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Abstract

Pepper (Capsicum annuum L.) is a major vegetable cultivated for seasoning in Korea. Peppers
are typically grown as seedlings and transplanted into fields. Infection with Rhizoctonia solani
immediately before transplantation can cause significant damage and loss during cultivation.
The effectiveness of chemical fungicides is becoming increasingly limited owing to pesticide
resistance, emphasizing the need for sustainable agricultural practices. This study aimed
to identify a novel biocontrol agent by investigating tidal flat microorganisms capable of
controlling damping-off disease in pepper caused by Rhizoctonia solani. Furthermore, we
studied the inhibitory effects of different Bacillus species on the mycelial growth of R. solani AG-
4 (KACC 40141) for the biological control of damping-off disease. Of the 116 bacterial strains
from the tidal flats tested, five (including Bacillus sp. JB005) showed strong inhibitory activity
in dual-culture assays against R. solani AG-4. These strains also demonstrated siderophore
production, suggesting their potential to suppress damping-off in pepper. We screened
useful agricultural traits (e.g., biofilm formation, IAA production, and phosphate solubilizing
activity); the most promising strains were used for greenhouse experiments. The results
indicated that Bacillus sp. JB005 strongly inhibited damping-off in pepper, suggesting that
Bacillus sp. JB005 could serve as a biocontrol agent against R. solani infections.

Keywords: Bacillus sp.; biological control agents; Capsicum annuum; fungal disease;
Rhizoctonia solani

1. Introduction
Pepper (Capsicum annuum) is an important vegetable grown worldwide for consump-

tion and processing purposes. Furthermore, it is considered an important horticultural
crop because of its nutritional value, flavor, and adding of color and texture to fresh and
processed products for consumption [1–3]. However, it is highly susceptible to various
pathogens during its early and later stages of growth [2,4]. During the cultivation of
pepper, both under greenhouse and field conditions, it can be exposed to several plant
diseases such as phytophthora blight (caused by Phytophthora capsici) [5], bacterial spot
(caused by Xanthomonas euvesicatoria) [6], anthracnose (bitter rot) (caused by Colletotrichum
acutatum) [2], mosaics and mottling (caused by potato virus Y) [7] and so on. The infections
caused by these pathogens result in various diseases such as blight, stunting, systemic
vein-clearing, leaf mosaic or mottling, and bacterial wilt [7–9].
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Among different microbial diseases that affect pepper plants, the damping-off disease
caused by Rhizoctonia solani or Pythium ultimum [10] is the most devastating disease in terms
of seedling mortality at very early growth stages and results in economic and yield losses
for farmers. During the seedling stage, peppers are particularly vulnerable to damping-off
diseases. Moreover, R. solani can affect chili peppers at any stage of growth, but it is
especially damaging during the seedling stage [11]. R. solani is a soil-borne pathogen that
thrives in cold and waterlogged soils causing seed decay before germination or attacking
the base or roots of the stem, leading to rot.

Pathogens are microscopic disease-causing agents such as viruses, bacteria and fungi
that infect the plant and cause diseases, whereas pests are macroscopic and multicellular
organisms such as insects and so on that cause damage or disturb the plants physically.
Therefore, the demand for sustainable agriculture has led to the emergence of biocontrol
methods. Biocontrol refers to the use of organisms or biologically derived compounds to
manage plant diseases. The organisms or substances used in these control methods are com-
monly referred to as biocontrol agents, or BCAs [12]. These agents can be employed against
a wide range of plant pathogens, including viruses, bacteria, fungi, insects, and nematodes.
The mechanisms of BCA-based control include competition with plant pathogens for space
and nutrients, parasitism, antibiosis, and the stimulation of systemic-induced resistance in
host plants. Compared to chemical fungicides, BCAs are considered more environmentally
friendly and are thought to limit the emergence of resistant strains [13–15]. Commonly
used biocontrol agents include microbial species such as Bacillus [1,16], Trichoderma [2],
Pseudomonas [5], and so on. These microorganisms play a vital role in protecting plants
from pathogens through various mechanisms. Successful biological control of seedling
diseases of vegetable crops like pepper have also been well documented [17].

The isolation of BCAs can be conducted in various environments. Collecting BCAs
from suppressive soils is a traditional method [18–20]. However, BCAs can also be found in
environments such as lakes, marine ecosystems, deserts, salt fields, and tidal flats [17,21–25].
The tidal flat is an intertidal zone that is exposed during low tide and submerged during
high tide [26]. Tidal flats act as a boundary between marine and terrestrial environments,
receiving a variety of materials from land. These materials undergo processes such as
sedimentation, dissolution, deposition, and resuspension, contributing to the decompo-
sition of various organic substances [27]. Moreover, this unique environment fosters a
microbiome that thrives under fluctuating conditions, including high salinity, pressure
changes, temperature variations, and erratic oxygen levels, resulting in a highly diverse
ecosystem that enables unique physiological and metabolic processes [28–30]. The tidal flat
supports microorganisms with diverse biological characteristics [31].

Bacillus species is frequently used as a biological control agent due to its ability to
form endospores, allowing it to survive unfavorable conditions such as high temperatures,
osmotic stress, and extreme pH levels [32]. A variety of antimicrobial compounds, including
iturin, fengycin, and bacillomycin [33,34], trigger induced systemic resistance in plants
under pathogen attack [35]. Bacillus subtilis produces antimicrobial substances such as
iturin and fengycin, which inhibit the growth of R. solani and protect plants from pathogen
attacks [33,34]. Previous studies also showed that different microbial species had biocontrol
activity against for R. solani [36–39]. Each of these microorganisms has shown effectiveness
in suppressing R. solani under greenhouse and field conditions, suggesting their potential
for development as bio fungicides.

Despite these advances, research exploring the use of tidal or mud flat microbiomes
as BCAs is limited. Tidal flats, characterized by their unique environmental conditions,
harbor diverse microbial communities with potentially novel biocontrol traits. Therefore,
further research is necessary to explore and develop effective biocontrol agents in this
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context. However, no registered bio fungicide or chemical fungicide specifically targeting
R. solani-induced damping-off in chili peppers exists in Korea. This gap emphasizes the
need for further exploration of underutilized microbial sources, such as those from tidal
flats, to develop effective and sustainable BCAs.

The objective of the present study was to isolate and screen the bacterial species
from mud flats. Further, we studied the mud flats’ isolated strains for their plant-growth-
promoting abilities and also biocontrol efficiency against R. solani in pepper plants.

2. Materials and Methods
2.1. Collection and Isolation of the Bacterial Strains from the Tidal Flat

At 2 km off the coast of Jang-bong Island, Ganghwa-gun, Incheon Metropolitan City,
Republic of Korea, the mud of habitation of the Venus clam (Cyclina sinensis) was used to
isolate bacteria. The tidal flat mud samples were collected using polyvinyl chloride (PVC).
Ten grams of mud was dissolved in 100 mL of sterilized distilled water and stirred in a
flask shaker for 24 h. Subsequently, the samples were cultured on a Zobell medium (Thane,
Maharashtra, India) (5 g of bacto peptone, 1 g of bacto yeast extract, 0.1 g of ferric citrate,
and 15 g of difco nutrient agar (NA, Difco, Ditroit, MN, USA) in 1 L of seawater (pH 7.63)
for 72 h at 30 ◦C). The isolated bacterial strains were stocked at a −70 ◦C in a deep freezer
and sub-cultured using tryptic soy agar.

2.2. Characterization
2.2.1. Antagonistic Effects

In this study, we used the fungal strain R. solani AG-4 from the Korea Association of
Culture Collection (KACC-40141). For the dual-culture method, we placed a mycelial plug
of 4 mm (in diameter) on one side of a potato dextrose agar (PDA) plate. Simultaneously,
each bacterial strain was streaked on another side of the plate. The inoculated plate was
incubated at 25 ◦C until control plate growth (only mycelial plug). Two days after the
inoculation of the bacterial strains, the length of the inhibition zone (antagonistic effects of
the bacterial strains) was measured. All experiments were conducted in triplicate.

2.2.2. Siderophore Production

We used the method of Milgres et al. [40] and Ji et al. [41], with modifications to detect
siderophore. In addition, we used blue agar medium with chrome azurol S (CAS) [40]; the
prepared media was poured into a Petri dish (9 cm diameter). The inoculum strain was
pre-cultured in Tryptic Soy Broth (TSB) at 30 ◦C with 180 rpm for 2 days. A paper disk
(1 cm in diameter) was then placed in the center of the agar plate and inoculated with the
40 µL (approximately 108 CFU/mL) of bacterial suspension. The plates were wrapped up
and incubated in dark conditions at 30 ◦C for 2 days. The positive and negative controls
were P. aeruginosa and JS082, respectively. The diameter of the halo zone was determined
2 days after incubation. The presence of an orange halo around the colony indicated the
production of siderophores.

2.2.3. Protease Production

The detection of protease secretion was tested using skim milk agar assay [42]. Skim
milk agar (10 g of skim milk powder, 15 g of agar, and 1 L of distilled water) was sterilized at
121 ◦C for 20 min, cooled down until the temperature reached 50 ◦C, and poured into a Petri
dish (9 cm diameter). The paper disk (1 cm diameter) was then placed on the three spots of
the surface of skim milk agar and inoculated with the 40 µL (approximately 108 CFU/mL) of
bacterial suspension over the disks. Subsequently, the plates were sealed with a sealing film
and incubated at 30 ◦C for 2 days, after which the diameter of the halo zone was determined.
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2.2.4. Cellulase Production

Cellulase production was determined using carboxymethylcellulose (CMC) agar as-
say [43]. The prepared CMC agar (10 g of CMC, 1 g of KH2PO4, 0.5 g of NaCl, 0.4 g of
MgSO4·7H2O, 1 g of K2HPO4, 0.0125 g of FeSO4·7H2O, 18 g of agar, and 1 L of distilled
water) was sterilized at 121 ◦C for 20 min. CMC agar was then poured into a Petri dish
and paper disks were placed at three spots and inoculated with the 40 µL (approximately
108 CFU/mL) of bacterial suspension. The plates were incubated at 30 ◦C for 2 days, and
then, the CMC agar plates were stained with 0.1% Congo red solution for 10–15 min and
washed out using 1 M of NaCl. Thereafter, the diameters of the halo zones were determined.

2.3. Effect of Plant-Growth Promotion
2.3.1. Indole Acetic Acid (IAA) Production

Each strain was incubated for 2 days in King’s B broth (per 1 L: 20 g of protease
peptone, 1.15 g of K2HPO4, 1.5 g of MgSO4, and 15 g of glycerol) supplemented with 0.1%
(w/v) L-tryptophan as precursor of IAA. After 2 days, the optical density of the culture
suspension was determined at 600 nm and the culture suspension was centrifugated at 4 ◦C
for 15 min at 8000 rpm. The supernatant was mixed with Salkowski reagent (35% HClO4,

50 mL; 0.5 M FeCl3 1 mL) with a ratio of 1:2 (supernatant: Salkowski reagent), and the
reaction mixtures were left in the dark for at least 30 min until a color reaction developed.
When the color developed, the absorbance of the mixtures was determined at 530 nm.
The IAA concentration was calculated based on the IAA standard curve (Figure S1). First,
6.4 mg of IAA (Kisan bio-MB-I5897, Seoul, Republic of Korea) powder was dissolved in
10 mL of distilled water, and a dilution series was prepared for standardization with King’s
B broth.

2.3.2. Phosphate Solubilization

A method of Mehta and Nautiyal [44] was used to test the ability to solubilize phosphate.
Each experimental strain was pre-cultured with nutrient broth (NB) for 2 days before inocula-
tion. Thereafter, 50 µL of culture suspension (1–2 × 109 CFU/mL) was inoculated into 5 mL
of NBRIP-BPB medium (per 1 L; 10 g of glucose, 5 g of Ca3(PO4)2, 5 g of MgCl2·6H2O, 0.25 g
of MgSO4·7H2O, 0.2 g of KCl, 0.1 g of (NH4)2SO4, and 0.025 g of Bromophenol Blue; pH was
adjusted to 7.0). It was then incubated at 30 ◦C at 250 rpm for 3 days, and then, the cultures
were centrifuged at 10,000 rpm for 10 min to pellet the cell. Then the supernatant was taken,
and the absorbance was determined at 600 nm. The concentration of solubilized phosphate
was calculated based on the standard curve (Figure S2). The phosphate solution was prepared
using KH2PO4. First, KH2PO4 (21.965 g) was dissolved into 500 mL of distilled water to obtain
a 10,000 ppm solution. NBRIP-BPB was then added to obtain each concentration. Similarly
to the culture suspension, the sample was centrifuged at 10,000 rpm for 10 min, and the
absorbance was estimated at 600 nm.

2.3.3. Biofilm Formation

Bacterial strains, including Agrobacterium tumefaciens C58, which was used as a positive
control, were cultured overnight at 28 ◦C in NB. The following day, the culture suspension
was diluted to 1:100 in fresh TSB for a biofilm assay. A total of 100 µL of the diluted
suspension was added to each well of a 96-well microtiter plate, and the plate was incubated
at 28 ◦C for 24 h. After incubation, the liquid in the wells was discarded by inverting the
plate and shaking out the contents. The plate was then gently submerged in a tub of water
for rinsing, and the water was shaken off. This rinsing process was repeated twice. To
each well, 125 µL of 0.1% crystal violet (diluted with water) was added, and the plate was
incubated at room temperature for 10–15 min for staining. Following staining, the plate was
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rinsed three or four times with water by submerging it in a tub, shaking off the excess liquid
after each rinse. After the final rinse, the plate was inverted and allowed to dry overnight.
The next day, 125 µL of 30% acetic acid was added to each well to solubilize the crystal
violet. The plate was incubated at room temperature for 10–15 min. Subsequently, 125 µL
of the solubilized solution was transferred to a new microtiter plate. The absorbance was
measured at 550 nm using a spectrophotometer (Molecular Devices, San Jose, CA, USA),
with 30% acetic acid serving as a blank control. All experiments, including those using the
positive control A. tumefaciens C58, were performed in quintuplicate. The experiment was
conducted as described by O’Toole [45].

2.4. Greenhouse Experiment
2.4.1. Preparation of the Inoculum

R. solani AG-4 (KACC number 40141) was cultured on PDA for 7 d. Unhulled barley
seeds (150 g) were washed with distilled water and briefly soaked in sufficient distilled
water to ensure absorption. The barley seeds were then sterilized in an autoclave at 121 ◦C
for 20 min, twice. The sterilized barley was cooled sufficiently. Using a cork borer, mycelial
plugs of a fresh culture of R. solani AG-4 were uniformly inoculated over the barley seeds.
The mixture, placed in a sterile glass bottle, was incubated at 27 ◦C for 10 d. Subsequently,
the mycelia were transferred onto aluminum foil to promote further growth. The barley
seeds were stored at 4 ◦C until the pepper plants were inoculated.

2.4.2. Preparation of the Pepper Plants

First, the soil (Gumok, Gyeongju, Republic of Korea) was sterilized in an autoclave
at 121 ◦C for 20 min, twice. The sterilized soil was then placed in a 50-hole plug tray and
sufficiently irrigated. Once the soil cooled, a Shin-Hong seed (Asiaseed, Seoul, Republic
of Korea) was planted in each hole of the plug tray. After planting, the soil was irrigated
when dry, and the seeds were allowed to germinate and grow adequately.

2.4.3. Inoculation of R. solani AG-4 on Pepper

Bacillus strains were cultured on NA for 24 h. After incubation, the bacterial cultures
were harvested using distilled water, and the OD of the suspension was adjusted to 0.5 at
600 nm, to approximately 107–108 CFU/mL. A total of 25 mL of the bacterial suspension
was poured into each of the 10 pepper plants with about two to four true leaves. One day
later, the inoculated unhulled barley seeds were planted at depths of 1 cm and 1 cm from
the crown of the pepper plants. The pepper plants were maintained under greenhouse
conditions and observed for 10 d. After the 10 d, the height of the whole plants, including
fresh and dry weights, was measured for all the plants. The experiments were performed
in quadruplicate.

2.4.4. Measurement of Plant Height, Fresh Weight, and Dry Weight of Pepper

The pepper plants from the plug pot were removed and gently washed 10 d after
treatment. The distance from the top of the leaf to the ends of the roots was measured.
After the fresh weights were measured, the pepper plants were placed in a dry oven for 3 d.
When the plants were completely dry, the dry weight of the pepper plant was determined.

2.5. Partial Identification of Tidal Flat Bacteria by 16S rRNA Gene Analysis

The primer sequences used were fD1 (5′-AGAGTTTGATCCTGGCTCAG-3′) and rP2
(5′-ACGGCTACCTTGTTACGACTT-3′) [46]. A PCR mixture was prepared by adding 2 µL
of 10× reaction buffer, 0.5 µL of 10 mM dNTPs, 0.2 µL of 5 U/µL Taq polymerase, 1 µL of
10 pmol of each primer (fD1 and rP2), and 1 µL of genomic DNA to the PCR tube. The final
volume of the PCR mixture was adjusted to 20 µL by adding third-distilled water. The PCR
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conditions were as follows; initial denaturation at 94 ◦C for 1 min, followed by 30 cycles
of denaturation at 94 ◦C for 1 min, annealing at 56 ◦C for 1 min, and extension at 72 ◦C
for 1 min. A final extension was performed at 72 ◦C for 10 min, and the PCR product was
maintained at 4 ◦C before removal from the thermal cycler (Bioer Technology, Hangzhou,
China). Electrophoresis was performed using 1% agarose gel (Lonza, Rockland, ME, USA),
and the DNA of the PCR product was stained with RedSafe (iNtRON, Seongnam, Republic
of Korea). The electrophoresis was performed at 100 V for 40 min, and the PCR products
were sequenced through Macrogen Inc. (Seoul, Republic of Korea). The sequence of the
16S rRNA gene from the bacterial strain was analyzed through a search of Genbank BLAST
2.16.0 of NCBI (http://blast.ncbi.nlm.nih.gov, accessed on 10 December, 2025).

2.6. Statistical Analysis

All statistical analyses were performed using one-way ANOVA tests in R (version
4.4.1; R Core Team, [47]). All data were checked for normality and homogeneity of vari-
ance using the Shapiro–Wilk test and Levene’s test. The post hoc test used the Tukey
honesty–significance–difference test and Fisher’s least-significant-difference test. Data were
visualized using R version 4.4.1 (R Core Team 2024) and Microsoft Excel. All values are
presented as mean and standard deviation.

3. Results
3.1. Isolation and Inhibition Activity of Tidal Flat Bacterial Strains

A total of 116 bacterial strains were isolated from the tidal flat of Jang-bong Island, Incheon
City, Republic of Korea [48]. The microbiome isolated from the tidal flat was tested against
R. solani AG-4 using a dual-culture method. Among the selected strains, five bacterial strains
have the strongest antifungal activity against R. solani AG-4, when compared to the control
[Figure 1a]. The largest distance of the inhibition zone between bacteria and fungi is found in
strain B4 (4.0 mm), followed by strain JB058 (3.0 mm). Strains JB003, JB005, and JB025 show
inhibition zones of 1.9 mm, 2.3 mm, and 2.4 mm, respectively (Figure 1b).

 
(a) (b) 

Figure 1. (a) Effect of the selected antagonistic strain on R. solani AG-4 using the dual-culture assay.
The mycelial agar plug of the R. solani AG-4 was placed and the bacteria were streaked on the other
side of the plate. These were incubated at 25 ◦C for 2 days. After 2 days the inhibition zone between
bacterial strain and R. solani AG-4 was observed. B4 strain shows the highest antifungal activity in R.
solani AG-4. (b) Inhibition effect of bacterial strains on R. solani AG-4 in dual-culture assay. Mycelial
agar plugs of the R. solani AG-4 were placed and the bacteria were streaked on the other side of the
plate. The plates were incubated at 25 ◦C for 2 days. The error bar indicates the standard deviation
for each strain.
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3.2. Production of IAA

An IAA-production activity test was conducted using King’s B broth supplemented
with l-tryptophan, which is the precursor of IAA. Only two strains show IAA production.
IAA is produced by strains B114 (7.54 µg/mL) and B115 (5.47 µg/mL) (Table S1). The
positive control is P. aeruginosa, and the IAA concentration was determined using the
formula of a standard curve (Figure S1).

3.3. Siderophore Production in Plate Assay

Eight strains show color changes on CAS blue agar (Figure 2a). Strain B4 has the
largest halo zone diameter (20.54 mm) followed by JB025 (15.41 mm) (Figure 2b). Moreover,
strains JB003 (14.7 mm), JB005 (14.0 mm), JB058 (7.7 mm), B115 (6.3 mm), and B114 (5.4 mm)
also demonstrate siderophore production. The JB082 strain and Pseudomonas aeruginosa
were negative and positive controls, respectively. The diameter of the halo observed for the
positive control, P. aeruginosa is 25.36 mm, and that for the negative control, strain JB082, is
0 mm.

 
(a) 

 
(b) 

Figure 2. (a) Siderophore production of different bacterial strains on CAS blue agar. A total of
8 strains show color change on CAS blue agar. Strain B4 shows the highest zone of halo. These CAS
blue agar assays were triplicated. P. aeruginosa and JB082 are used as positive control and negative
control, respectively. (b) The formation of halo zone produced on CAS blue agar showing siderophore
production. The error bar indicates the standard deviation for each strain. Strain B4 shows the largest
halo zone next to the positive control of P. aeruginosa. Siderophore production activity was tested
in triplicate.
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3.4. Protease and Cellulase Production

Protease production analysis showed that eight strains have a halo zone on skim milk
agar (Figure 3a). Strain JB058 has the largest halo zone of 20.2 mm, followed by strain B114
(16 mm), B4 (12.8 mm), JB005 (12.7 mm), B115 (12.2 mm), JB003 (12.0 mm), and B9 (8.9 mm).
JB025 is associated with the smallest halo zone (3.5 mm) (Figure 3b).

(a) (b) 

Figure 3. (a) Protease production shows halo zone on skim milk agar. A total of eight strains result
in halo zones on skim milk agar. Strain JB058 shows the largest halo zone among the tested strains.
These skim milk agar assays were triplicated. Uninoculated treatment is used as a negative control.
(b) Formation of halo zones of the different bacteria on skim milk agar indicating protease production.
The error bar indicates the standard deviation. Strain JB058 shows the largest halo zone.

Cellulase production was screened using the CMC agar. Five strains show a halo zone
on CMC agar (Figure 4a), which results from the degradation of cellulose by hydrolases
secreted by the bacteria. Strain B4 has the largest halo zone (9.6 mm), followed by strains
JB025 (8.3 mm), JB005 (7.6 mm), B9 (7.4 mm), and JB003 (6.9 mm) (Figure 4b).

3.5. Phosphate Solubilization and Biofilm formation

Phosphate solubilizing activity tests were conducted in NBRIP-BPB broth. Only one
strain shows phosphate solubilizing ability (Table S2). The concentration of phosphate solu-
bilized by strain B9 is 2.05 mg/mL. P. aeruginosa is used as the positive control. Solubilized
phosphate is calculated using a standard curve (Figure S2). Among the different strains,
JB058 has a significant ability to form biofilms (Table S3 and Figure S3). The absorbance
of the solubilized crystal violet from JB058 is 2.366 (Table S3), and the positive control, P.
aeruginosa, shows an absorbance value of 0.299.

3.6. Biocontrol of R. solani

The damping-off rates 3 d after treatment are not significantly different between the
treated strains, except for strain JB005 and the uninoculated treatment (Table 1). Strain JB005
and uninoculated treatment show 0% damping-off. Regarding the damping-off rate on the
final day of the experiment, JB005 shows the highest suppression of R. solani AG-4 (Table 1).
The bacteria JB005 shows 0%, 0%, 0%, 2.5%, 5%, 12.5%, 12.5%, 17.5%, 17.5%, and 17.5% of
seedling damping-off rates on each day, respectively. The inoculated treatment shows 0%,
22.5%, 32.5%, 45%, 45%, 45%, 45%, 45%, 45%, 45%, 45%, and 45% of damping-off rates for
each day, respectively. The highest damping-off rate is observed for strain JB003. It shows
0%, 17.5%, 32.5%, 67.5%, 70%, 70%, 72.5%, 72.5%, 72.5%, and 72.5% of damping-off rates for
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each day, respectively. Strain JB005 also shows a strong controlling effect on the seedling
damping-off caused by R. solani AG-4 (Figures 5 and 6). In addition, the combination of
strains JB005 and B9 shows a significant control effect compared to that of the inoculated
treatment (Table 2), although there is no synergistic effect on disease control.

 
(a) 

 
(b) 

Figure 4. (a) Cellulase production of different bacteria on CMC agar. A total of five strains show halo
zones on the CMC agar. Strain B4 shows the largest halo zone among experimental strains. These
CMC agar assays were triplicated. (b) Formation of halo zones of the different bacteria on CMC agar
indicating cellulase production. The error bar indicates the standard deviation. Strain B4 has the
largest halo zone among the five strains. These CMC agar assays were triplicated.
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Table 1. Percentage of seedling damping-off.

Strain Percent Seedling
Damping-Off z (3rd Day)

Percent Seedling
Damping-Off (10th Day)

JB003 33.5 ± 18 83.7 a ± 12.6
B4 28.0 ± 10 78.8 ab ± 9.53

JB005 0.0 ± 0.0 17.7 d ± 4.89
B9 17.8 ± 17.6 44.4 cd ± 8.41

JB025 15.0 ± 5.84 55.9 bc ± 7.7
JB058 39.0 ± 18.9 67.0 abc ± 1.6
B114 30 ± 25.5 52.6 bc ± 4.74
B115 20.4 ± 18.8 46.7 c ± 3.22

Inoculated 33.2 ± 10.1 47.3 c ± 9.49
Uninoculated 0.0 ± 0.0 0 ± 0.0

z Seedling damping-off rates were transformed into arcsine for statistical analysis. Data are represented as mean
and standard deviation. There is no significant difference in percentages of seedling damping-off among the
treatments at 3 days after treatment (p < 0.05, F-test). The means with the same letters of superscript are not
significantly different at p < 0.05 (Tukey HSD) at 10 days after treatment.

Figure 5. Pepper seedling after treatment. Pepper treated with strain JB005 is the healthiest and
shows the lowest mortality among the inoculated treatments with R. solani.
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Figure 6. Phylogenetic trees of strain JB005 conducted by neighbor-joining method. The scale bar
represents the number of nucleotide substitutions per 1000 nucleotides of the sequence. GeneBank
accession numbers are next to the name of each strain.

Table 2. Mixed inoculation efficiency on percentage of seedling damping-off.

Strain Percent Seedling
Damping-Off z

Dry Weight z (g)/Height
(cm)

JB005 7.5 b ± 0.09 0.005 ± 0.001
B9 25.0 a ± 0.12 0.006 ± 0.006

JB005 + B9 10 b ± 0.08 0.005 ± 0.001
Inoculated 25.0 a ± 0.05 0.006 ± 0.001

Uninoculated 0 ± 0.0 0.006 ± 0.001
z The mixed treatment of strain JB005 and B9 on the 10th day. Data are represented as mean and standard
deviation. The means with superscripts of the same letter are not significantly different in the percent seedling
damping-off at p < 0.05 (LSD). There is no significant difference in the dry weights among the treatments. These
tests were conducted in quadruplicate.

3.7. Promotion of Plant Growth

The heights of the pepper plants in each treatment were measured on the final day of
the experiment. The uninoculated treatment shows the greatest height among all treatments
(Table 3). The mean size of the uninoculated is 46.218 cm. The lowest observed height in
the JB058 strain reaches a mean value of 39.888 cm. The other treatments do not show any
significant differences. The highest plant weight is shown by strain B9 (4.99 g), followed
by the uninoculated treatment (46.28 g). Nonsignificant results of the other treatments,
obtained when comparing them with the inoculated ones, are presented in Table 3. The
pepper treated with strain B9 has the highest fresh and dry weights (Table 3). In this exper-
iment, strain B9 does not show high fresh or dry weights, revealing consistent variation
between the inoculated and uninoculated treatments (Table 3). The height is significantly
different between the treatments; hence, the dry weight was adjusted by dividing by the
height. As a result, there are no significant differences among the treatments. Thus, these
treatments demonstrate the ability of strain B9 to establish non-reproducibility. Except for
strain B9, all treatments show similar results to the previous experimental results.
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Table 3. Biological control agents on pepper plant growth.

Strain Fresh Weight z (g) Dry Weight z (g) Height (cm) z

JB003 4.258 c ± 0.726 0.393 bc ± 0.096 40.91 bc ± 5.302
B4 5.759 bc ± 1.659 0.454 bc ± 0.204 45.467 ab ± 1.97

JB005 4.735 c ± 0.946 0.477 bc ± 0.106 44.152 ab ± 3.832
B9 7.269 a ± 0.844 0.654 a ± 0.093 43.99 abc ± 4.364

JB025 5.664 bc ± 1.293 0.52 b ± 0.103 42.811 abc ± 3.599
JB058 4.504 c ± 0.953 0.385 c ± 0.086 39.888 c ± 2.937
B114 4.45 c ± 1.647 0.432 bc ± 0.112 43.055 abc ± 4.497
B115 4.626 c ± 0.762 0.411 bc ± 0.094 42.55 bc ± 3.635
Ino 5.643 bc ± 1.377 0.491 bc ± 0.161 45.17 ab ± 6.291
Non 5.839 b ± 1.003 0.487 bc ± 0.099 46.218 a ± 3.932

z Data are represented as mean and standard deviation. The means with the same superscripts are not significantly
different at p < 0.05 (Tukey) and SD denotes standard deviation. These tests were done in quadruplicate.

3.8. Identification of Bacillus Isolates

We used 16S rRNA gene locus for cladograms. A phylogenetic tree was created for
Bacillus sp. JB005 and B9 for comparative identification with similarity to other strains. The
strain JB005 is grouped with Bacillus hominis. However, the bootstrap value of this group is
low (Figure 6), which confirms that the construction of polygenetic tree is only accurate
43% out of 100 times. Based on this tree analysis, this bacteria cannot be identified at the
species level. Strain B9 is identified to be Paenibacillus illonoisensis (Figure 7).

Figure 7. Phylogenetic tree of strain B9 conducted by the neighbor-joining method. The scale bar
represents the number of nucleotide substitutions per 1000 nucleotides of the sequence. GeneBank
accession numbers are next to the name of each strain.

4. Discussion
Useful agricultural traits and antifungal activities of bacterial strains isolated from

tidal flats were ascertained in vitro (using dual-culture antagonistic methods, siderophores,
proteases, cellulases, IAA production, phosphate solubilization, biofilm formation, and
the detection of the lipopeptide biosynthetic gene). Furthermore, greenhouse experiments
were conducted to determine the biological control effect of the tidal isolated bacteria on
seedling damping-off disease in pepper, as well as its effect on plant-growth promotion.

In the dual-culture experiments, the strains JB003, JB005, JB025, JB058, and B4 showed
effective inhibition zones against R. solani AG-4. The results suggest the five strains
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could be potential biocontrol agents for sustainable benefits. Silva et al. [49] reported
that Trichoderma species with antifungal activities inhibited the formation of sclerotia of
Sclerotinia sclerotiorum by approximately 50% and promoted the plant growth of cotton [49].
Dual-culture methods are conventionally used in screening the potential capabilities of
BCAs [50]. The methodology evaluates direct antimicrobial activity caused by diffusible
extracellular compounds including non-volatile antimicrobial compounds (lipopeptides of
surfactin, iturin, or fengycin) or various volatile compounds (1,3,5,7-cyclooctatetraene or
annulenen) [51]. However, the limitations concern ambiguities in host-antagonist-pathogen
interacting factors and other prominent growth mechanisms (root colonization, induction
of systemic resistance, and competition of nutrients and niches in soil) [52–55].

In the siderophore production test, the strains JB003, B4, JB005, JB025, JB058, B114, and
B115 showed halo zones on the CAS blue agar plates. Of these strains, only the strain of
Bacillus sp. JB005 reduced the disease incidence caused by R. solani. Siderophore production
may not be the only mechanism of biological control but also related to several mechanisms
including site competition of infection court and adhesion capability, etc. Gilbert et al. [56]
suggested that disease suppression might be related to altered development of rhizosphere
communities on UW85n1 (Bacillus cereus)-treated roots.

The inherent physiology upon growing root invasion in the soil habitat disturbs the
microbial community causing a sudden abundant nutrient supply. Bacillus sp. JB005
reduced disease incidence. This could be attributed to both siderophore production and
other capabilities like site competition or adhesion. Most organisms including fungi need
iron as an essential element to maintain the function of various metabolic systems and
informational cellular pathways [57]. Siderophores are combined with Fe3+ transported
to cells and re-secreted to low molecular weight Fe3+. The production of siderophore by
biocontrol agents could limit Fe3+ bioavailability for plant pathogenic fungi or bacteria.
Therefore, the production of siderophore contributes to the important mechanisms for
controlling phytopathogens. Siderophore production also significantly affects plant growth
and inhibits plant pathogen growth through the competition of iron deficiency with PGPR
(plant-growth-promoting rhizobacteria) in soils [58,59]. Hence, siderophore production
serves as one of the key mechanisms for comprehensively controlling plant pathogens [60].

Protease and cellulase production are implicated in major roles in the biocontrol of
plant pathogens [61]. These extracellular hydrolytic enzymes degrade plant pathogenic
microbes orchestrating the direct cell death of plant pathogens [62]. Protease production
assay showed that the strains JB003, B4, JB005, B9, JB025, JB058, B114, and B115 showed
halo zones on the skim milk agar plates.

Cellulase enzyme hydrolyzes cellulose and aids in the indirect degradation of plant
pathogenic fungi cell walls. Nonetheless, the cellulase activity acts in conjunction with
other hydrolyzing enzymes (chitinase, glucanase, and protease). Thus, cellulase has been
attributed to the important hydrolytic enzyme contributing to the degradation of plant
pathogenic cell walls [63]. Cellulase production tests revealed the strains JB003, B4, JB005,
B9, and JB025 indicating halo zones on CMC agar. The above experiments signified the
antifungal efficacy of strain B4 as the most promising strain. Strain B4 was ranked highest
among the experimental strains in the dual-culture test, siderophore production test, and
cellulase production test. Nevertheless, strain B4 was not top-ranked in the protease
production test, with scarce protease production.

The production of enzymes involved in IAA production and phosphate solubilization
corresponds to effective plant-growth-promoting traits [64]. IAA also helps in root elon-
gation aided by the increased number of root hairs and root laterals involved in nutrient
uptake mechanisms [65,66]. A biocontrol agent synthesizing IAA renders higher utility

https://doi.org/10.3390/microbiolres17080148

https://doi.org/10.3390/microbiolres17080148


Microbiol. Res. 2026, 17, 148 14 of 19

of plant growth for inciting plant processes like tissue development, cell growth, and
division [67].

P (phosphorus) along with N (nitrogen), K (potassium), S (sulfur), Mg (magnesium),
and Ca (calcium) are essential macronutrients for plants. P concentrations are regarded as
an indispensable element in nucleic acid compositions underlying the adenosine triphos-
phate (ATP) transfer in energy and carbohydrate transfer between organelles in the leaf [68].
P exists in soil in various forms and is very stable in the natural environment hampering
plant uptake and emphasizing degradation into appropriate waste [69]. Biocontrol agents
enable phosphate solubilization to improve crop growth and yield [70]. Although the
phosphate solubilization activities are not related to biocontrol activities against plant
fungal pathogens, this trait could provide BCA not only for biocontrol activities but also a
plant-growth-promoting activity. Further, continued crop cultivation results in the depriva-
tion of P fixation and precipitation, aggravating P deficiency [71]. P deficiency accounts for
critical damages in crop cultivation, and suboptimal P levels result in yield losses of 5–15%
amongst maximum crop yields [72]. Hence, the soil microbiomes contribute to IAA produc-
tion and phosphate solubilization promoting plant-growth processes. The IAA-production
test with strains of B114 and B115 showed positive results and the phosphate solubilizing
test indicated that only strain B9 obtained a positive result.

Biofilm formation corresponds to persistent root colonization stressing the necessary
process for controlling plant pathogens [73]. In the biofilm formation assay, the strain JB058
showed the highest ability of biofilm formation. The first greenhouse experiment exhibited
strain JB005 with the strongest antifungal activity against R. solani AG-4. Treatment of strain B9
displayed strong antifungal activity followed by strain JB005, subsequently causing the lowest
seedling to damp-off and conversely higher fresh weight and dry weight. However, other
strains described negligible effects on R. solani AG-4 and plant-growth promotion in pepper.

It was assumed that strong adherence to the plants through the formation of biofilm
could result in an increase in biocontrol activities against R. solani. However the production
of high amounts of biofilm was not related to biocontrol activities, unexpectedly. The
mechanism of biocontrol activities is influenced by several other factors such as antibiosis
and site competition, among others. This study suggested that the biofilm production could
not ensure the biocontrol activities against plant pathogens.

In vitro experiments evaluated the beneficial agricultural traits of each strain and
were not associated with authentic and reproducible results as compared to in vivo experi-
ments. The intricate variability is affirmed by environmental factors comprising humidity,
temperature, and light differences, emphasizing [74] bacterial vulnerability rather than
fungi in combating unfavorable conditions. Moreover, the interactions between biocontrol
agents and plants in the soil environment create complexity contributing to the inconsistent
lab-to-field effects [75].

The strain JB005 showed inhibition ability in dual-culture experiments and siderophore
production. Extracellular compounds including siderophore, protease, and cellulase pro-
duction by strain JB005 established inhibitory effects on R. solani AG-4. Thus, the hypothesis
of high concentrations of the bacteria in secreting higher extracellular compounds and
consequent robust disease suppression was hypothesized. Further, another greenhouse
experiment using a low-concentration treatment of strain JB005 was conducted to assess
the hypothesis’s effectiveness. Thus, the efficacy of the control effect through the com-
bination of both strain B9 and strain JB005 against R. solani AG-4 was assumed for an
increase in mixed treatment of the strains B9 and JB005. Hence, the result of three different
concentrations of strain JB005 was confronted with the above hypothetical experiment. The
combination treatment of the two strains of B9 and JB005 indicated a different result than
that of the initial greenhouse experiment. Strain B9 showed a significant difference in fresh
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weight and dry weight even with a single treatment as compared to the healthy control.
The growth-promotion activities of the B9 strain in the greenhouse were varied depending
on the time of experiment periods. This might be due to environmental conditions the of
greenhouse such as the direction of sunlight coming from the window and temperatures
affected by sunlight. The environmental control of the greenhouse was very difficult. Al-
though the strain JB005 did not show growth-promotion activities, this strain was the best
potential biocontrol agent, showing very promising disease control activities.

Combination treatment also corroborated similar results as the single-treatment exper-
iments. It was speculated that the result might indicate the involvement of environmental
factors and appropriate conditions coercing host plants or microbial interactions in the
soil [74,75]. Thus, the effect of strain B9 was not reproducible in the subsequent experiment.
Also, two bacteria JB005 and B9 could be incompatible and antagonistic to each other in
the soil environment. The incompatibilities of biocontrol agents have been observed when
more than two bacteria could be combined to use for biocontrol [76,77]. However, the
combination treatment showed the lowest damping-off rate followed by a single treatment
of strain JB005. Hence, the antifungal activity of the strain JB005 was active over even lower
values, implying seedling damping-off or systemic resistance induction.

In the present study, the mechanism of the antibiosis in the agar plates was studied.
The supernatants of the culture extracts of the B. hominis JB005 were TLC-assayed to find
out what compounds could be related to antibiotic activities on the agar plate. However
we could not find any specific known compound in references like iturin and fengycin of
cyclic lipopeptides, etc. In addition, lipopeptide biosynthetic genes were investigated using
PCR. In the lane loaded with the iturin biosynthetic gene, a band was detected close to
the target size through electrophoresis. Although we tried to search thoroughly in NCBI
BLAST, it depicted that the gene of strain JB005 did not match with iturin biosynthetic gene.
Hence, the band illustrated in the gel was considered as a non-specific band. Considering
all these, the antifungal activity of strain JB005 could be attributed to the activities due to
siderophore, protease, and cellulase production. Siderophore, protease, and cellulase have
long been known for their antibiosis to the fungus, as discussed previously.

5. Conclusions
Our study suggests that Bacillus sp. JB005, isolated from the tidal flat of Jang Bong

Island, demonstrates strong antifungal activity against R. solani AG-4, resulting in reduced
seedling damping-off in two separate greenhouse experiments. The disease suppression
patterns are primarily attributed to siderophore production correlated to the limitation of
iron availability in R. solani growth inhibition. The strain JB005 consistently exhibits the
lowest damping-off rate, reinforcing biocontrol potentials against R. solani AG-4. Further
experiments with the strain JB005 affirmed production of extracellular enzymes such
as protease and cellulase for antifungal activity. The combination of the above traits is
postulated to explain the strain JB005’s efficiency as a multifaceted mechanism in combating
plant pathogens. Moreover, strain JB005’s consistent performance in both in vitro and
in vivo experiments highlights its robust potential for agricultural applications. Overall,
strain JB005 poses a promising candidate for biological control of R. solani AG-4.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microbiolres17080148/s1, Table S1: Determination of IAA pro-
duction of 2 bacterial isolates; Table S2: Determination of phosphate solubilization of strain B9;
Table S3: Determination of absorbance of solubilized crystal violet at 550nm; Figure S1: Standard
curve for the quantification of indole acetic acid; Figure S2: Phosphate solubilizing standard curve;
Figure S3: Top-down view of biofilm formation assay.
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