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Eggplant production in China is significantly impacted by Verticillium wilt caused by
Verticillium dahliae, leading to substantial yield losses. This study was designed to
investigate the potential of rhizobacterial species for the biocontrol of Verticillium
wilt in eggplant. Among the 42 bacterial isolates tested, strain ARF4 demonstrated
the strongest antagonistic effect by inhibiting V. dahliae growth by 84.49%, in addition
to showing antifungal properties against four other plant pathogens. We found
the strain ARF4 is closely related to Bacillus velezensis with high bootstrap values
(100) through a phylogenetic tree based on 16S, rpoB, and gyrA gene sequences.
The ARF4 produces important antifungal compounds such as chitinase, protease,
p-glucosidase, and lipopeptide bacillomycin D, which contribute to its antifungal
properties. The extracted lipopeptide of the ARF4 exhibited strong inhibition of
conidial germination in V. dahliae. Scanning Electron Microscopy (SEM) showed that
hyphae treated with the extracted lipopeptide exhibited considerable deformation.
Transmission electron microscopy results revealed lysis of the cell walls and plasma
membrane, a decreased inner cytoplasmic matrix and a number of mitochondria,
and disintegration of internal organelles. Greenhouse trials demonstrated that
eggplants treated with strain ARF4 experienced a significant disease severity
reduction of 68.45%. This study offers B. velezensis ARF4 biological approach to
Verticillium wilt control in eggplants as an alternative to chemical fungicides and
contributes to sustainable agriculture practices.

KEYWORDS

biocontrol, phytopathogenic, bacteria, green technology, sustainable agriculture

1 Introduction

Eggplant (Solanum melongena) is a vital agricultural crop in China due to its significant
contribution to both the economy and diet. China is the largest producer of eggplant globally,
accounting for over 60% of global production. In 2023, China produced approximately 38
million tons of eggplant, showcasing its dominance in the market (Canton, 2021). Zhejiang
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province stands out as a major hub for producing eggplants in China,
with its cultivated area expanding to 26,666 ha by 2018, “according to
data from the Agriculture Department, Zhejiang Province.” Eggplant
is not only a dietary staple rich in vitamins, minerals, and antioxidants
but also a crucial export commodity, enhancing China’s agricultural
income (Lyu et al., 2024). Its usefulness in cooking makes it an
important component of many traditional Chinese dishes. Despite
high production, eggplant farming in China meets major challenges
due to various diseases. One of the common diseases impacting
eggplant crops includes Verticillium wilt caused by Verticillium dahliae
(V. dahliae), which has main symptoms such as yellowing leaves,
wilting, and yield loss (Ibanga et al., 2023; Scholz et al., 2018; Yang
etal., 2019; Zhang et al., 2024).

Verticillium dahliae, the causative agent of Verticillium wilt, is a
soil-borne fungus that is considered a major threat to eggplant
production in China, leading to considerable economic losses (Tomah
etal., 2023). The occurrence of Verticillium wilt in eggplant cultivation
areas in China is responsible for yield losses ranging from 34.1 to
42.5%, which is a major blow to the agricultural economy and causes
significant economy impact (Zhu et al., 2021). Urgent research is
required to produce resilient, sustainable, and eco-friendly approaches
for handling soil-borne diseases affecting eggplant, such as Verticillium
wilt. Biological control is considered being widely recognized
eco-friendly alternative to traditional chemical methods. It plays a
crucial role in integrated pest management by employing natural
predators to regulate pest populations. This approach offers several
significant economic and ecological advantages, making it an important
approach to sustainable agriculture (Barzman et al., 2015; Lahlali et al.,
2022). Biocontrol offers a sustainable and economical pest management
solution, reducing the risk of pesticide resistance while maintaining
long-term effectiveness at minimal cost (Pandit et al., 2022; Shang et al,,
2024). This method may decrease our dependency on chemical
pesticides, which can harm non-target species such as birds, beneficial
insects, and aquatic life (Wan et al., 2025). Implementing biological
control to minimize reliance on chemical pesticides can offer
substantial environmental and health benefits, as chemical pesticides
enhance agricultural productivity, while their improper or excessive use
can lead to severe environmental damage, polluting soil, air, and water.
While also threatening human health with long-term effects like cancer,
endocrine disorders, and poisoning. By minimizing the need for these
chemicals, biocontrol endorses safer food production and supports
healthier ecosystems (Farah et al., 2024; Munir et al, 2024).
Rhizobacteria are important biocontrol agents and play a crucial rule,
extensively used against Verticillium wilt diseases, which infect several
plants, such as tomatoes and olives as well. Additionally, they are also
effective in the management of other plant diseases such as pepper gray
mold, apple bitter rot, and tobacco bacterial wilt (Chen and Wang,
2022; Dhouib et al., 2019; Jiang et al., 2018; Kim et al., 2021; Triki et al.,
2006; Wang et al., 2023). Studies have shown that some rhizobacteria
species produce a variety of antimicrobial compounds, including
lipopeptides and polyketides, which prevent the growth of pathogens
and induce systemic resistance in plants (Fazle Rabbee and Baek, 2020).
Furthermore, the application of rhizobacteria as a biocontrol agent not
only reduces the occurrence of diseases but also increases plant health.
Rhizobacteria with antifungal properties can provide promising and
sustainable approach to the control of Verticillium wilt diseases. The
current study was carried out with the objectives to isolate and screen
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antifungal rhizobacteria strains against V. dahliae and to assess their
in vivo effectiveness in reducing Verticillium wilt in eggplant.

2 Materials and methods

2.1 Fungus pathogen and bacterial strain
isolation

The highly pathogenic fungus V. dahliae H6 was obtained from
the Plant Pathology Laboratory, Agriculture and Biotechnology
College, Zhejiang University, Hangzhou, China (Tomah et al,,
2023). The fields infestated with Verticillium wilt prolonged in
Yongle Township, Youjiang District, Guangxi, China, in June 2023
were selected. Rhizosphere soil samples were collected from
healthy eggplants. Totally 10 samples, each from a distinct field,
were collected and analyzed in the laboratory. Soil samples were
serially diluted in order to extract bacterial strains and cultured
on Lysogeny broth agar (comprising of 5-g yeast extract, 10-g
tryptone, 10-g NaCl, and 15-g agar, with a pH range of 7.0-7.5).
Bacterial colonies were selected based on morphological
characteristics, including color, size, shape, and surface texture.
Each colony was then subcultured three times for further isolation
and stored in 30% glycerol. The isolated strains were subsequently
preserved in the Culture Collection facility at South China
Agricultural University, China.

2.2 Screening of rhizobacterial isolates for
antifungal activity against the Verticillium
dahliae

The antifungal activity of all the isolated rhizobacterial strains
was evaluated against the V. dahliae growth via direct
confrontation through the dual-culture plate method, as outlined
by Meena et al. (2024). Petri plates of 90-mm diameter containing
solidified and sterile potato dextrose agar (PDA) medium were
prepared in a fume hood. The center of the PDA plate was
inoculated with the disc of a pathogenic fungus (0.5 cm in
diameter) which was taken from a 15-day-old colony. A 30-pL
aliquot of each bacterial suspension previously grown in Luria
Bertani broth (LB broth) in a ZWY-211B rotary shaker at 200 rpm
at 30°C for 8 h was put on four of the 5-mm diameter paper discs
put around the V. dahliae inocula at a distance of 25 mm. The
plates inoculated with a pathogenic fungus and without bacteria
were regarded as the control treatment. All the plates were
incubated at 25°C. The V. dahliae colonies’ growth diameters
(mm) in the antagonistic and control treatments were measured
after 8 days of incubation. The percentage inhibition of radial
growth (PIRG) was calculated through the formula:
PIRG = [(Ct — Vt)/Ct] x 100, where Ct is the growth in the
control treatment, while Vt is the growth with cell suspensions of
the rhizobacteria strain’s treatment. The values were determined
as the mean of four replicates, while every experiment was
repeated at least three times. The rhizobacteria strain
demonstrating the strongest antagonistic activity was selected for
further investigations.
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2.3 Evaluation of the broad-spectrum
antifungal activity of strain ARF4

A highly effective strain ARF4 was assayed for its impact toward
radial growth of highly aggressive plant pathogenic fungi, viz.
V. dahliae H6, Fusarium oxysporum f. sp. niveum ZJ1 (Huang et al.,
2023) Phytophthora capsici HZ07 (Tomah et al., 2020a), and Sclerotinia
sclerotiorum YYO1 (Tomah et al., 2020b), obtained from the plant
pathology lab, previously identified and placed in the Culture
Collection facility of Institute of Biotechnology, Zhejiang University,
Zhejiang, China. The strain ARF4 was routinely reactivated at 37°C in
LB broth, while the plant pathogens were reactivated on PDA, at 25°C,
in dark. To detect the direct activity of an antifungal strain ARF4
in vitro, the disc diffusion technique was applied as described by
Meena et al. (2024). In brief, the sterile PDA media were poured into
90 mm a diameter Petri dish plates and left to solidify in a fume hood.
The 5-mm diameter mycelial plugs were places at the center of the
plates (taken from the edge of colonies of 5-day-old plant-pathogen),
and then the four of the 5-mm diameter paper discs were put around
the fungal inocula at a distance of 25 mm. The paper discs were
inoculated with 30 pL of the bacterial cell suspension which had been
cultured on LB broth using a ZWY-211B rotary shaker at 200 rpm at
30°C for 12 h.

To evaluate the indirect antagonistic activity of strain ARF4, the
poisoned food method was followed as described by Swati Verma et al.
(2020). The bacteria were cultured in LB broth in a ZWY-211B rotary
shaker at 200 rpm at 25°C for 48 h. Cell-free culture supernatant
(CECS) was obtained after centrifugation at 6000 rpm for 10 min and
filtration using a Millipore filter paper of 0.22-pm diameters. The
CFCS was incorporated into the molten PDA at 50%, mixed well, and
immediately, 10 mL were poured into the Petri plates. After the
medium was solidified in the plates inside a fume hood, the mycelial
plugs measuring 5 mm in diameter, carefully excised from the 5-day-
old plant-pathogen culture, were positioned centrally on plates.
Parafilm strips were used to seal the plates. V. dahlias plates were
incubated for 14 days in the dark at 25°C, while other plant pathogens
were incubated for 5 days only. The plant pathogen colonies’ growth
diameters (mm) in both direct and indirect antagonistic tests were
measured, and the PIRG was determined by applying the formula:
PIRG = [(Ct — Cf)/Ct] x 100; where Ct; the growth in control
treatments while the Cf; the growth in CFCS treatments. The recorded
values represent the average of three repeats, and the entire experiment
was repeated at least three times.

2.4 ldentification of bacterial strains

The ARF4 bacterial strain was selected for further experiments,
grown on LB agar for 20-24 h at 30°C and characterized following the
procedures outlined by Zhang et al. (2018). For 16S ribosomal RNA
(rRNA) genes analysis, universal primers 27F (5-AGAGTTTGAT
CMTGGCTCAG-3) and 1492R (5-TACGGYTACCTTGTTA
CGACTT-3") were used. The Polymerase Chain Reaction (PCR)
products were analyzed by separating them on a 1% agarose gel and
visualizing them under ultraviolet light, using a transilluminator
(GenoSens 1850, Clinx Science Instruments Co., Ltd., China) after
staining with ethidium bromide, in order to verify the presence and size
of the amplified 16S rRNA gene fragments (da Silva et al., 2013; Hayward,
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2000). The PCR products were subsequently forwarded for sequencing
to Sangon Biotech Company Limited (Shanghai, China) via the Sanger
method on an automated DNA sequencer (ABI 3730xl, Applied
Biosystems, USA). To identify bacterial species, rpoB gene was amplified
using primers rpoB-f (5-AGGTCAACTAGTTCAGTATGGAC-3") and
rpoB-r (5-AAGAACCGTAACCGGCAACTT-3) (Qiu et al., 2018),
whereas the gyrA gene was amplified with primer pair gyrA-f
(5-CAGTCAGGAAATGCGTACGTCCTT-3) and gyrA-r (5-CAAG
GTAATGCTCCAGGCATTGCT-"3) (Chun and Bae, 2000). The resulted
amplified sequences were edited by BioEdit 7.19, aligned with ClustalX
1.83, and Basic Local Alignment Search Tools (BLAST) against the
GenBank database to identify the closely related sequences.
Representative strain sequences were deposited in the GenBank in order
to acquire accession numbers. These representative sequences were then
used to build a phylogenetic tree, with a neighbor-joining/maximum-
likelihood (NJ/ML) approach using the MEGA 7.0 (Kumar et al., 2016),
with bootstrap analysis (1,000 replication) conducted to evaluate
statistical support of the tree nodes in the phylogenetic trees. Bayesian
inference of posterior probability (BIPP) analyses are performed with
MrBayes v. 3.2.6 (Ronquist et al., 2012). This method was used to analyze
evolutionary connections between the identified bacterial strains and
other known species.

2.5 Detection and production of
p-glucosidase, chitinase, and protease
enzymes

To explore the production of some extracellular hydrolytic
enzymes by bacterium strain ARF4 which may be related to
antagonism toward pathogen growth, the minimal salt medium
(MSM) was used with contents following KH,PO, 0.2 g, (NH,),SO,
1g, MgSO.7H,0 02g KHPO, 1.6g FeSO,7H,0 0.01g,
CaCl,+2H,0 0.02, g, and NaCl 0.1 g. For glucanase activity, the MSM
medium was supplemented with 0.5% f-1,3-glucan (Howard et al,
2003; Renwick et al,, 1991). The MSM medium was prepared by
adding 1% (w/v) colloidal chitin and 1.5% (w/v) agar, with the final
pH adjusted to 7.0 for the chitinase activity test (Alsalman et al., 2022),
while for protease activity, the medium supplemented with 1% skim
milk was used. The 10 pL of suspension of bacteria (standardized to
1 x 10® CFU/mL) and 10 pL of LB broth as control were dropped in
the center of the plate and incubated for 2-3 days at 30°C. The chitin
plates were treated with 0.1% (w/v) Congo red stain and washed
with 1% NaCl. The presence of bacterial hydrolytic enzyme
activities was revealed by clear zones of hydrolysis around the
bacterial colonies.

2.6 Characterization of lipopeptides of
strain ARF4

The inhibition zone in the direct antifungal trial was targeted to
collect and identify lipopeptides involved in V. dahliae inhibition. The
inhibition zone located between the ARF4 strain colony and the
V. dahliae colony was identified on fifty of the LBA media plates. The
sections of the LBA media were carefully cut out from the inhibition
zone using a sterile scalpel, ensuring to avoid contamination from
other areas. The parts of the media around strain ARF4 that grew alone
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without V. dahliae were collected as a control. An amount of 100 g of
cut sections of the medium was added to a 500-ml flask, followed by
the addition of 200 mL of ethyl acetate. The mixture was mechanically
shaken overnight at 25°C. The ethyl acetate extract obtained from LBA
medium sections was filtered using the Whatman filter paper.
Subsequently, the ethyl acetate was evaporated under reduced pressure
using an evaporator vacuum shaker at 40°C to obtain a dry extract,
which was dissolved in a methanol solvent of 40% for analysis.

The ethyl acetate extract was rinsed through a silica gel column
using different ratios of methanol and methylene chloride (1:2, 3:1,
and 5:1, respectively).

After drying, the extract was purified further with the reversed-
phase high-performance liquid chromatography (RP-HPLC) device. The
dry extract was dissolved in 40% methanol and filtered using a 0.22-pm
pore. A 10-pl aliquot was put into an Inert Sustain C18 column (5 pm,
250 mm x 4.6 mm) in the HPLC system. Mobile phase A was acetonitrile
with 0.1% (vol/vol) trifluoroacetic acid (TFA), and mobile phase B was
Milli-Q water with 0.1% (vol/vol) TFA. Purification was performed using
a solvent containing 45% mobile phase A and 55% mobile phase B at a
flow rate of 8 mL/min. The UV absorption at 220 nm was recorded at
running times between 0 min and 35 min for detection. The extract of
RP-HPLC-purified and bacillomycin D (CAS:76012-17-4, Guangzhou
Yaoguang Technology Co., Ltd., China), as a standard, was subjected to
a preparative silica gel thin-layer chromatography (TLC) plate (GF254)
using n-butanol-methanol-water (39: 10: 20, v/v/v) as the mobile phase.
The TLC plate was visualized under the wavelength of 254 nm.

The extract of RP-HPLC-purified was analyzed using matrix-
assisted laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry (Bruker, Bremen, Germany) equipped with a
337-nm smart laser beam for desorption and ionization. The study
focused on detecting and characterizing lipopeptides by analyzing
their mass-to-charge (m/z) ratios using MALDI-TOF mass
spectrometry. The analysis was conducted using a Bruker instrument
(Bremen, Germany) equipped with a 337-nm smart laser beam for
desorption and ionization (Ayed et al., 2014).

2.7 Effect of the extracted lipopeptide of
strain ARF4 on conidia germination of
Verticillium dahliae

The extracted lipopeptide of strain ARF4 was tested for its
inhibitory effect on the conidial germination of V. dahliae using the
agar well diffusion technique. A 0.5 mL of conidia suspension of
V. dahliae (10° spores/mL) was evenly spread onto pre-prepared PDA
plates (90-mm diameter). Wells (5-mm diameter) were created in the
center of the plate by a sterilized cork borer. The extracted lipopeptide
(50 pg/mL prepared in 50% w/v DMSO) was added to wells, while
50 uL of DMSO was added to wells as control. The plates were kept at
25°C for two 48 h, and antifungal activity was assessed by measuring
the inhibition zone around the wells.

2.8 Structural change assays in SEM and
TEM

SEM was used to observe the morphological changes in the fungal
hyphae treated with extracted lipopeptide of strain ARF4. The fungal
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hyphae were treated with 50 pg/mL of extracted lipopeptide using the
agar well diffusion technique for 2 days. The 10-mm diameters of
mycelial plugs were taken from the inhibition zone and control (50 pL of
DMSO). Both samples were fixed in a 2.5% glutaraldehyde solution for
12 h, following the method outlined by Pretorius et al. (2015) and Xiao
etal. (2021). After fixation, the samples were washed three times with
100-mM phosphate buffer, each lasting 10 min. Subsequently, the
samples were post-fixed in 1% osmium tetroxide for 3 h. Dehydration
was then carried out using a graded ethanol series, ranging from 50 to
100%. After mounting onto an aluminium stub, the samples were
sputter-coated with a layer of gold particles and examined using a
scanning electron microscope (SEM, SU8010, HITACHI, Japan),
followed by imaging. For ultrastructural analysis of extracted lipopeptide
effect on hyphae, transmission electron microscopy (TEM) was used.
Prior to TEM, mycelial plugs were fixed for 12 h in 2.5% glutaraldehyde
solution at 4°C. The 100-mM phosphate buffer was used to rinse for
10 min, and the 1% osmium tetroxide solution for 3 h was used to fix the
cells and the gradient of ethanol to dehydrate. With the help of LKB-V
Ultratome, the gold-coated samples were cut into ultra-thin sections and
stained with uranyl acetate for examination under TEM (H-600, Hitachi,
Japan) at 15-kV voltage.

2.9 Management of Verticillium wilt disease
by ARF4 strain

The potential of the selected rhizobacteria strain ARF4 as a
biocontrol agent against Verticillium wilt disease was evaluated in
susceptible eggplant plants (cv. Zhegie 3, an eggplant F1 hybrid) grown
in potted soil under greenhouse conditions. Plastic pots were filled with
sterilized soil composed of a mixture of peat, vermiculite, and farmyard
soil in a 2:1:1 ratio. The conidial suspension of V. dahliae was prepared
from a liquid culture grown in Potato Dextrose broth for 7 days at a
temperature of 24°C and 130 rpm. The conidia were gently scraped from
a sporulating fungal culture using a sterile loop. Then, the spores were
suspended in a sterile diluent (distilled water, 0.01% Tween 80) to prevent
clumping. Conidia were then filtered through sterile cheesecloth (40 jrm)
to remove hyphal debris, and its concentration was adjusted to (107
conidia/mL). A 5 pL of the conidial suspension was loaded onto a
hemocytometer. Spore counts were conducted on the central grid under
a microscope (40 x magnification). To calculate the conidia
concentration, the following formula was used: Conidia/mL = Average
count per square x Dilution factor x 10* (Gayoso et al., 2010). The cell
suspension of bacterium strain ARF4 was cultured in LB medium at a
concentration of 10 CFU/mL and incubated on a rotary shaker at
130 rpm and 30 + 2°C for 24 h, then adjusted to a final concentration of
10" conidia/mL. The experiment was done using a completely
randomized design with three replicates, 10 plants per replicate. The
experimental treatments were carried out as follows: the soil of a group
of pots was inoculated with 20 mL of conidia suspension of Verticillium
and 20 mL of a suspension of bacterial cells. The soil of a group of pots
was inoculated with 20 mL of conidia suspension of Verticillium only, as
negative controls, while the soil of a group of pots was left without
inoculation with suspensions of bacterial cells and conidia of Verticillium,
as positive controls. The three-leaf-old eggplant seedlings previously
prepared were transplanted into the inoculated pots. The pots were
placed in the greenhouse under controlled conditions, maintaining the
humidity level to 70-80% and temperatures of 25 + 3°C with a light, dark
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cycle of 16/8 h and light intensity of 500 pmol/m”* was used (Yang et al.,
2023). To assess the potential of a bacterial biocontrol agent, the
symptoms of the development of Verticillium wilt disease on seedlings
were monitored after 20-day post-pathogen inoculation. Assessment of
disease severity was applied using a 0-5 scale based on foliar symptoms:
0, no diseased leaf; 1, <10%; 2, 11-25%; 3, 26-50%; 4, >50%; and 5, plant
killed (Li et al., 2024). The disease severity (%) and the biological control
efficacy (%) were evaluated.

2.10 Statistical analysis

The data analysis was performed using IBM SPSS statistics 21
(Georgia, USA). The data presented in the results represent the average
value along with the standard error, which is calculated from a minimum
of three values obtained in each independent experiment. The significant
differences between groups are determined by the least significant
difference test, one-way analysis of variance (ANOVA), and Duncan’s test.

3 Results
3.1 Bacterial isolations and antifungal test

In the current study, 42 bacterial isolates were isolated from the
rhizosphere of eggplant plants. The bacterial isolates were purified
and designated sequentially as ARF1 to ARF42 (Table 1). The
antifungal effect of these bacterial strains was evaluated against the
radial growth of V. dahliae using the dual-culture plate method.
One-way ANOVA and Duncan’s test were used to show the
differences among tested bacterial strains in the rates of radial growth
inhibition of V. dahliae (Table 1). Among these bacterial strains,
ARF4 was found to be the most proficient antagonistic strain,
showing the maximum in vitro inhibition rate of 84.49% against
radial growth of V. dahliae. Furthermore, 10 of the bacterial strains
isolated had caused growth inhibition of V. dahliae, ranging from
18.60 to 18.87%. With a lower inhibition rate, 11 of the bacterial
strains isolated caused growth inhibition of V. dahliae, ranging from
16.07 to 16.92%. Also, eight of the bacterially produced inhibition
zones were between 15.07 and 15.99%. While three of the bacterial
strains had recorded the zone of inhibition, ranging from 12.03 to
12.66%, five of the bacterial strains had recorded the zone of
inhibition, ranging from 11.17 to 11.96%, and four bacterial strains
recorded the zone of inhibition from 10.16 to 10.86%. Overall,
although most isolates demonstrated only slight antifungal activity,
strain ARF4 outperformed other isolates against V. dahliae.

3.2 Broad spectrum antifungal activity

The inhibitory activity of rhizobacteria strain ARF4 was assessed
against four plant pathogens in vitro. In the disc diffusion assay,
bacterial strain ARF4 exhibited a strong direct antagonistic effect and
inhibited all tested plant pathogen radial growth compared to the
control (Figure 1). Similarly, in the poisoned food method, indirect
antagonism using the cell-free culture supernatant (CFCS) of strain
ARF4 (55%) also exhibited significant inhibition of radial growth in
all pathogens (Figure 1). Visual assessments indicated that the highest
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TABLE 1 Antifungal activity on Verticillium dahliae by rhizobacteria
strains isolated from rhizosphere zone of eggplant plants.

ARF1 1522 +1.47¢
ARF2 18.65 + 1.77 b
ARF3 12.66 + 1.13¢
ARF4 84.49 +3.15°
ARF5 16.07 £ 1.82¢
ARF6 18.64 + 0.45 b
ARF7 15.07 +0.67 ¢
ARF8 18.61+1.22"%
ARF9 11.17 £0.18
ARF10 15.63 £ 1.09 ¢
ARF11 18.63+1.21 "%
ARF12 10.32+1.08°
ARF13 1691 £1.11%¢
ARF14 16.77 £ 1.72 ¢
ARF15 18.62 + 1.17 %
ARF16 15.99 +0.43 ¢
ARF17 16.90 + 1.13 >
ARF18 16.92 +1.27 ¢
ARF19 10.75 £ 1.22¢
ARF20 18.63 +0.29
ARF21 16.17+£1.09¢
ARF22 1523 +1.47¢
ARF23 18.61 +0.69
ARF24 11.86 + 0.88
ARF25 16.09 + 1.13 ¢
ARF26 1558 +1.14¢
ARF27 12.03 £0.53 <
ARF28 18.60 + 1.57 b
ARF29 16.27 £0.32¢
ARF30 11.96 + 1.12<
ARF31 16.87 +0.77 ¢
ARF32 18.87 + 1.87°
ARF33 10.86 + 1.16
ARF34 15.46 + 0.47 ¢
ARF35 1233 +£0.17
ARF36 16.39 + 0.55 <
ARF37 11.26 +1.23 ¢
ARF38 18.60 £ 0.33 b
ARF39 1521 +0.57¢
ARF40 11.96 + 1.68
ARF41 16.63 + 0.67 ¢
ARF42 10.16 £0.93 1

The superscript (abcdef) in table shows significant value (p < 0.05).

inhibition was recorded against V. dahliae in both direct and indirect
assays. Based on these results, strain ARF4 is considered an effective
antagonist in inhibiting the growth of tested plant pathogens.
Statistical analysis of PIRG revealed that strain ARF4 exhibited
strong inhibitory potential against plant pathogens with significant
difference (p < 0.05) observed among them (Table 2). In the disc diffusion
assay, the strain ARF4 strain showed the highest PIRG against V. dahliae
(80.21 £ 0.58%) while the least recorded was against E o. f. sp. niveurn was
(48.88 + 0.95%). The PIRG values were found to be (64.67 + 0.88%) and
(57.49 +0.97%) against P. capsici and S. sclerotiorum, respectively. In the
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maximal suppression against V. dahliae (vs. control).

F. o. f. sp. niveum

In vitro antagonistic activity of strain ARF4 against four plant pathogens. Disc diffusion and poisoned food assays show inhibition of radial growth with

S. sclerotiorum

P. capsici

poisoned food method, the CFCS of the bacterial strain ARF4 recorded
significant inhibition differences in the radial growth among the plant
pathogens. The highest PIRG was again recorded against V. dahliae
(86.57 + 0.60%), while the lowest inhibition was recorded against
P capsici (67.29 £0.92%). However, the high values of PIRG
(79.60 + 0.96%) and (69.19 +0.64%) were also recorded against
S. sclerotiorum and F. o. f. sp. niveum, respectively.

3.3 ldentification of bacterial strains

The DNA of strain ARF4 was amplified by the 16S gene, and
a sequence of 1,420 bp was obtained. The BLAST results showed
that the strain belongs to the genus Bacillus spp. The rpoB and
gyrA genes were amplified to determine a species, and 959 and
546 bp of sequences were obtained, respectively. The BLAST
results showed that the species identity of the two genes was
aligned 100% with the species of B. velezensis of strain BY6 and
strain LPLO61, respectively. In a phylogenetic tree, the topology
of the scoring NJ/ML bootstrap tree analysis was congruent with
the BIPP tree for the concatenated three-locus dataset. Strain
ARF4 is grouped with B. velezensis BY6 and B. velezensis LPL061
with a bootstrap support of NJ/ML =98 and BIPP =0.99
(Figure 2). This high bootstrap value indicates strong support for
the grouping, suggesting that strain ARF4 is closely related to
these strains of B. velezensis. Strain ARF4 was submitted to

Frontiers in Sustainable Food Systems

TABLE 2 Antifungal activity of strain ARF4 against four of the plant
pathogens using disc diffusion assay and poisoned food method.

Plant pathogens Percentage inhibition of radial

growth (PIRG)

Poisoned food

Disc diffusion

technique method
V. dahliae 80.21+0.58a 86.57 £ 0.60 a
E o. f. sp. niveum 48.88+0.95d 69.19 +0.64 ¢
P. capsici 64.67 + 0.88 b 67.29+0.92d
S. sclerotiorum 57.49 +0.97 ¢ 79.60 + 0.96 b
Average of inhibition 62.81 75.66

The superscript (abed) in table shows significant value (p < 0.05).

GenBank under accession numbers 0Q918063.1, 0Q920283.1,
and 0Q920284.1 for 16S, rpoB, and gyrA genes.

3.4 Detection production of enzymes of
p-glucosidase, chitinase, and protease

The lytic enzymes produced by bacteria play crucial role in the
biological transformation of nitrogen, hydrogen, and carbon. These
enzymes deform pathogenic fungi’s cell walls and act as critical
mechanisms of eco-friendly soil-borne pathogen control. ARF4
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FIGURE 2

The phylogenetic tree of the Strain ARF4 was built based on 16S rRNA, rpoB, and gyrA gene sequences using MEGA version X with neighbor-joining
and maximume-likelihood and Bayesian inference (Bl) methods. NJ/ML bootstrap values are indicated by black numbers, while BIPP values are indicated
by red. Dashes indicate support values lower than 80% NJ/ML and 0.95 BIPP.

B. mojavensis IMA3

strain produced a halo zone of 1.6 cm around its colony on MSM
with 1% skim milk, indicating its capability to produce protease
enzyme (Figure 3A). Similarly, ARF4 also exhibited the potential to
produce chitinase and f-glucosidase hydrolytic enzymes as
indicated by clear halo zones of 1.7- and 1.5-cm diameters on chitin
agar and MSM amended with glucan media, respectively
(Figures 3B,C).

3.5 ldentification of lipopeptides from
strain ARF4 extract

The production of specialized lipopeptide by the B. velezensis
ARF4 cultured on a solid LB medium was analyzed. RP-HPLC
analysis showed only one large peak appeared at a retention
time19.023 min (Figure 4A). Characterization of the extract produced
by strain ARF4 was carried out by TLC. Results obtained by TLC
indicate the lipopeptide nature of the bacillomycin D produced, which
was observed against standard bacillomycin D (Figure 4B).

Using MALDI-TOE the resulted mass spectrometry data were
compared with the known Bacillus metabolite, confirming the
presence of a cyclic lipopeptides compound of the iturin family. This
compound was homologous to bacillomycin D (m/z 1081.336
[M + Na]*), which includes a heptapeptide molecule attached to a
f-amino fatty acid chain consisting of 15 carbon atoms (Table 3;
Figures 5A,B). The results of MALDI-TOF mass spectra of strain
ARF4, which was grown alone (without V. dahliae) as a control, also
showed the same lipopeptide indicating polymyxin, which was
separated but with shorter peaks (Figure 5C).

Frontiers in Sustainable Food Systems

3.6 Effect of extracted lipopeptides of the
ARF4 on germination Verticillium dahliae
spores and hyphae structure

The antifungal activity of extracted lipopeptides of strain ARF4
was assessed using the agar well diffusion technique. The extract
exhibited strong inhibition of conidial germination in V. dahliae, as
evidenced by the presence of inhibition zones around the wells,
compared to the DMSO control (Figures 6A,B).

In order to study the effects of the extracted lipopeptide on the
morphology of V. dahliae hyphae, scanning electron microscopy
(SEM) was conducted. Agar slices of 0.5 cm* from hyphal zones
treated with the extract and from regions treated with
Dimethylsulfoxide (DMSO) were prepared, and the resulted
morphological variations were examined by SEM. The morphology of
V. dahliae hyphae treated with extracted lipopeptide was significantly
different from that of DMSO-treated control. The hyphae treated with
extracted lipopeptide exhibited considerable deformation, appearing
irregular with extensive collapse, and the normal plump cylindrical
shape of the hyphae was lost, likely due to the outflow of cytoplasm,
which may have led to cell death (Figure 6C). In contrast, the hyphae
from the DMSO-treated control group displayed regular, plump,
intact cylindrical structures (Figure 6D).

The cell wall and plasma membrane treated with DMSO showed
uniform and typical cellular morphology, with a clear and intact cell
wall. The cytoplasmic matrix was dense, and essential organelles, such
as the nucleus and mitochondria, exhibited normal and well-defined
structures (Figures 7A,C). In contrast, the hyphae treated with the
extracted lipopeptide displayed a reduced cytoplasmic matrix and
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FIGURE 3

The image displays enzyme activity on agar plates incubated with the ARF4 strain. These results highlight the ability of the ARF4 strain to produce
enzymes, (A) protease, (B) -glucosidase, and (C) chitinase, as observed through distinct color changes and clear zones on the agar plates.
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FIGURE 4

product in comparison to standard bacillomycin D.

Reversed-phase high-performance liquid chromatography (RP-HPLC) and preparative silica gel TLC plate (GF254) analyses. (A) RP-HPLC analysis of
extract-product by B. velezensis strain ARF4. A single peak was observed at 220 nm with a retention time of 19.02 min. (B) TLC profile of extract-

unclear ultrastructure, with a reduced number of mitochondria, and
the internal organelles appeared disintegrated (Figure 7B).
Additionally, the cell walls and plasma membrane of the treated
hyphae were rough and blurred, with visible signs of cell wall lysis
(Figure 7D).

3.7 Management of Verticillium wilt disease
by ARF4 strain

The potential of the ARF4 strain in controlling Verticillium wilt
disease was rigorously evaluated through a series of pot experiments
designed to simulate real-world conditions. The results of these assays
were highly promising, indicating that inoculation with the ARF4
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strain significantly reduced both the incidence and severity of
Verticillium wilt in eggplants compared to negative controls (Figure 8).
Specifically, the seedling’s inoculation with conidia of V. dahliae led to
the appearance of a major infection, represented by yellowing and
wilting of most leaves (Figure 8A). While the yellowing and wilting
were observed to be reduced on the leaves of plants co-inoculated with
ARF4 strain and conidia of V. dahliae (Figure 8B). While no symptoms
of yellowing and wilt were observed in the positive control (Figure 8C).
Statistically, the disease severity observed in eggplants inoculated
solely with V. dahliae reached 73.28 + 1.87 after 20 days, reflecting
substantial infection. In contrast, eggplants treated with both
V. dahliae and the ARF4 strain showed a markedly reduced disease
severity of 23.05+0.72 (Figure 8D), corresponding to a control
efficacy of 68.45 + 0.85% (Figure 8E).
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TABLE 3 Specialized extracted lipopeptide from the B. velezensis ARF4,
extracted from the inhibition zone on the PDA medium, detected by
MALDI-TOF.

Putative Lipopeptide References
Assigned Family
Lipopeptide
Bacillomycin D C14 Platel et al. (2021)
1053.3 ITturin
[M + Na]*
Bacillomycin D C15 Platel et al. (2021)
1067.3 Iturin
[M + Na]*
Bacillomycin D C15 Platel et al. (2021)
1081.3 ITturin
[M +K]*
Bacillomycin D C16 Platel et al. (2021)
1083.3 ITturin
[M + Na]*
Bacillomycin D C17 Platel et al. (2021)
1095.3 Iturin
[M + Na]*
Bacillomycin D C17 Athukorala et al.
1111.3 Iturin
[M +K]* (2009)

4 Discussion

In the present study, overall, 42 rhizospheric isolates were
extracted from healthy eggplant rhizosphere soil samples, and their
antagonistic potential was evaluated using the dual-culture plate
method as described by Meena et al. (2024) and Soylu et al. (2021).
The PIRG was estimated, and the bacterial strain with strong
antagonistic activity was chosen for further experiments. The strain
ARF4 had the highest PIRG percentage, which was 84.49%. These
results align with other studies where antagonists from the Bacillus
genus exhibit comparable inhibition against different pathogens
(Firaetal, 2018; Soylu et al., 2021). Phylogenetic analysis revealed
that strain ARF4 is closely related to these strains of Bacillus
velezensis (Figure 2). B. velezensis (ARF4) was further tested for
broad-spectrum antifungal activity against V. dahliae, E. oxysporum
f. sp. niveum, P. capsici, and S. sclerotiorum YYO through disc
diffusion assay, as well as poisoned food method and the results
showed that it is considered being an effective antagonist in
inhibiting the growth of tested plant pathogens (Figure 1). The
dual-culture assay used in this study is in line with the previous
studies conducted by Prom and Shi, who effectively demonstrated
the antagonistic potential of B. velezensis against a range of
pathogens like E o. f. sp. niveum and V. dahliae (Prom et al., 2023;
Shi et al., 2024). In our study, the identified strain B. velezensis
ARF4 has potent biocontrol activity, particularly in managing
Verticillium wilt, a significant disease affecting eggplant (Solanum
melongena). This bacterium is highly effective against a broader
range of plant pathogens, especially V. dahliae, due to its broad-
spectrum antifungal activity. These bacteria produce various
enzymes such as f-glucosidase, chitinase, and protease, as well as
the antifungal lipopeptide bacillomycin D (Figures 3, 4).
Bacillomycin D is produced by several Bacillus strains using
fermentative  production in liquid media, such as
B. amyloliquefaciens (Gu et al., 2017; Lv et al.,, 2024), B. subtilis
(Gongetal, 2014), and B. velezensis HN-2 (Jin et al., 2020). Primary
extraction for bacillomycin D produced by B. velezensis ARF4 was
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carried out by using solid LBA media, purification by RH-HPLC,
and characterization for bacillomycin D was carried out by using
TLC using bacillomycin D as a standard.

While TLC and MALDI-TOF MS analyses provided useful
insights, it is important to acknowledge that these techniques
yield only preliminary evidence for the identification of
bacillomycin D. The lack of structural validation via advanced
techniques such as nuclear magnetic resonance (NMR)
spectroscopy or tandem mass spectrometry (MS-MS) represents
a limitation of the current study. Therefore, we explicitly recognize
that the identification of bacillomycin D in this study remains
tentative. Future studies should incorporate NMR-based structural
elucidation and comparative antifungal bioassays using purified
standards to confirm the identity and bioactivity of bacillomycin
D and its homologs with higher precision.

Bioactive metabolites and lipopeptides are typically extracted
from cell-free culture filtrates. However, Zihalirwa Kulimushi
et al. (2017) demonstrated, they can also be extracted directly
from inhibition zones. While this method may offer practical
advantages, such as ease of isolation from actively antagonistic
regions, it presents the drawback of potential co-extraction of
contaminants. These contaminants may obscure the true efficacy
of the antimicrobial agents by introducing other compounds that
could interfere with the inhibition zone, leading to an inaccurate
assessment of bioactivity. We include this caveat upon the
reviewer’s request to clarify limitations inherent in our current
extraction approach.

Chitinases are key enzymatic players in the antifungal arsenal
of Bacillus species, targeting chitin found in fungal cell walls.
Their antifungal efficacy is attributed to hydrolyzing chitin,
leading to morphological distortions and stunted growth of fungi
(Nazeer, 2023; Toufiq et al.,, 2018). This hydrolytic action is crucial
in biocontrol strategies, as chitinase production has been
correlated with notable antifungal activity (Abdelmoteleb et al.,
2017; Zhang et al., 2021). Similarly, proteases contribute to this
antifungal action by degrading proteins within the fungal cell
wall, further facilitating cell lysis (Allioui et al., 2021). Together,
these enzymes disrupt the structural integrity of fungal cells,
enhancing the overall antifungal potential of the Bacillus species.
On the other hand, lipopeptides such as iturin, fengycin, and
surfactin emerge as versatile antimicrobial agents that exhibit
broad-spectrum antifungal activity. These compounds can disrupt
fungal cell membranes, leading to cell lysis and death through
mechanisms distinct from those of chitinases and proteases
(Guillén-Navarro et al., 2023; Liu et al., 2020). The evidence
suggesting that viable Bacillus cultures showcase superior
antifungal effects compared to individually applied lipopeptides
suggests that additional metabolites or a collaborative interaction
may be at play (Deng et al., 2023; Jumpathong et al., 2022). The
interplay between these components points toward a synergistic
mechanism. The simultaneous action of chitinases, proteases, and
lipopeptides could create a multipronged approach to fungal
inhibition. For example, while lipopeptides compromise the
fungal membrane, chitinases and proteases could facilitate further
degradation of cellular architecture. This was illustrated in
experiments where the combined action of hydrolytic enzymes
and lipopeptides led to enhanced antifungal effects compared to
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MALDI-TOF MS analysis of the extracted lipopeptides produced by the ARF4 strain. (A) High mass intensity in the m/z range 500-3,500 is proposed to
contain bacillomycin D. (B) High mass intensity at m/z 1,040-1,140 is proposed to contain bacillomycin D. (C) Lipopeptide was detected in a sample of
strain ARF4 without fungi as a control.

FIGURE 6
Antifungal activity of extracted lipopeptide of the strain ARF4 against V. dahliae. (A) Antifungal activity of extracted lipopeptide on conidia germination
and (B) Control treatment using DMSO. (C) Scanning electron microscopy images of V. dahliae hyphae were treated with extracted lipopeptide of ARF4
and (D) were hyphae treated with DMSO (control). White arrows point to hyphae deterioration. Black arrowheads point to plump and intact hyphae.

either component alone (Abdelmoteleb et al., 2017; Al-Mutar
et al, 2023; Soylu et al., 2022). The evidence suggests that these
factors do not act in isolation but rather synergistically enhance
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the overall antifungal potential, allowing Bacillus species to
effectively combat a spectrum of phytopathogenic fungi as well as
in the enhancement of plant health.
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FIGURE 7

Transmission electron microscopy (TEM) analysis showing the effect of lipopeptide produced by the ARF4 strain on the ultrastructure of V. dahliae
hyphae. (A,C) Hyphal cells were treated with 40 pg/mL of DMSO (control). (B,D) Hyphal cells were treated with 40 pg/mL of the extracted lipopeptide.
Black arrowheads point to the cell wall and plasma membrane lysis of hyphae. Red arrowheads point to a reduced cytoplasmic matrix and unclear
ultrastructure, as well as a reduced humber of mitochondria, with the internal organelles appearing disintegrated.

In this research, the analysis of MALDI-TOF MS showed that
antimicrobial lipopeptides produced by rhizobacteria strain ARF4
against V. dahliae were of itrurin family having cyclic structure
and homologs to bacillomycin D. These lipopeptides suppress the
germination of fungal spores and destroy the fungal cell
membrane. Bacillomycin D has been reported to effectively
destroy the hyphal structure of V. dahliae and, thereby, its
pathogenicity (Figure 6; Hammad et al, 2023). In addition,
bacillomycin D extracted from B. velezensis ARF4 strain has also
been shown to inhibit the germination of the V. dahliae spores,
which further highlights its biocontrol potential (Prom et al,
2023). The biological role of these lipopeptides in biocontrol is
well documented, but comprehensive structure-function studies
are needed to delineate their specific mechanisms and interactions.
The activity of the f-glucosidase and chitinase enzymes also add
to the antagonism of this bacterium as they are essential in the
breakdown of cell walls of fungal pathogens (Bayisa et al., 2021).
Moreover, these enzymes, in addition to antifungal properties,
increase nutrient bioavailability in the rhizosphere and promote
plant growth and disease resistance (Ihan et al, 2020;
Songwattana et al., 2023).

Furthermore, a genomic study on B. velezensis has revealed
that it contains multiple gene clusters related to the biosynthesis
of antimicrobial compounds, including non-ribosomal peptide
synthetases responsible for lipopeptide production (Hammad
et al, 2023; Nakkeeran et al, 2021). This genetic potential
highlights the adaptability of B. velezensis as a biocontrol agent,
capable of combating multiple pathogens effectively in a range of
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environmental conditions. Also, the targeting of specific strains
with improved antifungal activities is a step toward the efficient
implementation of B. velezensis in agriculture (Grady et al., 2019;
Vahidinasab et al., 2022). Field and greenhouse studies have
demonstrated that inoculation with B. velezensis significantly
reduces both the incidence and severity of Verticillium wilt in
eggplants compared to untreated controls. For example, research
indicates that B. velezensis strains can effectively lower disease
severity by inhibiting the mycelial growth of V. dahliae and
enhancing plant defense mechanisms (Hasan et al., 2020; Prom
et al., 2023). The presence of B. velezensis in the rhizosphere
stimulates the plant’s immune response, leading to increased
production of defense-related compounds and improved overall
plant health (Ying et al., 2024). This biocontrol strategy not only
alleviates Verticillium wilt impact but also maintains sustainable
agricultural reliance on

practices by reducing the

chemical fungicides.

5 Conclusion

Bacillus velezensis, with its multiple mechanisms of action,
such as the production of antifungal compounds and hydrolytic
enzymes, might be considered an important biocontrol agent
against Verticillium wilt in eggplant. The disease incidence and
severity were significantly reduced with the inoculation
B. velezensis, proving its potential as a sustainable alternative to
chemical fungicides in crop protection strategies. Continued
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FIGURE 8
Inhibitory efficacy of rhizobacteria strain ARF4 against eggplant Verticillium wilt. (A) Inoculation with conidia suspension of V. dahliae. (B) Coinoculation
with strain ARF4 and conidia suspension of V. dahliae. (C) Without inoculation with V. dahliae and strain ARF4 (control). (D) The disease severity of a
Verticillium wilt after 20 days. (E) Control efficacy to the strain ARF4.

research into the specific mechanisms and optimal application
methods will further enhance the efficacy and increase its
effectiveness in environmentally friendly disease management
strategies of B. velezensis in agricultural practices.
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