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1. Introduction
  

 Currently, biocontrol agents, including the related 
bioactive compounds product, were restrained and 
developed to substitute synthetic fungicides in 
plant disease management. The hazardous effect 
on a broad aspect of the environmental community 
and resistance character development by intensive 
lethal chemical application underlies the shifting 
in people's concern about controlling crop disease. 
Commonly studied biocontrol agents, the Bacillus 
group, i.e., B. subtilis, B. mojavensis, and B. velezensis 
(Miljaković et al. 2020; Saxena et al. 2020) were 
reported to produce various bioactive compounds. 
Those bioactive compounds were used against 
popular crop pathogenic fungi such as Colletotrichum 
spp., Sclerotinia sclerotiorum, Botrytis cinerea, and 
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species complex Fusarium oxysporum (Cheung et al. 
2020; Derbyshire et al. 2022; Karlsson et al. 2021; 
Wan et al. 2021). The cyclic lipopeptide group and 
several cell wall-degrading enzymes were produced 
by biocontrol bacteria, B. subtilis (Dimkić et al. 2022; 
Li et al. 2021). The studies on the synergism of 
biocontrol bacteria and their antifungal substances 
suggested more alternatives in plant disease 
biocontrol strategy.  
 Various destructive plant diseases reported in 
economic crops, such as wilt and root rot, were 
caused by widespread pathogenic fungi, F. oxysporum 
(Fox) (Attia et al. 2022; Bhagat et al. 2022). These soil-
borne filamentous fungi were distributed worldwide 
and infected thousands of species of crops, i.e., 
wheat, tomatoes, banana, beans, and many more  
(Bhar et al. 2021; Srinivas et al. 2019). The Bacillus 
group, B. subtilis, shows strong efficacy in defeating 
the infection of F. oxysporum in crops by producing 
bioactive compounds. The newest report informed 
the potency of B. subtilis HSY21 as biological control 
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agent against F. oxysporum infection, which showed 
a similar response with FoERG3-knock out mutant, 
including deformity and swelling of the mycelium 
surface, increased membrane permeability, and 
influences the fungal virulence factor (Han et al. 
2022). Other reports related to popular Bacilli 
lipopeptide showed the antimicrobial activity 
of B. subtilis (OK662659) supernatant against F. 
oxysporum f. sp. radicis-lycopersici that revealed 
identified as surfactins and plipastatins by LC-HRMS 
analysis (Munakata et al. 2022). Mass spectrometry 
such as Gas-Chromatography (GC) and Liquid 
Chromatography (LC) mass spectrometry (MS) with 
various types of additional analysis were commonly 
used to identify the chemical compounds related to 
the antifungal activity of the bacterial product.  
 Furthermore, one of the antifungal compounds' 
modes of action affected pathogens' physiological 
metabolism. Zhao et al. (2022a) found that the cell-
free supernatant (CFS) generated from B. velezensis 
A4 affected the hyphal cell of postharvest grey mould, 
Botrytis cinerea. CFS treatment could destroy the cell 
membrane, resulting in exosmosis of cell contents 
and accumulating the reactive oxygen species (ROS) 
that leads to oxidative damage. The biocontrol 
mechanism of antifungal protein produced by B. 
licheniformis W10 revealed a destructive effect on 
peach shoot blight fungus, Phomopsis amygdali, by 
distorting hyphal cells, breakage the fungal cell wall 
and protoplasm leakage (Ji et al. 2022). The change 
of malondialdehyde (MDA), a small water-soluble 
molecule that is released triggered by cell membrane 
damage, on pathogen cells reflected an important 
indication of negative effects by the treatment of 
antifungal compounds. Intensive studies on the 
antifungal substances mechanism in defeating 
pathogenic fungi provided in-depth information for 
developing the bio-based fungicide to control plant 
disease.
 In the previous research, Putri et al. (2021) reported 
the potent growth inhibition of F. oxysporum and 
hyphal alteration by cell-free supernatant (CFS) of B. 
subtilis strain W3.15. However, the fungal inhibition 
of that F. oxysporum, isolated from the soybean plant, 
still requires further investigation and identification 
of the bacterial compounds that may involve in 
the action. Therefore, this present study primarily 
focussed on producing the antifungal substances 
from strain W3.15 on a favorable medium and proper 
harvesting time. Next, the antifungal substances were 

explored then the evidence of F. oxysporum growth 
and microstructural deformation after treatment was 
determined. The effect of the antifungal substance on 
fungal cells using malondialdehyde level and cellular 
leakage were also examined. Moreover, LC-MS/MS 
analysis was also used to analyze and predict the 
chemical compound. This study provides additional 
information about unusual compounds type and 
simple mechanisms of antifungal compounds found 
in B. subtilis to inhibit F. oxysporum.

2. Materials and Methods

2.1. Microbial Preparation
 A bacterial isolate with code W3.15 from the 
previous study (Putri et al. 2021) was used for the 
experiment. The strains were cultured in nutrient 
agar (NA, Merck, Germany) medium overnight 
before being examined. F. oxysporum, also from 
the previous study (Putri et al. 2021), was used as 
the phytopathogen target. The fungus was grown 
on potato dextrose agar (PDA, Merck, Germany) 
for 6 days. For conidiospore inoculum, six days old 
of F. oxysporum culture was added with an amount 
of 10% (v/v) Tween 80, then mixed with vortex for 
a few minutes. The conidiospore suspension was 
then transferred aseptically into 50 ml of fresh 
potato dextrose broth (PDB) (Difco, US). The final 
conidiospore concentration was counted using the 
total plate count (TPC) method and adjusted to 105 
CFU/ml before being used in experiments.

2.2. Medium Optimization for Antifungal 
Compounds Production
 Several types of media were used in bacterial 
cultivation to obtain the best growth medium for 
antifungal production, as described by Liu et al. (2015) 
and Sa-Uth et al. (2018). There was nutrient broth 
(NB) (Merck, Germany), trypticase soy broth (TSB) 
(Merck, Germany), Luria-Bertani (LB) broth (tryptone 
20 g/l, yeast extract 10 g/l, NaCl 10 g/l, and distilled 
water), and potato dextrose broth (PDB) (Difco, US) 
that used. They were performed in the incubation 
shaker at 120 rpm for 72 h at room temperature 
(±28°C). Bacterial cell growth was determined by 
the cell biomass, whereas their antifungal activity 
was presented by the diameter of the inhibition zone 
around the paper disc after 4-5 days of incubation. 
This assay was conducted three times.
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2.3. Correlation of Bacterial Cell Growth and 
Antifungal Activity
 A volume of 50 ml of potato dextrose broth (PDB) 
(Difco, US) medium was inoculated with 1% of a fresh 
culture of strain W3.15 and then shaken at 120 rpm 
for 72 h (±28°C). During incubation, two milliliters 
of bacterial culture were withdrawn every three 
hours to measure the OD600 and its bioactivity with 
F. oxysporum (Li et al. 2018). In vitro evaluation of 
bacterial bioactivity was performed with agar disc 
diffusion then the inhibition zone was measured after 
4-5 days of incubation in dark conditions (Hwang 
and Song 2020; Veras et al. 2016). The experiments 
were performed in triplicate.

2.4. Bacterial Cultivation and Extraction of 
Crude Antifungal Compounds
 A volume of W3.15 strain seed broth was 
transferred into a 5 L Erlenmeyer flask containing 3 
L of NB medium and incubated for two days. Culture 
supernatant was collected and added with ethyl 
acetate (EA) in equal volumes, then shaken vigorously 
for 24 h using a magnetic stirrer. The culture medium 
was removed, and the organic phase was collected 
and evaporated at 40°C temperature using a vacuum 
evaporator (Jinal and Amaresan 2020; Mohan et al. 
2016). The crude EA extract was then stored at 4°C 
before being examined.

2.5. Determination of Antifungal Activity 
Crude EA Extract against F. oxysporum
 The EA extract of the W3.15 strain from the previous 
step was diluted in several different concentrations 
(0-1,000 µg/ml) with 10% (v/v) of DMSO (Merck, 
Germany). Each concentration of the bacterial 
extract was added into molten PDA medium (±40°C) 
before being poured into a nine cm-diameter Petri 
dish. Negative control was chosen from the DMSO-
treated plate without extract supplementation. 
A 5 mm of the mycelial block was cut from the six 
days-old F. oxysporum culture and then inoculated 
into the center of each plate. Plates were incubated 
under dark conditions at room temperature (±28°C) 
until the control plates were covered with fungal 
radial growth. Mycelial radial growth was used as 
an inhibition effects indicator compared to their 
respective control (Qi et al. 2019). The percentage of 
mycelial growth inhibition was calculated using the 
following standard equation: 

Growth inhibition percentage (%) = [(C – T)/C] × 100

 Where C was the average diameter of the control, 
and T was the average diameter of the fungal with 
extract treatment. The assay was performed in 
triplicates. In addition, the median inhibitory 
concentration (IC50), defined as the concentration 
of crude EA extract of W3.15 strain to inhibit half of 
the F. oxysporum growth, was determined from the 
linear regression analysis of dose-response curve 
plotting between crude EA extract and mycelial 
average diameter (Mejri et al. 2018).

2.6. Light Microscopy Observation of Mycelial 
Morphology after Antifungal Treatment
 Evaluation of mycelial growth alteration 
stimulated by bacterial crude extract treatment was 
carried out according to Li et al. (2021) with several 
modifications. Fungal mycelium was sampled from 
the previous treatment plates and then immersed 
with lactophenol blue staining before being observed 
under an optical microscope (Leica Microsystem, 
Germany) with 400x magnification. Control plates 
with only EA supplementation were also sampled as 
a comparison to normal hyphal growth.

2.7. Determination of Lipid Peroxidation 
Content in Fungal Mycelium
 Lipid peroxidation level on extract post-treatment 
mycelia was expressed as malondialdehyde (MDA). 
F. oxysporum was cultured in 100 ml medium 
supplemented with IC50 concentration of crude EA 
extract for three days (dark condition, 25°C) before 
being collected using centrifugation. Mycelia (1-1.5 
g) was rinsed with phosphate buffer saline (0.1 M, pH 
7) and dried with filter paper. Mycelia was ground 
and homogenized with 5 ml of precooled 5% (w/v) 
trichloroacetic acid (TCA) (Merck, Germany) solution. 
Mycelial MDA was recovered from a homogeneous 
solution using centrifugation at 10,000 rpm for 10 
minutes (4°C). Then, 4 ml of 0.1% (w/v) thiobarbituric 
acid (TBA) in 20% (w/v) TCA was added to 2 ml of the 
supernatant. The solution was heated in a water bath 
at 80°C for 15 minutes and then quickly cooled in an 
ice bath. Besides, sterile distilled water was used as a 
negative control with the same treatment (Sun et al. 
2021). The final solution absorbance was measured 
using a spectrophotometer at wavelength 532 and 
600 nm, respectively.



2.8. Detection of Cell Membrane Damage
 Mycelia (50 mg) was harvested from three days-
old F. oxysporum broth culture (dark condition, 110 
rpm, 25°C). The collected mycelial was washed with 
sterile distillate water before resuspending in 20 ml 
of sterile distillate water supplemented with IC50 
dosage of crude EA extract. This mixture was then 
incubated at room temperature (25°C, 110 rpm) for 
four hours with an hour (60 min) interval sampling. 
Afterward, the sample was filtered using a Millipore 
syringe filter then the supernatant was recovered 
and used to determine optical density at 260 nm 
and 280 nm to assess the nucleic acid and protein 
leakage. Distillates water was used as the negative 
control (Wang et al. 2020).

2.9. Secondary Metabolites Identification
 LC-MS/MS system (Waters, US) analysis was used 
to predict the antifungal metabolites contained in 
crude EA extract of the W3.15 strain, as Listyorini 
et al. (2021), with certain modifications. Five 
microliters of crude EA extract of W3.15 strain 
(dissolved in methanol) were injected into an LC-
MS system equipped with a UPLC capillary column 
C18 2.1 × 100 mm (1.8 µm) containing a column 
containing the Acquity UPLC®HSS 1.7 m particles. 
The flow rate was programmed at 0.2 ml/min at 
room temperature (25°C). Two types of mobile phase 
which consisted of a mixture of 5 mM formic acid 
in distilled water (A) and a mixture of 0.05% (v/v) 
formic acid in acetonitrile (B), were used. For mass 
spectrometric conditions, the electrospray ionization 
(ES) (Xevo G2-S Qtof) (Waters, US) system on positive 
ion mode was performed for further analysis. The 
MS/MS spectra were obtained with a mass ranging 
from 50–1,200 m/z. MassLynx software (ver. 4.1) was 
used for data acquisition and processing, and then 
Chemspider (www.chemspider.com) and MassBank 
(www.massbank.jp) were used to identify the m/z 
peak of the dominant spectrum.
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3. Results

3.1. Effects of Different Mediums on Biomass 
and Antifungal Activity
 Production of metabolites and biomass of 
the bacterial culture may increase with medium 
optimization. From the four types of media 
cultivation used to grow the strain, the TSB medium 
was the best medium to increase the bacterial 
biomass, with a yield of 9.71±0.04 g/l (w/v) (Table 
1) in 72 h cultivation. Hence, the inhibition zone 
diameter of the 72 h-old culture supernatants from 
the TSB medium was only 1.85±0.03 cm, lower than 
the PDB medium activity with equal cultivation 
time. The NB medium highlighted showed the best 
antifungal activity from the wider diameter of the 
clear zone towards F. oxysporum colonies (2.07±0.03 
cm) (Table 1). The least biomass cell and fungal 
inhibition activity were shown from the LB medium, 
with a yield of 6.72±0.31 g/l (w/v) and a diameter of 
inhibition at 1.62±0.01 cm, respectively. Therefore, 
the NB medium was used for further studies, even 
though the TSB medium showed the highest biomass 
accumulation. 

3.2. Growth Correlation with the Antifungal 
Activity of W3.15 Strain
 The W3.15 strain was cultivated under a limited 
environment in laboratories with its optimum 
cultivation medium for metabolite production. 
The W3.15 strain entered the logarithmic growth 
phase after being cultured for six h in NB medium, 
with almost no lag phase. Fungal growth inhibition 
of strain W3.15 CFS was detected at the stationary 
phase (12 h) with 20-30% inhibition. Then, the 
growth progressively prolonged to a stationary 
phase (>20 h) as bacterial cells rapidly growth during 
the logarithmic growth phase. After two days of 
cultivation, bacterial cell-free supernatant (CFS) 
showed the most potent antifungal activity against 

Table 1. Effect of different basal mediums for B. subtilis strain W3.15 cultivation on bacterial biomass (g/l) and diameter 
of fungal growth inhibition (cm) during several time intervals of incubation (h). The same letter indicates no 
significant differences between treatments (p<0.05)

Media
24 h 24 h48 h 48 h72 h 72 h

2.52±0.28c

2.75±0.11c

1.44±0.10a

2.19±0.54b

1.03±0.02d

0.82±0.03b

1.22±0.04e

1.50±0.01f

5.03±0.15c

4.10±0.31a

4.01±0.47a

4.64±0.08b

1.78±0.03d

1.62±0.01a

1.89±0.02e

2.07±0.03d

9.71±0.04b

6.72±0.31a

7.39±0.09c

8.34±0.01d

1.85±0.03b

1.62±0.01a

1.93±0.01c

1.99±0.02f

Biomass (g/L ± SD) Inhibition zone diameter (cm, mean ± SD)

TSB
LB
PDB
NB
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F. oxysporum, with 50% inhibition (36 h) (Figure 1). 
Moreover, during 72 h cultivation, the decline phase 
did not appear. Still, the antifungal activity slightly 
declined after 36 h. It assumed that W3.13 strain 
growth has positively correlated with metabolite 
production over a two-days growth period. The strain 
also has an optimum harvest time in two days of 
cultivation for maximum antifungal activity against 
F. oxysporum in vitro. 

3.3. Mycelial Growth Inhibition of Crude EA 
Extract from W3.15 Strain
 This study investigated the effect of crude EA 
extract on F. oxysporum radial growth. Half growth 
inhibition was expressed as IC50 value derivate from 
the average of mycelial diameter treated with several 
extract concentrations. The IC50 of crude EA extract 
obtained from the W3.15 strain was recorded at 
306.42 µg/ml according to regression of the dose-
response curve (Figure 2). No growth reduction 
was found on the control plate. Meanwhile, the 
highest radial growth inhibition, with approximately 
80%, was obtained from the highest final extract 
concentration (1,000 µg/ml).

3.4. Fungal Cell Damage by the Existence of 
Bacterial Extract
 In vitro microscopical evaluation of bacterial 
extract supplementation on fungal culture medium 
was performed to confirm the hyphal response to 
extract. Compared with the typical hyphae, several 
hyphal alterations and cell damage were found 
on hyphae from the treated plate (Figure 3). The F. 
oxysporum started to develop alteration with globus 
formation along the hyphae as an effect of bacterial 
extract existence. The EA extract also induced the 
hyphae to grow abnormally; they turned twisted and 
curly (Figure 3). Chlamydospore (cl) was found on the 
hyphae with extract treatment and also enlargement 
of the vacuole (ev). Meanwhile, the changing that 
found in ketoconazole's treatment hyphae showed 
extensive twisted (th) and curly (ec) on fungal 
hyphae, along with excessive vacuolization (ev). In 
contrast, in this treatment was found some hyphal 
leakage (hl), marked with no blue pigmentation 
between hyphal septa that was not found on the 
extract treatment observation (Figure 3). Macro- and 
microconidia are rarely found on both treated plates 
and undergo shape deformation (not shown).
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Figure 1. Correlation of B. subtilis strain W3.15 cell growth cultivated in NB basal medium for three days with its fungal 
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Figure 2. The dose-response regression curve of EA extract obtained from the strain W3.15 to determine the IC50 dosage 
for inhibiting radial growth of F. oxysporum

A B C

Figure 3. Light microscopic observations of crude EA extract of strain W3.15 deformation effect on hyphal morphology 
of F. oxysporum under 400x magnification: (A) untreated mycelium, (B) mycelium treated with IC50 dosage of 
crude EA, (C) mycelium treated with ketoconazole (500 µg/ml). nh: normal hyphae, sg: straight growth, cl: 
chlamydospore, hl: hyphal leakage, ev: enlargement of the vacuole, ec: excessively curly, and th: twisted growth 
of the hyphal. Bar 0.06 mm

3.5. The Effect of W3.15 Strain Crude EA Extract 
on Mycelial Malondialdehyde Content
 The extent of damage in the lipid membrane 
of F. oxysporum mycelial after exposure to the IC50 
concentration of crude EA extract was reflected by 
the malondialdehyde (MDA) level on fungal cells. 
As shown in Figure 4, the accumulation of MDA on 
the fungal cell was significantly (p<0.05) increased 
by the crude EA extract treatment after two days of 
incubation. The MDA level gradually increased and 
accumulated approximately 0.6 µmol/g mycelia on 
day three. The mycelial from the control tube also 
showed a significant increase (p<0.05) in MDA level 
during three days of incubation. However, the MDA 
level of control remains lower than that recorded in 
mycelia with bacterial extract treatment on each day 
of incubation. The maximum MDA accumulation on 
normal mycelia was recorded at 0.35 µmol/g mycelia 

on the second-day incubation before decreasing on 
the last day of incubation.

3.6. Impact of W3.15 Strain Crude EA Extract 
on Cell Membrane Leakage
 Cell membrane leakage on F. oxysporum after 
exposure to bacterial extract was indicated by the 
release of intracellular content, such as protein and 
nucleic acid. The protein content of F. oxysporum that 
reflected by OD260 was showed gradually increased 
during incubation with the IC50 dosage. After three 
hours of incubation, the protein content of mycelia 
treated with IC50 dosage of the extract was significantly 
(p<0.05) higher than untreated mycelia (Figure 4). The 
maximum absorbance was recorded at 0.69 after four 
hours of incubation. A similar escalation pattern was 
shown on the absorbance at OD280 that reflects the 
nucleic acid leakage. The maximum absorbance was 
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recorded at 0.80 and significantly higher than the 
absorbance of the control (p<0.05). The protein and 
nucleic acid absorbance of control mycelia did not 
significantly increase during incubation.

3.7. Predicted Antifungal Compounds of W3.15 
Strain 
 Base peak ion (BPI) chromatogram of W3.15 crude 
EA extract achieved from LC-MS/MS analysis showed 
several dominant peaks along the retention times (0-22 
min) (Figure 5). Four dominant peaks were detected 
respectively on 8.16 min, 9.12 min, and 10.07 min, and 
10.71 min. Furthermore, two out of four dominant peaks 
were assumed to have antifungal compound spectra 
from the spectra and monoisotopic mass analysis on 
each peak. Proposed antifungal compounds, epicatechin 
(290.15 m/z) (Rt 10.71), diaveridine (260.17 m/z) (Rt 
10.07), and benzophenone-8 (244.18 m/z) (Rt 9.11), were 
shared similar monoisotopic mass with the detected 
mass spectra of crude EA extract from W3.15 (Table 2). 
Meanwhile, the remaining dominant spectrum (Rt 8.15) 
was undefined due to unmatched mass spectra with the 
database. The peak of Rt 10.71 occupied 22.19% area, 
which was the highest value among others, followed 
by the second peak (Rt 10.07) as the second highest 
value, which occupied about 15.12% area.

4. Discussion

 Different antimicrobial substances include cyclic 
lipopeptides (iturins, fengycins, and surfactins) 
produced by the Bacillus group (Ntushelo et al. 
2019). Determining the appropriate culture medium 
for optimum secondary metabolite production with 
antifungal activity is necessary. Several types of 
common culture medium were used for W3.15 strain 
cultivation, which revealed that the NB basal medium 
remains the suitable cultivation medium for antifungal 
compound production. Though the NB medium showed 
lower biomass yield than the TSB medium, the latter 
medium has deficient antifungal activity expressed by 
a small value of the inhibition zone diameter. However, 
the TSB medium induced optimum cell growth for 
Xenorhabdus stockie PB09 with 70.73% fungal inhibition 
against phytopathogen Phytophthora sp. (Sa-Uth et al. 
2018). 
 Additionally, the mung bean and egg yolk 
(MBE) medium was an important substrate for B. 
amyloliquefaciens PPL cell growth and biosurfactant 
production than the TSB medium as a common 
medium for the Bacillus group (Kang et al. 2020). The 
composition of medium and fermentation conditions 
influenced lipopeptide components' yield and synthesis. 
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Figure 5. Base peak ion (BPI) chromatogram corresponding to LC-MS/MS analysis of the crude ethyl acetate extract 
generated from B. subtilis strain W3.15 shows four dominant peaks at 0-22 minutes of retention time



Thus, selecting the nutrient substrate for the maximum 
yield of antifungal lipopeptide (Kang et al. 2020; Medeot 
et al. 2017; Singh et al. 2014; Sun et al. 2019), especially 
for W3.15 strain was needed as a biocontrol agent for 
F. oxysporum. 
 In the NB medium, antifungal activity was detected 
in the logarithmic growth phase, progressively 
increasing and reaching the maximum inhibition 
towards F. oxysporum growth at the stationary phase. 
Rapid cell multiplication during the logarithmic 
phase indicated the higher synthesis of bacterial 
metabolite, then shifted to secondary metabolite 
at stationary, which induced high fungal inhibition 
in this phase (Rong et al. 2020). The antifungal 
compounds secreted by the W3.15 strain reached 
maximum concentration after the cell ceased and 
elicited high mycelial growth inhibition at this phase 
(36 h). A similar result was outlined by Li et al. (2018) 
regarding the secondary metabolite production 
of B. tequilensis GLYH001. B. tequilensis GLYH001 
obtained the strongest antifungal activity against 
rice-blast pathogen Magnaporthe oryzae growth 
during the stationary phase 48 h post-inoculation. 
The cell growth of B. amyloliquefaciens Rdx5 also 
positively correlates with the antibiotic production 
that obtained the strongest inhibition to M. oryzae at 
the bacterial stationary phase (Dong et al. 2019). The 
optimal harvest time of B. amyloliquefaciens Rdx5 
is two days post-inoculation cultured in a Landy 
medium (Dong et al. 2019). Hence, it assumed that 
secondary metabolites, including the antifungal 
compounds of the Bacilli group, were generally 
remarkably produced in the stationary phase from 
bacterial growth. 
 Regarding antifungal compound extraction, 
significant in vitro radial growth of F. oxysporum 
inhibition by crude EA extract indicated that several 
antifungal compounds were recovered through 
extraction. A higher extract concentration improved 
radial growth inhibition rates than the lowest 
concentration. According to Sukarno et al. (2021), 
there were three groups of inhibition in F. oxysporum, 
low inhibition (<30%), moderate inhibition (30-59%), 
and high inhibition (>60%), which confirmed that 
the inhibition of W3.15 strain extract was high. The 
previous report showed an impressive inhibition 
rate against three kinds of tuber dry rot pathogens, 
F. acuminatum, F. equisetai, and F. tricintum, by ethyl 
acetate extract of Halobacillus trueperi S61 (Shen et al. 
2022). Those extracts showed the best suppression 

efficacy on in vivo potato tuber test. In addition, a 
strong antifungal effect against F. graminearum strain 
PH-1 in vitro and in vivo was shown by frenolicin B 
that recovered from the ethyl acetate extract of 
Streptomyces sp. NEAU-H3 supernatant (Han et al. 
2021). Growth reduction in F. oxysporum implicated 
a disruption in cell metabolism during hyphal 
elongation, leading to substantial deformation after 
exposure to the bacterial extract.
 Microstructural deformation and intracellular 
damage of mycelia exposed to bacterial extract were 
observed on F. oxysporum culture. As a comparison, 
swelling of hyphal cells, excessive branching, 
irregular growth, and suppressing conidiogenesis 
of Magnaporthe oryzae Triticum were evidence of 
gageopeptide A-D and gageotetrin produced by B. 
subtilis strain 109GGC020 treatment (Chakraborty 
et al. 2020). Severe irregularities and distortion 
of F. verticillioides mycelial showed in response 
to the treatment of Bacillomycin D purified from 
B. subtilis strain fmbJ (CGMCCN 0943) (Lin et al. 
2022). Hence, the alterations of F. oxysporum, such 
as irregular and intensive twisted trunk growth on 
crude extract treatment plates, matched the result of 
those previous reports. The accumulation of various 
antifungal compounds in the crude EA extract seemed 
associated with the Fusarium growth suppression 
(Hwang et al. 2022) F. oxysporum mycelial growth 
undergoes intrusive action by the presence of 
antifungal substances from W3.15 strain, which 
induces oxidative stress on the fungal cell. Oxidative 
stress harms the intracellular, accumulates reactive 
oxygen species (ROS), and causes cell deterioration 
(Kulbacka et al. 2009). 
 The effect of ROS accumulation and cell 
damage occurred on fungal mycelial reflected by 
malondialdehyde (MDA) production (Dolezalova and 
Lukes 2015). Malondialdehyde is one of the most 
crucial products of membrane lipid peroxidation, 
indicating the damage degree of the membrane 
system (Dolezalova and Lukes 2015). The higher 
the degree of lipid peroxidation of the mycelial cell 
membrane, the higher the MDA content (Zhao et al. 
2022b). Moreover, the MDA content in the mycelium 
of Sphaeropsis sapinea increased with exposure to 
extract from B. pumilus HR10-FB between 12 and 
120 h (Dai et al. 2021). The result of this experiment 
confirmed some previous studies about the 
occurrence of oxidative stress in mycelia caused by 
bacterial extract application estimated by the MDA 
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level of the mycelial cell. Higher accumulation of 
MDA in the cell could damage the structure and 
function of the mycelial cell membrane altering the 
cell membrane conductivity and permeability (Dai et 
al. 2021). An increase in MDA accumulation suggests 
that cell membrane injury in F. oxysporum is related 
to the induction of oxidative damage by the bacterial 
extract. In contrast with the result above, the MDA 
content on F. graminearum treated with guaiacol was 
significantly lower compared to the control (Gao et 
al. 2021)
 The consequence of high MDA exposure could 
destroy the cell membrane, followed by the release 
of nucleic acid, which showed strong absorption at 
260 nm. On another side, as an important osmotic 
regulator, the accumulation of soluble proteins can 
improve the water retention capacity of cells, which 
protects the living substance and membrane of the 
fungal cell (Dai et al. 2021). Both nucleic acid and 
soluble proteins were essential materials for the 
growth and reproduction of cells, including fungal cell 
tip elongation. An increase in OD260 and OD280 on post-
treated F. oxysporum with bacterial extract suggested 
that long-term exposure to extract accomplished 
membrane injury on F. oxysporum and led to cellular 
leakage. Cell membrane damage caused by iturin 
A from B. subtilis WL-2 on oomycete P. infestans 
was demonstrated by mycelium distortions and 
cellular leakage, including the increase of MDA level, 
absorbance on 260 nm (nucleic acids) and 280 nm 
(proteins) during 100 minutes incubation (Wang et al. 
2020). However, a contrasting result was reported in 
olive fruit rot fungus Pestalotiopsis microspore treated 
with ginger oleoresin (EC50 and EC90). The protein 
content in mycelia was not substantially affected by 
the concentration of the antifungal treatment during 
the incubation time (Chen et al. 2018). Thus, the 
cellular leakage might be influenced by the pathogen 
species or the antifungal substance treatment.
 After determining the growth reduction effect 
and intracellular damage of F. oxysporum mycelia 
exposed to crude EA extract, antifungal compounds 
were identified through LC-MS/MS analysis. 
Predicted antifungal compounds were proposed from 
the analysis of epicatechin. The proposed antifungal 
compound was reported to show antifungal activity 
against damping-off fungi Cylindrocarpon sp. 
and Colletotrichum dematium and fruit rot fungus 
Alternaria alternata on cherry fruits (Wang et al. 
2017; Yamaji and Ichihara 2012). The newest report 

related to the antifungal activity of epicatechin was 
the involvement of epicatechin as an important 
defensive compound against the tea tree pathogen 
Ectropis grisescens (Li et al. 2022). The other proposed 
compound was diaveridine which was reported as 
an antiprotozoal agent, while benzophenone was an 
antibacterial and antifungal compound (Jackson et al. 
2015). 
 In this study, the authors finally successfully 
investigated the antifungal activity of B. subtilis strain 
W3.15 as a biocontrol agent for F. oxysporum that 
caused wilt disease in soybean, contributing to plant 
disease management strategy. Substantial radial 
growth reduction was obtained by organic solvent 
(EA) extract of supernatant W3.15 strain treatment in 
vitro. Growth reduction might be evidence of mycelial 
deformation and alternation triggered by active 
antifungal compounds. Furthermore, intracellular 
F. oxysporum cell response related to antifungal 
compounds was performed as malondialdehyde level 
and cellular leakage as a reflection of cell membrane 
damage. This study might help to ensure the mode of 
action of bacterial bioactive compounds in inhibiting 
fungal growth.
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