant development in the sustain-
able management of white mold.

Keywords Biological control - Phytopathogen -
Sustainable agriculture - Bio-inputs - White mold

Introduction

Phytopathogenic fungi are among the most destruc-
tive microbial agents in agriculture (Almeida et al.
2019). Fungal diseases affect crops at all stages of
production, resulting in significant yield losses and
posing serious threats to food security and ecosys-
tem stability (Savary et al. 2019). Various strategies
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are employed to control phytopathogens, including
cultural, chemical, physical, and genetic approaches.
Chemical control, particularly the use of fungicides,
remains the most widely adopted method. However,
it is associated with multiple environmental concerns,
such as pollution, the selection of resistant microor-
ganisms, and negative impacts on non-target biota
(Pandit et al. 2022; Vero et al. 2023).

In recent years, Brazil has ranked among the
world’s largest producers and consumers of common
beans (Phaseolus vulgaris L.) (FAO 2024). This crop
is susceptible to several pathogens, among which
white mold is one of the most damaging diseases.
Its high virulence, combined with favorable climatic
conditions, can result in severe yield losses or even
total crop failure (Singh and Schwartz 2010; Miklas
et al. 2013; Lehner et al. 2019). White mold is caused
by the fungus Sclerotinia sclerotiorum (Lib.) de Bary,
whose symptom is characterized by the presence of
cotton-like white mycelium on stems, leaves, flowers,
pods, and grains of the common bean plant (Miklas
et al. 2013).

S. sclerotiorum is a necrotrophic fungus with a
global distribution and the ability to infect more than
500 plant species, thereby complicating disease man-
agement in areas with a history of infestation (Saha-
ran and Mehta 2008). In addition to these manage-
ment challenges, effective control of S. sclerotiorum
in commercial fields is further limited by the forma-
tion of sclerotia, which are resistant survival struc-
tures that allow the phytopathogen to persist in the
soil for extended periods (Guilger-Casagrande et al.
2019; Villarreal-Delgado et al. 2021; Aulakh et al.
2025). As a result, chemical fungicides remain the
most widely used strategy for managing white mold
in agricultural systems (Han et al. 2023).

Therefore, the development of more efficient and
environmentally sustainable methods for controlling
white mold in common beans is urgently needed.
In this context, the use of antagonistic microorgan-
isms, known as biological control agents (BCAs),
represents a promising alternative to conventional
agrochemical fungicides (Triantafyllou et al. 2023).
Several microbial taxa, including fungi (Montalvao
et al. 2023; Abdelrhim et al. 2024), bacteria (Villar-
real-Delgado et al. 2021; Triantafyllou et al. 2023;
Ma et al. 2024; Aulakh et al. 2025), actinomycetes
(Gebily et al. 2021), and viruses (Zhang et al. 2020;
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Fu et al. 2023), have demonstrated effectiveness as
BCAs in the management of white mold.

Among BCAs, Bacillus spp. are widely studied
and applied due to their broad-spectrum antagonis-
tic activity, ease of cultivation, tolerance to environ-
mental stress, and long-term storage capacity (Cheng
et al. 2024). Biological control mediated by Bacillus
spp. involves multiple activities, including the pro-
duction of secondary metabolites (e.g., antibiotics
and siderophores), hydrolytic enzymes, volatile com-
pounds, hydrogen cyanide, and competition for nutri-
ents (Maral-Giil and Eltem 2024). In addition, Bacil-
lus spp. are well-known for their ability to promote
plant growth and induce systemic resistance in host
plants (Sabaté et al. 2018; Cao et al. 2023; Dutilloy
et al. 2024).

Considering these multifunctional traits, Bacil-
lus spp. represent suitable candidates for the sustain-
able management of white mold. Accordingly, this
study aimed to identify and evaluate Bacillus spp.
strains exhibiting dual functionality, acting as both
BCA against S. sclerotiorum strain SSF and as plant
growth promoters for common bean (P. vulgaris L.)
cv. Rajado.

Materials and methods

Isolation, identification and phytopathogenicity of the
SSF isolate

The S. sclerotiorum isolate SSF was obtained from
bean plants exhibiting white mold symptoms in the
municipality of Lucas do Rio Verde (Mato Grosso,
Brazil) in 2021. The isolate was purified on PDA
culture medium (potato, dextrose, agar) and exhib-
ited morphocultural characteristics consistent with
those described for this species. Colonies grown on
PDA showed abundant white, cottony mycelium with
radial growth and the formation of black, irregularly
shaped sclerotia distributed across the colony surface.
These phenotypic features were later confirmed by
molecular identification based on sequence analysis.
Genomic DNA was extracted using a commercial kit
(Norgen Biotek Corp., Canada), which was used as a
template for amplification of the ITS region, and was
amplified using the universal primers ITS1 and ITS4
(White et al. 1990).
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PCR reactions were prepared in a final volume of
25 ul, containing 2.5 pl of 10X PCR buffer (without
MgCl,), 0.75 pl of MgCl, (50 mM), 1.0 ul of ANTP
mix (10 mM), 1.0 pl of each primer, 0.5 pl of Taq
DNA polymerase (Invitrogen), 4.0 pl of genomic
DNA, and Milli-Q water to complete the volume. The
resulting ITS sequences were then analyzed using
BLAST, aligned with MUSCLE, and used to con-
struct a phylogenetic tree using the Neighbor-Joining
method with 1,000 bootstrap replicates in MEGA
vll.

The phytopathogenicity of the isolate was sub-
sequently evaluated by inoculating ten sclerotia into
2 1 pots containing a sand/vermiculite mixture (1:1,
v/v) adjusted to 70% field capacity. After one week,
surface-disinfested common bean seeds cv. Rajado
(P. vulgaris L.) were sown. Soil moisture was main-
tained daily, and Hoagland’s nutrient solution was
applied weekly. Plants were grown under controlled
conditions until the appearance of typical white mold
symptoms.

Antagonistic bacteria

The antagonistic bacterial strains were selected
from the collection of microorganisms of the Fed-
eral Institute of Education, Science and Technol-
ogy of Mato Grosso (IFMT), Advanced Campus
of Lucas do Rio Verde, Brazil. PCR reactions
were prepared in a final volume of 25 pl, contain-
ing 2.5 ul of 10XPCR buffer (without MgCl,),
0.75 wl of MgCl, (50 mM), 1.0 pl of dNTP mix
(10 mM), 1.0 ul of each primer, 0.5 pl of Tag DNA

polymerase (Invitrogen), 3.0 ul of genomic DNA,
and 15.25 ul of Milli-Q water to complete the final
volume. PCR cycling conditions consisted of an ini-
tial denaturation at 94 °C for 5 min, followed by 35
cycles of 94 °C for 40 s, 58 °C for 35 s, and 72 °C
for 80 s, with a final extension at 72 °C for 10 min.

The amplicons (ITS and 16S) were purified
(ExoSap-it, GE Healthcare) and sequenced by the
Sanger method (BigDye Terminator Cycle Sequenc-
ing). The sequences were edited using the Chro-
mas software (version 2.6.6) and compared to the
sequences deposited in GenBank, using the nBLAST
tool (http://www.ncbi.nlm.nih.gov/). Finally, the
nucleotide sequences were deposited in GenBank
under accession numbers listed in Table 1.

In vitro antibiosis using dual culture (DC) assay

A seven-day-old (5 mm in diameter) Sclerotinia
sclerotiorum strain SSF mycelial disc was placed on
PDA plates approximately 2 cm from the edge of the
Petri dish in the dual-culture treatments. Bacterial
isolates were inoculated on the opposite side of the
plate at 2 cm from the edge, after adjustment to an
optical density of ODg3o=0.1. For the control treat-
ment, a mycelial disc of S. sclerotiorum was placed
at the center of the PDA plate. Plates were incubated
at 25 °C for seven days, and the experiment was con-
ducted in triplicate. After incubation, the diameter of
the fungal colony was measured, and the percentage
of mycelial growth inhibition was calculated in com-
parison with the control group (Ma et al. 2024).

Table 1 Antagonistic bacterial strains selected for biological control assays and evaluation of plant growth—promoting traits

Strain Environmental niche Host plant Molecular identification 16S rRNA GenBank
length (bp)
BACI-A Soil - Bacillus sp. 1366 ON998495.1
BEFA-I Endophytic (leaf) Arachis hypogaea Bacillus sp. 1413 ON997085
BEFA-II Endophytic (leaf) Arachis hypogaea Bacillus sp. 1383 ON997087
BERA-I Endophytic (root) Arachis hypogaea Bacillus sp. 1395 ON997088
BERA-II Endophytic (root) Arachis hypogaea Bacillus sp. 1243 ON997086.1
EVSA Rhizosphere Phaseolus vulgaris Bacillus sp. 1370 ON997081.1
RIZO-A Rhizosphere Phaseolus vulgaris Bacillus sp. 1407 ON997082
RIZO-C Rhizosphere Phaseolus vulgaris Bacillus sp. 1357 ON997080
RIZO-H Rhizosphere Phaseolus vulgaris Bacillus sp.” - -

*Strain identified by ERIC-PCR fingerprinting
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Preparation and antifungal activity of cell-free
supernatant (CFS)

The bacteria were cultured in Luria—Bertani (LB)
broth at 150 rpm and 30 °C for five days. After incu-
bation, the fermented culture broth was centrifuged
(4000 rpm for 10 min) and filtered through a 0.22 pm
membrane, thus obtaining the CFS of each culture.
PDA medium was prepared and supplemented with
CFS at a 3:1 ratio before solidification. Mycelium
discs of S. sclerotiorum strain SSF were deposited in
the center of the Petri dish with PDA medium sup-
plemented with CFS. The experiment was conducted
in triplicate and incubated for seven days. Mycelial
growth was measured, and the percentage of inhibi-
tion was calculated (Ma et al. 2024).

Production and evaluation of volatile organic
compounds (VOCs)

VOCs produced by Bacillus spp. were evaluated
using the double-sealed plate method (Fiddaman et al.
2000). Petri dishes containing PDA medium were
inoculated separately with Bacillus spp. (ODg3=0.1)
and with a mycelial disc (5 mm in diameter) of Scle-
rotinia sclerotiorum strain SSF. Plates inoculated
with the bacteria and the phytopathogen were paired
face-to-face, overlaid, and sealed with Parafilm®.
The plates were incubated at 25 °C for seven days.
The experiment was conducted in triplicate, and the
percentage of growth inhibition was determined (Ma
et al. 2024).

In vitro inhibition of the germination of
phytopathogen sclerotia

The antagonistic potential of bacterial strains to
inhibit sclerotial germination of S. sclerotiorum strain
SSF was evaluated following Zazzerini et al. (1987),
with modifications. Ten-day-old sclerotia produced
on PDA medium were used, surface-disinfested with
2% sodium hypochlorite, and rinsed three times with
sterile distilled water.

Bacterial cell suspensions were grown in 10 ml
of LB broth at 30 °C for 48 h. The experiment was
conducted with three biological replicates per treat-
ment, and each consisting of nine sclerotia. Sclerotia
were transferred to flasks containing bacterial suspen-
sions and incubated for 72 h at 25 °C under constant
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agitation (175 rpm). In the control treatment, sclerotia
were incubated under the same conditions in sterile
LB broth only.

After incubation, the sclerotia were removed
from the flasks and transferred to PDA plates (three
sclerotia per plate) and incubated at 25 °C for five
days. Sclerotial germination was then evaluated and
expressed in comparison with the control treatment.

Preliminary screening of Bacillus spp. compatibility
with bean seed germination

To ensure that the candidate Bacillus strains selected
for greenhouse assays would not adversely affect bean
seed germination, a preliminary compatibility screen-
ing was performed under in vitro conditions. Sur-
face-disinfested common bean seeds cv. Rajado (P.
vulgaris L.) were incubated in bacterial suspensions
adjusted to ODg3p=0.1 for 30 min. Five seeds per
replicate (three replicates per treatment) were placed
in Petri dishes containing 0.8% agar and incubated
at 28 °C for ten days. Germination was recorded at
the end of the incubation period. This assay was used
only as an initial screening step to exclude strains
with potential negative effects on germination prior to
greenhouse experiments.

Evaluation of plant growth-promoting traits

The production of indoleacetic acid (IAA) was quan-
tified using colorimetric method according to Gordon
and Weber (1951). The medium employed was LB,
enriched with tryptophan (150 mg 17!). The super-
natant of each sample was mixed with Salkowski’s
reagent (1:1), incubated for 30 min. in the dark and
analyzed in a spectrophotometer (A=530 nm). The
indole compounds concentration was estimated based
on an TAA standard curve (7.8-500 pug ml™").
Siderophore production was assessed using the
chrome azurol S (CAS) assay. Bacterial isolates were
grown in King’s B broth, and siderophore produc-
tion was estimated by measuring the absorbance of
the culture supernatant of treated samples (As) and
the reference control (Ar) using a spectrophotometer
(A=630 nm). Siderophore production was expressed
as a percentage relative to the control treatment.
Phosphate solubilization was assessed by cul-
tivating isolates on solid SRSM1 medium (1.6%
agar) (Shi et al. 2017). Similarly, the production of
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hydrolytic enzymes (protease, glucanase, cellulase,
and chitinase) was evaluated qualitatively on specific
assay media. Isolates were first grown in a nutrient
broth before being spot-inoculated onto the respec-
tive agar plates. Based on the size of the hydrolysis or
solubilization halo formed, bacterial activity was cat-
egorized as low (+), medium (++), high (+++), or
absent (-) (Nagpure et al. 2014; Zia et al. 2021).

Greenhouse test

Three Bacillus spp. isolates (EVSA, BERA-II and
BEFA-I), capable of inhibiting the growth of S. scle-
rotiorum strain SSF in the dual-culture tests and
not affecting the germination of bean seeds, were
selected for both biocontrol and plant growth promo-
tion experiment. The experiment was conducted in
December 2022 through a completely randomized
design, considering the phytopathogen presence
(+SSF) and absence (-SSF). Therefore, the treatments
were distributed as follows: EVSA+ SSF, EVSA-
SSF, BERA-II+ SSF, BERA-II-SSF, BEFA-1+ SSF,
BEFA-I-SSF, Co-inoculation+SSF, Co-inoculation-
SSF, Control+ SSF, and Control-SSFE. Three strains
were simultaneously used in the co-inoculation.

Bean seeds were disinfested with 70% alcohol
(30 s), 1% sodium hypochlorite (1 min) and rinsed
three times in sterile distilled water. The inoculation
of the seeds with the phytopathogen was performed
by the direct contact method in culture medium under
water restriction. Mycelial discs (5 mm in diameter)
from the phytopathogen inoculum were transferred to
Petri dishes containing PDA medium supplemented
with sucrose and a water potential of —0.6 MPa (Rey
et al. 2009).

The plates were incubated in a growth chamber
at 25 °C with a L:D 12:12 photoperiod during seven
days. After this period, 30 surface-disinfested com-
mon bean seeds were placed onto each plate, which
was fully colonized by the fungus. For the control
group, seeds were placed onto plates containing only
the culture medium (without the fungus). After 48 h
of contact, the seeds were removed and dried on ster-
ile filter paper at room temperature.

After inoculation with the phytopathogen, the
seeds were soaked in bacterial suspension for 30 min
(ODg¢;3p=0.1) to evaluate the protective effect of the
bacterial isolates under controlled conditions. Subse-
quently, the seeds were sown in plastic pots (18 cm

in width, 12 cm at the base, and 16 cm in height)
containing a sand/vermiculite mixture (1:1, v/v) and
fertilized with 5 g of 9:25:25 (N:P:K), following a
completely randomized design with four replicates
per treatment.

The study was conducted in a greenhouse under
natural environmental conditions, with natural light
and no control of temperature or photoperiod. Sub-
strate moisture was maintained at approximately
80% of field capacity, estimated using a gravimet-
ric method based on pot weighing, with irrigation
adjusted as needed to maintain the target moisture
level. After 30 days, the following parameters were
evaluated: plant survival, plant height (cm), root
length (cm), and shoot and root dry biomass (g).

Statistical analysis

Experimental data were analyzed using R software
version 4.5.2 (R Core Team 2025). Data normality
was assessed using the Shapiro—Wilk test. ANOVA
were performed using base R functions, and mean
comparisons were conducted using Duncan’s multiple
range test implemented in the agricolae package, at a
significance level of p<0.05.

Results

Identification, molecular characterization of isolates,
and phytopathogenicity

The SSF isolate obtained from common bean tissues
was identified as Sclerotinia sclerotiorum based on
ITS rDNA sequencing (482 bp) (GenBank accession
number OR238909.1). In culture, the isolate exhib-
ited morphological characteristics consistent with
S. sclerotiorum, including fast-growing white myce-
lium with a cottony texture and the formation of dark,
irregularly shaped sclerotia distributed over the col-
ony surface (Fig. 1a).

Phylogenetic analysis of the ITS region, based on
comparisons with reference sequences available in
the NCBI database, showed that the SSF isolate clus-
tered with other S. sclerotiorum sequences, further
supporting its taxonomic identification (Fig. 1b). Phy-
topathogenicity was confirmed by sclerotial inocula-
tion of healthy plants, which subsequently developed
typical white mold symptoms, including chlorosis,

@ Springer



764

K. de Marco, W. Pietro-Souza

Fig. 1 Molecular and mor-
phological characterization
of the SSF isolate. a Colony
morphology of Sclerotinia
sclerotiorum isolate SSF on
PDA. b Neighbor-joining
phylogenetic tree based

on ITS rDNA sequences.
Bootstrap values (%) are
shown at the nodes (1000
replicates). The triangle
indicates the SSF isolate.
Scale bar: substitutions per
site

leaf lesions, and premature plant death (Supplemen-
tary Fig. S1). The bacterial isolates evaluated in this
study were identified at the genus level as Bacil-
lus spp. based on 16S rRNA gene sequence analysis
(Table 1).

In vitro sclerotial germination and mycelial inhibition
of S. sclerotiorum strain SSF

The Bacillus spp. strains showed significant antago-
nistic activity against S. sclerotiorum strain SSF
across the in vitro assays performed (Table 2; Sup-
plementary Table S1). In the dual-culture test, the
reduction in mycelial growth of the phytopathogen
ranged from 24.2% to 65.9%, with the highest inhibi-
tion observed for the BERA-I, RIZO-A, EVSA, and
BEFA-II strains (Table 2; Supplementary Fig. S2).

The cell-free supernatant (CFS) of the bacterial
cultures exhibited strong antifungal activity. Com-
plete inhibition of mycelial growth was observed
when S. sclerotiorum was inoculated onto media sup-
plemented with CFS from strains BERA-I, RIZO-A,
BERA-II, and RIZO-C.

In addition, bacterial isolates produced VOCs that
inhibited phytopathogen growth by more than 40.2%,
while VOCs emitted by BERA-I, RIZO-A, EVSA,
and RIZO-H resulted in complete inhibition. Sclerotia
exposed to Bacillus strains failed to germinate under
the experimental conditions evaluated (Supplemen-
tary Fig. S3, Table 2).
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Sclerotinia sclerotiorum isolate E88 (OR497817.1)
A\ SSF Sclerotinia sclerotiorum
95

| Sclerotinia sclerotiorum isolate LUPP2664 (OR884061.1)

Sclerotinia sclerotiorum voucher CSS2 (MK828199.1)

Sclerotinia sclerotiorum isolate PSP-1 (MN216247.1)

= Botrytis cinerea HNSMJ-4 (MW820601.1)

Macrophomina phaseolina FMP8-4 (MH323406.1)

Bean seeds germination enhancement, plant
growth-promoting traits and hydrolytic enzymes
production demonstrated by Bacillus spp.

Bean seed inoculation with the bacterial strains influ-
enced germination rates, which ranged from 6.7 to
60%. This assay was conducted as an initial screening
step to identify bacterial strains that could negatively
affect seed germination prior to greenhouse experi-
ments. The BEFA-I, BERA-II, and EVSA strains
did not differ from the control, whereas the other
strains significantly reduced germination, particu-
larly BERA-I, which exhibited only 6.7% germinated
seeds (Table 2). Based on this screening, BEFA-I,
BERA-II, and EVSA were selected for subsequent
greenhouse trials to avoid potential adverse effects on
seed germination.

Five out of the nine isolates produced IAA, with
isolates RIZO-A, EVSA, BERA-I, BEFA-II, and
RIZO-H showing significantly higher values (Table 2,
Supplementary Table S1). All isolates showed the
capacity for siderophore synthesis, with values rang-
ing from 27.5% (RIZO-H) to 70.5% (RIZO-C). Phos-
phate solubilization ability was confirmed in isolates
BEFA-I, BEFA-II, BERA-II, RIZO-C, BACI-A, and
RIZO-H, based on the formation of solubilization
halos. All strains were positive for protease produc-
tion, and seven showed cellulolytic activity. Simi-
larly, isolates BEFA-I, BEFA-II, and BERA-II were
positive for the production of both chitinase and glu-
canase on selective culture media (Table 2).
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In vivo evaluation under greenhouse conditions

Across in vivo assays, no strain affected the germina-
tion of bean seeds. Plant survival was 100% in treat-
ments in which the phytopathogen was absent. In
contrast, inoculation with S. sclerotiorum and absence
of bacterial isolates (Control + SSF) severely compro-
mised the development of bean plants, resulting in
high plant mortality until the end of the experiment
(Supplementary Table S2). The presence of Bacil-
lus spp. strains conferred protection, evidencing their
ability to attenuate the effects of the phytopathogen.
Co-inoculation of all strains (co-culture) increased
plant height and shoot dry weight under both
conditions, compared to the control without the

phytopathogen (Control-SSF). The EVSA strain
also enhanced plant growth by increasing both plant
height and shoot dry weight, indicating that, in addi-
tion to its biocontrol activity, it functions as a plant
growth promoter even in the absence of biotic stress
(Fig. 2a, c).

In root tissues, the effects were even more sig-
nificant (Fig. 2b and d). The EVSA strain increased
root length by more than 61% and root dry weight
by 7% relative to the negative control, maintaining
this growth-promoting effect under both conditions.
These results highlight the multifunctional role of
EVSA, combining plant growth promotion with sup-
pression of white mold. Co-inoculation treatments
also enhanced root development. Although BEFA-I
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Fig. 2 Effect of inoculation with Bacillus spp. isolates
on the growth of common bean plants derived from seeds
grown in the presence (+SSF) and absence (-SSF) of Sclero-
tinia sclerotiorum. a, ¢ Plant height and shoot dry weight; b,
d root length and root dry weight. Values are expressed as
mean+ SE. Means followed by different letters differ signifi-
cantly according to Duncan’s multiple range test (p<0.05).
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ANOVA results: plant height, Fg3,=55.63, p<0.001; shoot
dry weight, Fy3,=526.74, p<0.001; root length, Fy;,=51.10,
p<0.001; root dry weight, Fg3,=195.81, p<0.001. The Con-
trol 4+ SSF treatment is shown on the horizontal axis but has
no bar because all plants in this treatment died before the end
of the experiment. Therefore, no growth measurements were
obtained
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and BERA-II did not significantly increase shoot or
root growth, they effectively suppressed the disease,
allowing plant development even in the presence of S.
sclerotiorum strain SSF (Fig. 2a—d).

Discussion

White mold is a difficult-to-control disease due to the
survival strategy of the phytopathogen. It forms a rest-
ing structure known as sclerotia, which can survive in
the soil for up to ten years (Guilger-Casagrande et al.
2019). Conventional management relies on the use of
chemical fungicides, which can lead to environmental
pollution, human health risks, and selection of resist-
ant pathogens (Maral-Giil and Eltem 2024).

A major challenge for modern and sustainable
agriculture is to reduce or replace the use of chemical
pesticides as the primary means of disease control. In
this context, the interaction between microorganisms
and plants is recognized as playing an important role
in promoting plant growth and inhibiting the develop-
ment of phytopathogenic microorganisms (Maral-Giil
and Eltem 2024).

The Bacillus spp. strains evaluated in this study
exhibited significant antifungal activity against Scle-
rotinia sclerotiorum strain SSF, as demonstrated
across different in vitro antagonism assays. Myce-
lial growth inhibition of up to 65.9% was observed
in dual-culture tests, indicating a strong antagonistic
potential. In addition, assays using CFSs and VOCs
revealed complete fungal growth inhibition for some
strains, highlighting the diversity of antagonistic
effects expressed by these bacteria. Additionally, all
sclerotia exposed to Bacillus strains lost their germi-
nation capacity, reinforcing the potential of these bac-
teria to interfere with the survival and persistence of
the phytopathogen. Similar inhibition levels against
S. sclerotiorum have been reported for Bacillus spp.
in previous studies, with rates ranging from 17.6 to
100.0% depending on the strains and experimental
conditions (Sabaté et al. 2018; Ribeiro et al. 2021;
Yaderets et al. 2021; Santos et al. 2023). Neverthe-
less, the specific molecular or biochemical mecha-
nisms underlying these effects were not addressed in
the present study and warrant further investigation.

Among the antagonistic activities evaluated,
VOCs produced by the EVSA, RIZO-A, BERA-
I, and RIZO-H strains were particularly effective,

resulting in complete suppression of S. sclerotio-
rum mycelial growth. VOCs represent a promising
strategy for the biological control of white mold, as
they can act at a distance and reach infection sites
that are often inaccessible to conventional chemi-
cal treatments. Previous studies have shown that
bacterial VOCs may exert distinct levels of antifun-
gal activity, ranging from partial growth reduction
to near-complete inhibition, and can induce mor-
phological alterations in fungal hyphae and repro-
ductive structures (Chaurasia et al. 2005; Chacén-
Orozco et al. 2020).

We suggest that RIZO-A, BERA-I, RIZO-C, and
BERA-II secrete high-efficiency antifungal metabo-
lites in the culture medium. Through in vitro tests,
CFS from bacterial cultures totally inhibited the
development of S. sclerotiorum. These metabolites
have not been characterized. However, it is known
that members of the Bacillaceae produce several
biologically active compounds, including cyclic
lipopeptides, such as surfactin, iturin, and fengycin
(Harwood et al. 2018; Kaspar et al. 2019; Villarreal-
Delgado et al. 2021; Cheng et al. 2024; Ma et al.
2024) as well as polyene antibiotics (Yaderets et al.
2021). These substances have often been indicated as
efficient broad-spectrum antibiotic compounds with
antagonistic activity against different plant pathogens.
Previous studies have indicated that the suppression
of S. sclerotiorum by Bacillus species is mainly due
to the production of pumilacidin, bacillibactin, bacil-
lisin, and other antifungal compounds (Ribeiro et al.
2021; Santos et al. 2023).

Our strains secreted hydrolytic enzymes, especially
BERA-II (cellulase, chitinase, glucanase, and pro-
tease). These enzymes participate in the degradation
of the fungal cell wall. Proteases and cellulases have
been related to the hydrolysis of glycosidic bonds
in the polysaccharide cell wall of phytopathogens
(Steindorff et al. 2014). Bacterial chitinases cause
damage to the mycelium of fungal pathogens since
they are involved in the fungal cell wall degradation
(Steindorff et al. 2014).

Additionally, bacterial chitinases cause damage
to the mycelium of fungal pathogens (Zalila-Kolsi
et al. 2016) and inhibit spore germination and germ
tube elongation, demonstrating antagonistic effects
on fungi (Li et al. 2016). All evaluated strains syn-
thesized siderophores that are compounds capable
of inhibiting competing microbial pathogens. The
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siderophore production is also considered a direct
promoter of plant growth (Kumar et al. 2022).

It was found that suppression of sclerotia germi-
nation of S. sclerotiorum is associated with bacterial
growth in the treated sclerotia, causing inhibition of
mycelial growth of the fungus. A similar result was
obtained by Abdeljalil et al. (2016), in which, bacte-
rial strains absolutely inhibited the development of
sclerotia of S. sclerotiorum. The results corroborate
those of Gebily et al. (2021) that confirmed the reduc-
tion of viability and germination of sclerotia when
immersed in Streptomyces spp. suspension.

The inhibition of sclerotia germination promoted
by bacterial action means less source of disease inoc-
ulum and consequently less aggressiveness of white
mold at field levels, which can interrupt the reproduc-
tive cycle of white mold (Chacén-Orozco et al. 2020;
Gebily et al. 2021). Destroying sclerotia, preventing
germination or limiting the formation of this resist-
ance structure, represents the basis for successful con-
trol of S. sclerotiorum, especially considering that the
chemical fungicides often used to control white mold
(e.g., fluazinam fungicide) have become ineffective
due to circumstances associated with the production
of sclerotia in the fields (Sabaté et al. 2018).

The antagonistic activity observed in vitro by the
EVSA, BEFA-I and BERA-II strains against S. scle-
rotiorum strain SSF was also corroborated by the
assays performed in the greenhouse. Inoculation of
S. sclerotiorum strain SSF caused the death of all
control plants of common bean (Fig. 2). On the other
hand, plants that simultaneously received phytopatho-
gen and Bacillus isolates (EVSA, BEFA-I and BERA-
II) did not show symptoms of white mold. These
results support the ability of the strains to inhibit the
growth and infection of S. sclerotiorum strain SSF
in vivo, preventing white mold symptoms in plants
co-inoculated with both the phytopathogen and Bacil-
lus strains. This protective effect may be related to the
production capacity of hydrolytic enzymes, sidero-
phores, and antifungal metabolic compounds pro-
duced by the Bacillus under study, which promoted
a greater capacity to withstand adversity and combat
the pathogen.

The increase in dry matter observed in the roots
and aerial parts of the plants in the experiments with
or without the phytopathogen suggests that EVSA can
act as a growth-promoting agent. The strain was iso-
lated from the rhizosphere of bean plants (Table 1).
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It is widely recognized that diverse rhizosphere bac-
teria can improve plant growth and health, acting as
plant growth-promoting rhizobacteria (PGPR) (Haas
and Défago 2005). These bacteria promote plant
growth directly by producing IAA (Patten and Glick
2002), root hormone levels regulation (Glick 2014),
improved nutrient acquisition, e.g., through phos-
phate solubilization and nitrogen fixation (Souza
et al. 2015). In addition, other processes such as ACC
deaminase activity, induction of systemic resistance,
modulation of plant gene expression, emission of
volatile organic compounds (VOCs), and the suppres-
sion of phytopathogens mediated by the production
of antimicrobial compounds also contribute to plant
growth promotion and disease control (Mhlongo et al.
2022; Zhu et al. 2022; Dutilloy et al. 2024; Alonazi
et al. 2025; Gayithri et al. 2026).

The use of Bacillus strains as BCAs to inhibit S.
sclerotiorum has been extensively studied in other
crops. For example, Zhang and Xue (2010) observed
a reduction in the severity of Sclerotinia stem rot by
60 to 90% when soybean plants were treated with dif-
ferent concentrations of Bacillus subtilis SB24 cell
suspension. Ma et al. (2024) showed that B. cereus
HF10 significantly reduced the incidence of Scle-
rotinia disease in treated rapeseed. Fernando et al.
(2007) showed that B. amyloliquefaciens reduced the
incidence of S. sclerotiorum by 10 and 30% in pulver-
ized canola petals.

Most studies have evaluated the antagonistic
potential of Bacillus species against Sclerotinia scle-
rotiorum primarily through in vitro antibiosis assays
(Torres et al. 2017; Sabaté et al. 2018; Villarreal-Del-
gado et al. 2021). In contrast, the present study shows
that the EVSA strain displays dual-functional per-
formance, combining effective suppression of white
mold with the promotion of common bean plant
growth. The plant growth-promoting effect may result
from both indirect benefits associated with pathogen
suppression and from traits commonly attributed to
Bacillus spp., such as phytohormone production and
improved nutrient availability. Accordingly, EVSA
represents a promising candidate for the biological
control of S. sclerotiorum.

Although previous studies have demonstrated that
the combined application of multiple biological con-
trol agents (BCAs) can enhance disease suppression
(Guetsky et al. 2001; Jetiyanon and Kloepper 2002).
Our results indicate that EVSA alone was sufficient to
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prevent infection and promote plant growth, particu-
larly in root tissues (Fig. 2).

Based on 16S rRNA gene sequencing, the EVSA
isolate was identified at the genus level as Bacil-
lus sp. (Table 1). Because the 16S rRNA gene does
not provide sufficient resolution for reliable species-
level discrimination within the genus Bacillus, spe-
cies assignment was not attempted in this study, and
additional molecular approaches would be required
for precise taxonomic identification. Nevertheless,
members of the genus Bacillus have been extensively
reported as effective biological control agents and
plant growth-promoting bacteria in agricultural sys-
tems, including against phytopathogenic fungi such as
S. sclerotiorum (Chowdhury et al. 2015; Torres et al.
2017; Yang et al. 2024). In this context, the functional
performance exhibited by the EVSA isolate is con-
sistent with the well-documented biocontrol and plant
growth-promoting potential of Bacillus spp., irrespec-
tive of its precise taxonomic position.

Therefore, the use of biological products for pest
and disease control and as growth promoters is one of
the fastest growing segments in modern agriculture.
However, their effective use requires adequate crop
monitoring and ideal application conditions, thereby
allowing producers to combine control efficiency, pest
selectivity, and absence of toxic effects on the envi-
ronment. Likewise, this approach enables more sus-
tainable agriculture (Shiomi et al. 2017). The use of
microorganisms that can provide beneficial effects on
plant growth, as well as assist in the control of phy-
topathogens is an excellent strategy for a more sus-
tainable agriculture. The tested Bacillus spp. exhib-
ited promising antifungal and plant growth-promoting
traits, supporting their potential for biotechnological
applications in sustainable agriculture.

The Bacillus strains tested showed satisfactory
results for the in vitro control of S. sclerotiorum
strain SSF, the causal agent of white mold in common
beans. The combination of pathogen suppression and
growth promotion highlights EVSA as a promising
candidate for the development of bioinoculants in the
sustainable management of white mold in common
bean. Future evaluations under field conditions and
the characterization of the bioactive compounds will
be essential to confirm their efficacy and stability.
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