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Abstract: Biological control plays an increasingly important role in various aspects of modern agri-
culture and forestry. Identifying biocontrol strains with commercial potential for effective disease
management is currently a focal point in biological control research. In this study, Bacillus atrophaeus
XHG-1-3m2, a strain with significant biocontrol potential against Wilsonomyces carpophilus causing
shot hole disease in wild apricots, was developed. The study determined the antibacterial activity
of the fermentation broth, the optimal fermentation medium composition and conditions, and ex-
plored its effectiveness in controlling Wilsonomyces carpophilus. The optimal fermentation medium
for strain XHG-1-3m2 comprises 12.5 g/L yeast extract, 12.5 g/L soy peptone, 10.0 g/L sodium chlo-
ride, 1 g/L ammonium chloride, 1 g/L potassium dihydrogen phosphate, 1 g/L disodium hydrogen
phosphate, and 0.5 g/L magnesium sulfate heptahydrate. With an initial pH of 7.0, a liquid volume
of 40%, an inoculum volume of 3%, and shaking incubation at 28 °C for 24 hours, the viable cell
count reached 14x10° cfu/mL. In vitro and in vivo tests on leaves revealed that the fermentation
broth and the biocontrol biofertilizer derived from this strain inhibited the leaf lesions caused by
Wilsonomyces carpophilus on wild apricots, achieving inhibition rates of 94.62% and 82.46%, respec-
tively.
atrophaeus
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1. Introduction

The Tianshan wild fruit forests in the Ili region of Xinjiang are an important
germplasm gene bank for studying the genetic diversity and gene evolution of temperate
fruit trees globally. The development and protection of these ecological resources are cru-
cial [1]. In recent years, the fungal shot hole disease of wild apricots caused by Wilsonomy-
ces carpophilus has occurred frequently [2], posing a significant risk to the germplasm re-
sources of wild apricots and the stability of the ecosystem [3]. Therefore, in the context of
sustainable utilization and conservation of the rare and relict broadleaf forest ecosystems
in the wild fruit forests of Tianshan, studying the green control of Wilsonomyces carpophilus
and its damage to wild apricots has both practical and scientific significance.

Biological control is gaining widespread attention in modern green control systems
due to its effectiveness in avoiding environmental pollution and resistance development
in pathogens [4,5]. Bacillus spp. has been extensively studied for its antagonistic potential
in controlling various plant diseases. As early as 1991, researchers evaluated the antago-
nistic effect of Bacillus subtilis against Aspergillus flavus [6]. Subsequently, numerous
studies have demonstrated that the application of Bacillus strains or their antagonistic for-
mulations in the field yields positive results [7-9]. Additionally, Bacillus spp. have shown
specificity in controlling certain plant diseases [10]. Thus, using Bacillus spp. as a biologi-
cal control agent against various plant diseases holds tremendous potential.

The fermentation of antagonistic strains serves as a bridge between laboratory re-
search and field applications of biocontrol agents. The optimization of fermentation aims
to increase the number of viable cells or the content of antibacterial metabolites in the
fermentation broth, ensuring the efficacy of biocontrol agents against plant diseases [11].
The efficacy of biocontrol agents is influenced not only by the intrinsic properties of the
strains but also by the fermentation medium and conditions. Therefore, optimizing the
fermentation medium and conditions is a prerequisite for the commercial production of
biocontrol agents [12]. Currently, microbial fermentation optimization primarily employs
single-factor, orthogonal, and response surface methodologies [13]. For instance, Zhong
et al. [14] optimized the fermentation medium and conditions for the biocontrol bacterium
FDHY-MZ2, increasing the bacterial biomass by 10.92 times. Dai et al. [15] reported an
87.04% inhibition rate of Sphaeropsis sapinea growth using fermentation filtrate of Bacillus
pumilus HR10 cultivated in an optimized medium. Ahsan et al. [16] identified and fer-
mented the antagonistic strain Bacillus amyloliquefaciens BAM (TL-6), which holds promise
for agricultural applications. Ahmady [17] investigated the fermentation of antagonistic
bacteria in various liquid media. Additionally, Li et al. [18] studied the optimization of
fermentation conditions for antagonistic bacteria targeting specific plant pathogens.

Bacillus atrophaeus XHG-1-3m2, isolated from infected wild apricot leaves in the Ili
region of Xinjiang, has shown promising biocontrol potential against shot hole disease of
wild apricots [19]. Due to Xinjiang's unique geographic location and climatic characteris-
tics, as well as the distinct biological traits of the microorganisms, there are significant
challenges in applying biocontrol agents in this region. To better develop and utilize this
biocontrol agent, this study optimized the fermentation medium and conditions for Bacil-
lus atrophaeus XHG-1-3m2. The optimized fermentation broth was further developed into
a biofertilizer, and its efficacy in controlling shot hole disease in wild apricots was evalu-
ated through both in vitro and in vivo assays. The aim is to provide technical parameters
and theoretical basis for the further development and application of this biocontrol agent.

2. Materials and Methods

2.1. Experimental materials

Phytopatogenic bacteria: which caused .... disease

Wilsonomyces carpophilus: The Wilsonomyces carpophilus strain XJAU-G052-5m2 was
isolated from wild apricot leaves in the Tianshan wild fruit forests. Species identifi-
cation was completed in a previous study [3].
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2. Antagonistic Bacteria: The antagonistic strain Bacillus atrophaeus XHG-1-3m2 was iso-
lated from infected wild apricot leaves collected in the Yili region of Xinjiang. The
strain is preserved in the Forest Protection and Pathology Laboratory, College of For-
estry and Landscape Architecture, Xinjiang Agricultural University [19].

3. Host Plant: 2-3 year-old wild apricot plants.

2.2. Experimental medium

Potato Dextrose Agar (PDA) Medium: 200 g potatoes, 20 g glucose, 17 g agar, 1000
mL distilled water, natural pH.

Luria-Bertani (LB) Solid Medium: 10 g tryptone, 5 g yeast extract, 10 g NaCl, 17 g
agar, 1000 mL distilled water, pH 7.0-7.2.

LB Liquid Seed Medium: 10 g tryptone, 5 g yeast extract, 10 g NaCl, 1000 mL distilled
water, pH 7.0-7.2.

Fermentation Medium 1 (Modified LB Liquid Medium): 10 g tryptone, 5 g yeast ex-
tract, 10 g NaCl, 1 g NH4Cl, 1 g KH2POs, 1 g Na2HPO4, 0.5 g MgSO4-7H20, 1000 mL dis-
tilled water, pH 6.7-7.0.

Fermentation Medium 2 (Nutrient Broth, NB): 10 g peptone, 3 g beef extract, 5 g
NaCl, 1000 mL distilled water, pH 7.4.

Fermentation Medium 3 (PDB Medium): 200 g potatoes, 20 g glucose, 1000 mL dis-
tilled water, natural pH.

Fermentation Medium 4 [20]: 30 g cornmeal, 30 g soybean powder, 4 g K:HPO4, 1.5 ¢g
MgSO4+-7H:0.

Fermentation Medium 5 [21]: 3% cornmeal, 6.0% soybean meal, 0.3% KH2PO4, 1000
mL distilled water, pH 7.0.

Fermentation Medium 6 [21]: 15 g wheat bran, 5 g soybean peptone, 0.1 g MnSOs, 3
g CaCOs, 1000 mL distilled water, pH 7.0.

Fermentation Medium 7 [21]: 5 g maltose, 10 g yeast extract, 5 g NaCl, 1000 mL dis-
tilled water, pH 7.0.

Fermentation Medium 8 [22]: 22.64 g glucose, 11.93 g peptone, 1.86 g yeast extract, 3
g NHiCl, 1 g KH2PO4, 1 g Na2HPO4, 0.5 g MgSO+7H:0, 5 g soybean powder, 1000 mL
distilled water, pH 7.0.

Fermentation Medium 9 [23]: 5 g glucose, 20 g cornmeal, 40 g soybean meal, 3 g
KzHPOq4, 1 g KH2POq, 2 g (NH4)2504, 0.20 g MgSO4-7H20, 0.020 g MnSOs, 1000 mL distilled
water, pH 7.0.

All media was sterilized at 121 °C for 30 minutes in an autoclave before use.

2.3. Antagonistic Activity Test
2.3.1. Preparation of Seed Culture, Fermentation Broth, and Sterile Filtrate

After reactivating the Wilsonomyces carpophilus pathogen stored at -4°C, it was placed
in the center of a PDA plate and incubated at a constant temperature of 25°C in the dark
for 7-14 days until use. Bacillus atrophaeus XHG-1-3m2, stored at -70°C, was streaked onto
an LB solid medium with an inoculation needle for reactivation. The inoculated LB plates
were incubated upside down in a 37°C incubator for 24 hours in the dark. A single colony
from the LB plate was picked with an inoculation loop and transferred to a 250 mL Erlen-
meyer flask containing 100 mL LB liquid medium, which was incubated at 30 °C and 180
r/min for 24 hours in a shaking incubator to obtain the seed culture of Bacillus atrophaeus
XHG-1-3m2. Under single-factor variable conditions, the seed culture was inoculated into
the optimized fermentation medium at a 2% inoculation volume and incubated by shak-
ing for 24 hours to produce the fermentation broth. The fermentation broth of strain XHG-
1-3m2 was filtered through a 0.22 um microporous membrane to obtain the sterile filtrate.

2.3.2. Determination of the Inhibitory Activity of Fermentation Broth Against Pathogenic
Mycelial Growth
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To further investigate the inhibitory properties of strain XHG-1-3m2, the following 135
experiments were conducted to assess the antibacterial activity of the fermentation broth, 136
sterile filtrate, and volatile compounds produced by the strain. A modified confrontation 137
method using fermentation broth on plates was employed [24], with uninoculated me- 138
dium serving as the control. Each treatment was repeated three times, and the plates were 139
incubated at 28 °C. Once the diameter of the control colonies reached 85% of the plate or 140

covered the entire plate, the inhibition rate of mycelial growth was calculated. 141

Inhibition Rate (%) = [(Colony Diameter of Control Group - Colony Diameter of 142
Treatment Group) / Colony Diameter of Control Group] x 100% 143
2.3.3. Measurement of Inhibitory Rate of Volatile Compounds 144

The inhibitory activity of volatile compounds produced by Bacillus atrophaeus XHG- 145
1-3m2 was determined using the double-dish inverted method, with modifications based 146
on Zhao et al. [25] Uninoculated medium was used as the control, and each treatment was 147
repeated three times. The plates were incubated at a constant temperature of 28°C. Once 148
the control plates were fully colonized, the colony diameters were measured, and the in- 149
hibition rate was calculated using Once the control plates were fully colonized, the colony 150
diameters were measured, and the inhibition rate was calculated using the above formula. 151

2.4. Determination of the Growth Curve of the Antagonistic Strain 152

One milliliter of the prepared seed culture was inoculated into fresh LB liquid me- 153
dium and incubated in a shaking incubator at 30 °C, 180 r/min. Measurements were taken 154
every 4 hours for the first 24 hours and then every 12 hours afterward. The optical density 155
(OD) at 600 nm and the viable cell count were measured to determine the growth curve 156
of the antagonistic strain. The viable cell count was determined using the plate dilution 157
method. 158

The seed culture was inoculated into different liquid fermentation media and incu- 159
bated in a shaking incubator under constant conditions. The optical density (ODeoo) of the 160
fermentation broth was measured using a spectrophotometer at 600 nm, with uninocu- 161
lated fermentation medium as the control. Higher ODsw values indicate higher biomass, 162
while lower ODso values indicate lower biomass. The viable cell count in the fermentation 163
broth was determined using the plate dilution method [26]. Each gradient was repeated 164
in parallel three times, and after 24 hours of incubation at 30 °C in an inverted position, 165

the colonies were counted. The viable cell count was calculated as: 166
please decipher at the first mention Viable Cell Count (cfu/mL) = Number of colonies on plate x dilution factor / volume 167
of plated inoculum (mL) 168
2.5. Screening of Fermentation Media 169
2.5.1. Screening of Basic Fermentation Media 170

The basic fermentation medium was selected from nine initial fermentation media 171
(as described in 2.2.). The medium pH was set to 7.0, and the liquid volume in the shaking 172
flask was 100 mL in a 250 mL flask. The seed culture of Bacillus atrophaeus XHG-1-3m2 was 173
inoculated at a 2% (v/v) inoculum size and incubated at 30 °C, 180 r/min in a shaking 174
incubator for 24 hours. The biomass and viable cell count in the fermentation broth were 175
measured, and the medium with the highest biomass and viable cell count was selected 176
as the basic fermentation medium for Bacillus atrophaeus XHG-1-3m?2. 177

2.5.2. Screening of Fermentation Medium Components 178

The optimal carbon sources (yeast extract, glucose, sucrose, maltose, cornmeal), ni- 179
trogen sources (tryptone, peptone, soy peptone, yeast extract, potassium nitrate), and in- 180
organic salts (sodium chloride, potassium chloride, calcium carbonate, manganese sulfate, 181
copper sulfate) for Bacillus atrophaeus XHG-1-3m2 were determined using a single-factor 182
analysis method. The biomass and viable cell count were measured according to the meth- 183
ods in 2.4. 184
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2.5.3. Screening of Optimal Concentrations for Fermentation Medium Components

Using the optimal fermentation medium from 2.5.1 as the base, the original carbon
source concentration was replaced with concentrations of 2.5, 5.0, 7.5, 10, 12.5, and 15 g/L;
the nitrogen source concentrations were replaced with 7.5, 10, 12.5, 15, 17.5, and 20 g/L;
and the inorganic salt concentrations were replaced with 2.5, 5.0, 7.5, 10, 12.5, and 15 g/L.
The fermentation of Bacillus atrophaeus XHG-1-3m2 was carried out under the conditions
described in 2.5.1. The concentration yielding the best results was selected as the optimal
component concentration for Bacillus atrophaeus XHG-1-3m2 fermentation.

2.5.4. Orthogonal Screening of Fermentation Medium Component Ratios

Based on the results of single-factor experiments, an orthogonal experiment was de-
signed to further determine the optimal fermentation medium formulation by testing the
optimal medium components selected in 2.5.2-2.5.3.

2.6. Optimization of Fermentation Conditions
2.6.1. Single-Factor Screening of Fermentation Conditions

The optimal fermentation volume (50, 70, 100, 120, 150 mL), inoculum size (1%, 2%,
3%, 4%, 5%), initial pH (5, 6, 7, 8, 9), temperature (24, 27, 30, 33, 36 °C), and shaking speed
(100, 120, 150, 180, 200 r/min) for Bacillus atrophaeus XHG-1-3m2 were determined using a
single-factor analysis method. The biomass and viable cell count were measured accord-
ing to the methods in 2.4.

2.6.2. Orthogonal Experiment for Fermentation Volume, Inoculum Size, Initial pH, Tem-
perature, and Shaking Speed

Based on the analysis of single-factor experiments, it was found that fermentation
volume, initial pH, and temperature significantly influenced the growth of the antagonis-
tic strain during shaking flask fermentation. Therefore, an L9(3%) orthogonal experiment
was designed to determine the optimal fermentation conditions by testing the fermenta-
tion volume, initial pH, and temperature.

2.7. Preliminary Preparation of Bacillus atrophaeus XHG-1-3m2 Biofertilizer

Using calcium carbonate as the carrier, the fermentation broth was mixed with the
carrier in a 1:1 ratio by mass (m=1:1) to prepare Bacillus atrophaeus XHG-1-3m2 powder.
The powder was air-dried in a cool, ventilated place. After drying, the powder was mixed
with an organic water-soluble fertilizer (Si Talin, containing amino acids and trace ele-
ments) at a mass ratio of 100:0.3 to produce biofertilizer [27,28]. A certain amount of the
biofertilizer was dissolved in water, diluted, and the biomass and viable cell count were
determined using the same method.

2.8. Determination of Biocontrol Efficacy

The biocontrol efficacy of the antagonistic strain fermentation broth was determined
in the laboratory using a preventive protection method and a therapeutic method. The
efficacy was evaluated by inoculating detached and live wild apricot leaves [29].

Preventive (Protection) Method: Fresh wild apricot leaves were cut using sterilized
scissors, and the leaves were punctured with sterilized needles. Different fermentation
broths were sprayed until the liquid dripped from the leaves [30]. This process was re-
peated three times at 3-hour intervals. After 24 hours, a 5 mm-diameter pathogen plug
from a 7-day-old culture was inoculated at the wound sites, and the leaves were wrapped
in sterile wet cotton and plastic wrap. Leaves inoculated only with the pathogen served
as the control, and each treatment was repeated with three leaves. After 24 hours of incu-
bation at room temperature, the pathogen plugs, plastic wrap, and sterile cotton were re-
moved from the leaves. Disease lesion area changes were observed daily for approxi-
mately 9 days, and the inhibition rate was calculated. The in vivo experiment followed the
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same method, except the leaves were not cut, and the treated live plant leaves were ob-
served for changes in lesion area to calculate the inhibition rate.

Therapeutic Method: Fresh wild apricot leaves were cut using sterilized scissors, and
the leaves were punctured with sterilized needles. A 5 mm-diameter pathogen plug from
a 7-day-old culture was inoculated at the wound sites, and the leaves were wrapped in
sterile wet cotton and plastic wrap. After 24 hours of incubation at room temperature, the
pathogen plugs, plastic wrap, and sterile cotton were removed, and different fermentation
broths were sprayed until the liquid dripped from the leaves. This process was repeated
three times at 3-hour intervals, followed by wet cotton humidification treatment. Disease
lesion area changes were observed daily for approximately 9 days, and the inhibition rate
was calculated. The in vivo experiment followed the same method, except the leaves were
not cut, and the treated live plant leaves were observed for changes in lesion area to cal-
culate the inhibition rate.

2.9. Data Analysis

Experimental data was organized using Excel 2021 and analyzed using SPSS 26.0 for
independent t-tests or one-way ANOVA. Duncan's new multiple range test was used to
assess the significance of differences, and figures were generated using Origin 2021.

3. Results

3.1. Determination of Antagonistic Activity and Inhibition Effect of the Antagonistic Strain
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Figure 1. Inhibitory effects of different treated fermentation broths on the pathogen after 30 days of
confrontation culture at 25 °C. Note: A: CK (control); B: Fermentation broth; C: Supernatant after
centrifugation; D: Fermentation broth diluted 10 times; E: Fermentation broth diluted 100 times; F:
Sterile filtrate (supernatant filtered through a 0.22 pm membrane); G: Sterilized fermentation broth
(autoclaved).

Table 1. Effect of different treatments of fermentation broth with antagonistic strains of bacteria on
the inhibitory activity of the bacteria.

Mean colony diameter Inhibition rate
(mm) (%)

Treatment

CK 76.73+1.99 a —
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Fermentation broth

Supernatant after centrifu-
gation

Fermentation broth diluted
10 times

Fermentation broth diluted
100 times

Sterile filtrate (supernatant
filtered through a 0.22 um
membrane)

Sterilized fermentation
broth (autoclaved)

Volatiles from fermenta-
tion broth with live bacte-
ria

Volatiles from centrifuga-
tion supernatant

Volatiles from 10-fold dilu-
tion of fermentation broth
with live bacteria
Volatiles from 100-fold di-
lution of fermentation
broth with live bacteria

9.51+0.64 h

14.40+1.29 g

16.66+0.97 f

19.84+1.83 e

20.44+2.29 e

29.44+1.89 d

30.86+2.37 d

49.75+1.21 c

57.41+1.59b

87.60+0.95 a

81.24+1.58 b

78.28+1.24 b

74.14+2.36 c

73.35+3.11 ¢

61.58+3.15d

59.78+2.86 d

35.11+3.02 e

25.16+1.99 £

not in this table, do you need to indicate in the notes?

Note: CK - control; "-" indicates no inhibitory effect; "+" indicates a weak inhibitory effect, but it cannot be measured.
Different lowercase letters in the same column indicate a significant difference at p <0.05 level as
determined by a Duncan’s new multiple range test.

italics

After fermenting Bacillus atrophaeus XHG-1-3m2, its fermentation broth, supernatant
of the fermentation broth, 10-fold diluted fermentation broth, 100-fold diluted fermenta-
tion broth, and sterile filtrate all significantly inhibited the growth of Wilsonomyces car-
pophilus mycelium (Figure 1). Clear inhibition zones were observed on the confrontation
culture plates, with the fermentation broth and supernatant of Bacillus atrophaeus XHG-1-
3m?2 showing the best inhibitory effects, achieving inhibition rates of 87.60% and 81.24%,
respectively. The 10-fold and 100-fold diluted fermentation broths, as well as the sterile
filtrate, showed slightly lower inhibition rates of 78.28%, 74.14%, and 73.35%, respectively.
The sterilized fermentation broth showed no inhibitory effect (Table 1).

Figure 2. Inhibitory effects of volatile compounds from different treated fermentation broths on the

pathogen after 30 days of confrontation culture at 25 °C. Note: A: CK (control); B: Supernatant after
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centrifugation; C: Fermentation broth; D: Fermentation broth diluted 10 times; E: Fermentation 275
broth diluted 100 times. 276

The results of the inhibitory activity test of volatiles produced by Bacillus atrophaeus 277
XHG-1-3m2 showed that the volatiles generated from the fermentation broth of XHG-1- 278
3m?2 could significantly inhibit the growth of Wilsonomyces carpophilus mycelium (Figure 279
2), with inhibition rates ranging from 25.16% to 61.58%. The experiment found that the 280
volatiles produced by the fermentation broth and the supernatant after centrifugationhad 281
the highest inhibitory rates, at 61.58% and 59.78%, respectively. The 10-fold diluted fer- 282
mentation broth had a moderate inhibition rate of 35.11%, while the 100-fold diluted fer- 283
mentation broth had a lower inhibition rate of only 25.16% (Table 1). 284

3.2. Determination of the Growth Curve of the Strain 285

As shown in the figure, the concentration of Bacillus atrophaeus XHG-1-3m2 in the 286
culture followed an "S"-shaped curve over time (Figure 3). From 0 to 2 hours, the bacterial 287
concentration was relatively low and showed almost no change, representing the lag 288
phase of bacterial growth. From 4 hours onwards, the bacterial growth rate began to in- 289
crease, and the concentration of bacteria gradually increased with time. Therefore, 4 to 24 290
hours marked the logarithmic growth phase, during which the bacteria grew at the fastest 291
rate. The period from 24 to 48 hours was the stationary phase, where bacterial growth 292
slowed down, and the bacterial concentration tended to stabilize. At 48 hours, the bacte- 293
rial concentration of Bacillus atrophaeus XHG-1-3m2 reached its peak, with an ODsow value 294
of 1.88, corresponding to a viable cell count of 28 x 107 cfu/mL. After 48 hours, the bacterial 295
concentration began to gradually decrease, marking the decline phase of growth. There- 296
fore, from the perspective of viable cell count, it is recommended to select 24-hour-old 297
cultures as the optimal seed culture age. 298
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Figure 3. Growth curve of Bacillus atrophaeus XHG-1-3m2 and the linear relationship between its 300

viable cell count and ODso. 301
3.3. Fermentation Optimization 302
3.3.1. Screening of Fermentation Media 303

Among the nine tested media, Bacillus atrophaeus XHG-1-3m2 exhibited the best 304
growth in Test Medium 1, with an ODew value of 1.75 and a viable cell count of 28 x 107 305
cfu/mL. This was followed by Test Media 6 and 7, with ODsoo values of 1.6 and 1.4, and 306
viable cell counts of 21 x 107 cfu/mL and 19 x 107 cfu/mL, respectively. Growth of Bacillus 307
atrophaeus XHG-1-3m2 was poor in Test Media 3 and 4, with ODsw values of 0.19 and 0.01, 308
and viable cell counts of 8 x 107 cfu/mL and 6 x 107 cfu/mL, respectively. The large discrep- 309
ancies in ODeoo values and viable cell counts between Test Media 3, 4, LB medium, and 310
Test Media 6, 7 indicated that different fermentation media had a significant effect on the 311
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growth of Bacillus atrophaeus XHG-1-3m2 (Figure 4g). Therefore, Test Medium 1 was se- 312
lected as the basic fermentation medium for Bacillus atrophaeus XHG-1-3m2. 313

3.3.2. Screening of Fermentation Medium Components and Optimal Concentrations 314

The effects of different fermentation medium components on the growth of Bacillus 315
atrophaeus XHG-1-3m2 were investigated, and the results are shown in Figure 4 Carbon 316
sources had a significant effect on the growth of Bacillus atrophaeus XHG-1-3m2, with yeast 317
extract being the most effective. The ODew value reached 1.86, and the viable cell count 318
was 14 x 108 cfu/mL, significantly higher than other carbon sources. This indicates that 319
Bacillus atrophaeus XHG-1-3m2 utilizes yeast extract more efficiently as a carbon source. 320
Therefore, yeast extract was selected as the carbon source for the fermentation medium of 321
Bacillus atrophaeus XHG-1-3m2. 322

Similarly, nitrogen sources also had a significant impact on the growth of Bacillus 323
atrophaeus XHG-1-3m2. The best fermentation results were obtained with soy peptone as 324
the nitrogen source, with an ODsw value of 1.89 and a viable cell count of 18x108 cfu/mL, 325
followed by tryptone and peptone. The poorest results were observed when ammonium 326
chloride was used as the nitrogen source, with an ODew value of 0.369 and a viable cell 327
count of only 5 x 108 cfu/mL. Considering the effects, sources, and costs of tryptone, soy 328
peptone, and peptone, soy peptone was chosen as the nitrogen source for the fermentation 329
medium, as it is more conducive to the practical fermentation effect and production effi- 330
ciency. 331

The effects of different inorganic salts on the fermentation of Bacillus atrophaeus XHG- 332
1-3m2 were explored using sodium chloride, which was present in the basic fermentation 333
medium. After 24 hours of incubation, Bacillus atrophaeus XHG-1-3m2 exhibited the high- 334
est ODs0oo value and viable cell count in the medium with sodium chloride, significantly 335
different from the other inorganic salts tested. The lowest ODsw values and viable cell 336
counts were observed when calcium carbonate and copper sulfate were used as inorganic 337
salts. Therefore, sodium chloride was selected as the inorganic salt for further optimiza- 338
tion. 339

To assess the effect of fermentation medium components such as carbon sources, ni- 340
trogen sources, and inorganic salts on the growth rate of Bacillus atrophaeus XHG-1-3m2, 341
the original concentrations of yeast extract, soy peptone, and sodium chloride in the LB 342
medium were replaced with different concentrations to fully evaluate and optimize the 343
LB medium formulation. As shown in the figure, the bacterial concentration in the fer- 344
mentation broth increased initially and then decreased as the concentrations of yeast ex- 345
tract, soy peptone, and sodium chloride were raised. The optimal concentrations of yeast 346
extract, soy peptone, and sodium chloride were 10, 10, and 12.5 g/L, respectively. There- 347
fore, for the subsequent orthogonal experiment with three factors and three levels, the 348
concentrations of yeast extract were set to 7.5, 10.0, and 12.5 g/L, soy peptone to 7.5, 10.0, 349
and 12.5 g/L, and sodium chloride to 10.0, 12.5, and 15.0 g/L, which were considered rea- 350
sonable. 351

352
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Figure 4. Effects of different fermentation medium, medium components, and their concentrations
on the viable cell count and ODsoo of Bacillus atrophaeus XHG-1-3m2. Note: (a): Carbon sources; (b):
Carbon source concentration; (c): Nitrogen sources; (d): Nitrogen source concentration; (e): Inor-
ganic salts; (f): Inorganic salt concentration; (g): Fermentation medium. Different lowercase letters
in the same column indicate a significant difference at p<<0.05 level as determined by a Duncan’s
new multiple range test.

3.3.3. Optimization of Fermentation Medium Components via Orthogonal Experiment

Based on the results of the single-factor experiments, an orthogonal experiment was
designed. The optimal medium components for the growth of Bacillus atrophaeus XHG-1-
3m2, selected from sections 2.5.2-2.5.3, were subjected to orthogonal experimentation to
further determine the optimal medium formulation (Table 2).
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Table 2. Results of the orthogonal experiment on the optimal medium components and their con-

centrations for the antagonistic strain.

Factor
Treatment Soybean pep- ODsoo
Yeast extract NaCl
tone
1 7.5 7.5 10 1.674
2 7.5 10 12.5 1.736
3 7.5 12.5 15 1.815
4 10 10 10 1.754
5 10 12.5 12.5 1.885
6 10 7.5 15 1.704
7 12.5 12.5 10 2.078
8 12.5 7.5 12.5 1.718
9 12.5 10 15 1.771
please indicate in the notes K o224 >0% >:506
what these designations mean K2 5.344 5.261 5.339
K3 5.567 5.778 5.290
k1 1.741 1.699 1.835
k2 1.781 1.754 1.780
k3 1.856 1.926 1.763
R 0.114 0.227 0.072

please decipher

The effects of different concentrations of carbon sources, nitrogen sources, and inor-
ganic salts on the fermentation of Bacillus atrophaeus XHG-1-3m2 were explored, and the
results are shown in the figure 5. The orthogonal experiment results for carbon sources,
nitrogen sources, and inorganic salts showed RB>RA >RC, indicating that changes in the
nitrogen source (soy peptone) had the greatest impact on the growth rate of strain XHG-
1-3m2, followed by yeast extract and sodium chloride. The optimal orthogonal combina-
tion was A3B3C1, which corresponds to the optimal medium formulation (optimized LB
medium) consisting of 12.5 g/L yeast extract, 12.5 g/L soy peptone, and 10.0 g/L sodium
chloride. The final optimized medium formulation includes 12.5 g/L yeast extract, 12.5 g/L
soy peptone, 10.0 g/L sodium chloride, 1 g/L ammonium chloride, 1 g/L potassium dihy-
drogen phosphate, 1 g/L disodium hydrogen phosphate, and 0.5 g/L magnesium sulfate

heptahydrate.
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375
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Figure 5. Effects of different fermentation medium components and their concentrations on the vi- 380
able cell count and ODew of Bacillus atrophaeus XHG-1-3m2. Different lowercase letters in the same 381
column indicate a significant difference at p<<0.05 level as determined by a Duncan’s new multiple 382
range test. 383

3.3.4. Optimization of Fermentation Conditions 384

Bacillus atrophaeus XHG-1-3m2 was cultured under various fermentation conditions, 385
and the results indicated that agitation speed, inoculation volume, liquid volume, initial 386
pH, and temperature all affected the biomass and viable cell count of the fermentation 387
broth (Figure 6). As agitation speed increased, the bacterial concentration in the fermen- 388
tation broth first increased and then decreased. The highest ODeswo value and viable cell 389
count were observed at 180 r/min, reaching 2.02 and 27 x 108 cfu/mL, respectively. When 390
the agitation speed was higher or lower than 180 r/min, the bacterial concentration de- 391
creased. Therefore, 180 r/min was selected as the optimal agitation speed for Bacillus 392
atrophaeus XHG-1-3m2 (Figure 6d). 393

Different inoculation volumes had a minimal effect on the viable cell count of strain 394
XHG-1-3m2, with the most similar values observed at 3% and 4% inoculation volumes, 395
both averaging 29 x 108 cfu/mL. This indicates that an inoculation volume between 3% 39
and 4% is suitable for the growth of the strain. However, at lower (1%) or higher (5%) 397
inoculation volumes, the viable cell count decreased. Therefore, a 3% inoculation volume 398
was selected as the optimal inoculation volume for Bacillus atrophaeus XHG-1-3m?2 (Figure = 399
6e). 400

Liquid volume, initial pH, and temperature had a more significant effect on the bio- 401
mass and viable cell count of the fermentation broth, all showing a trend of first increasing 402
and then decreasing. The highest biomass was observed at a liquid volume of 100 mL, an 403
initial pH of 7, and a temperature of 30 °C, with corresponding ODeo values of 2.05, 1.86, 404
and 2.06, respectively (Figure 6b, 6¢c). Therefore, in subsequent orthogonal experiments, 405
liquid volumes of 70, 100, and 120 mL, initial pH levels of 6.0, 7.0, and 8.0, and tempera- 406
tures of 28, 30, and 32 °C were considered reasonable choices. 407
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Figure 6. Effects of different fermentation conditions on the viable cell count and ODew of Bacillus
atrophaeus XHG-1-3m2. Note: (a): Rotation speed; (b): Inoculum; (c): Liquid loading; (d): Initial pH;
(e): Temperature. Different lowercase letters in the same column indicate a significant difference at
p<<0.05 level as determined by a Duncan’s new multiple range test.

3.3.5. Orthogonal Experiment for Fermentation Condition Optimization

Based on the analysis of single-factor experiment results, it was found that liquid volume,
initial pH, and temperature had a significant impact on the growth rate of Bacillus atrophaeus
XHG-1-3m2 during shaking flask fermentation. Therefore, an Ly (33) orthogonal table was de-
signed, and a three-factor, three-level orthogonal experiment was conducted to determine the opti-
mal liquid volume, initial pH, and temperature for the growth of Bacillus atrophaeus XHG-1-3m2
based on the factors screened in Section 2.6.1 (Table 3).

Table 3. Results of the orthogonal experiment for optimal fermentation conditions of the antagonistic strain.

Factor

Treatment ODsoo

Liquid loading . Temperature
Initial pH
(mL) (°C)

1 70 6 28 2.133

408
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2 70
3 70
4 100
5 100
6 100
7 120
8 120
9 120
K1 6.117
K2 6.185
K3 6.053
k1 2.039
k2 2.062
k3 2.018
R 0.044

AN 0 O ©® N o

7
6.128
6.118
6.110
2.043
2.039
2.037

0.006

30
32
28
30
32
28
30
32
6.388
6.100
5.867
2.129
2.033
1.956

0.174

2.032
1.952
2.151
2.054
1.980
2.104
2.014
1.935

The effects of different fermentation conditions on the fermentation of Bacillus
atrophaeus XHG-1-3m2 were explored, and the results are shown in the figure 7. The or-
thogonal experiment results for liquid volume, initial pH, and temperature indicated RC >
RA > RB, suggesting that temperature had the greatest impact on the growth rate of Bacil-
lus atrophaeus XHG-1-3m2, followed by liquid volume and initial pH. The optimal combi-
nation was A2B2C1, meaning the best fermentation conditions were a liquid volume of
100 mL, an initial pH of 7.0, and a temperature of 28 °C.
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Figure 7. Effects of different fermentation conditions on the viable cell count and ODew of Bacillus 429
atrophaeus XHG-1-3m2. Different lowercase letters in the same column indicate a significant differ- 430
ence at p<<0.05 level as determined by a Duncan’s new multiple range test. 431

3.4. Biocontrol Efficacy 432

To evaluate the effect of Bacillus atrophaeus XHG-1-3m2 in controlling Wilsonomyces 433

carpophilus on wild apricot leaves, the biocontrol efficacy of different concentrations of the 434

antagonistic strain fermentation broth was tested on detached wild apricot leaves with 435

shot hole disease. Three days after inoculating W. carpophilus in the CK treatment, visible 436

lesions appeared on wild apricot leaves. After nine days of pathogen inoculation under 437

different treatments, untreated wild apricot leaves displayed severe shot hole disease 438

symptoms (Figure 8). However, in the leaves treated with the fermentation broth of the 439

antagonistic strain, the disease development was significantly restricted, and this effect 440

was amplified by increasing concentrations of the fermentation broth. Clear inhibition of 441

lesion development was observed with different treatments on wild apricot leaves (Figure 442

8). 443

As shown in Table 4, the preventive treatment was generally more effective than the 444

therapeutic treatment in controlling wild apricot shot hole disease. Interestingly, in both 445

the preventive and therapeutic treatments, the inhibition rate of lesion development in- 446

creased with higher concentrations of the antagonistic strain fermentation broth. In the 447

preventive treatment, when the fermentation broth of Bacillus atrophaeus XHG-1-3m2 was 448

o ) ] at a concentration of 10° cfu/mL, the optimized fermentation broth, the initial biofertilizer 449
gnsdh?\;g(tjht())il ;ng ;(é%toer? tlr? atthceamzzztrf ég?m derived from the fermentation broth, and the 1000-fold dilution of carbendazim had com- 450
was used parable effects, with lesion areas of 1.74 +0.40, 1.10 £ 0.43, and 0.62 + 0.32 mm?, respectively, 451
and the highest inhibition rates of 94.62%, 96.61%, and 98.06%. At a fermentation broth 452

concentration of 105 cfu/mL, the 100-fold diluted fermentation broth resulted in a lesion 453

area of 5.70 + 0.28 mm?, with the lowest inhibition rate of 82.35%. Although the therapeutic 454

treatment also showed the highest inhibition rates (89% ~ 92%) with the optimized fer- 455

mentation broth, carbendazim, and biofertilizer, the difference was not statistically 456
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significant (P < 0.05). However, the inhibition rates in the therapeutic treatment were
about 5% ~ 6% lower compared to the preventive treatment. These findings indicate that
the fermentation broth of Bacillus atrophaeus XHG-1-3m2 can inhibit the growth and pen-
etration of the pathogen's mycelium and effectively limit disease development.

T L
4IE2Y
000

0,

9,0,

Figure 8. Biocontrol efficacy of different treated fermentation broths of the antagonistic strain on
detached wild apricot leaves with shot hole disease using preventive (A) and therapeutic (B) meth-
ods. Note: a: CK; b: Carbendazim; c: Biofertilizer; d: Fermentation broth; e: Fermentation broth di-

luted 10 times; f: Fermentation broth diluted 100 times; g: Optimized fermentation broth; h: Opti-
mized fermentation broth diluted 10 times; i: Optimized fermentation broth diluted 100 times.

Table 4. Biocontrol efficacy of different treated fermentation broths of the antagonistic strain on
detached wild apricot leaves with shot hole disease using preventive and therapeutic methods.

Methods and indicators

Preventive Therapeutic
Treatment : . :
Area of disease Inhibition Area of disease o
Inhibition Rate
spots Rate spots
(%)
(mm?) (%) (mm?)
CK 32.85+5.26 a — 38.8315.32 a —
Fermentation broth
3.64+0.95 bed 88.67+3.79 cd 7.53+1.69 bed 80.51+3.96 be
(107 cfu/ml>
Fermentation broth
diluted 10 times 4.47+0.68 bc 86.27+2.26 d 9.26+0.92 bc 75.88+3.91 cd

(106 cfu/ml)
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Fermentation broth
diluted 100 times
(105 cfu/ml>
Optimized fermenta-
tion broth
(100 cfu/mD)
Optimized fermenta-
tion broth diluted 10

times (108 cfu/ml)
Optimized fermenta-
tion broth diluted
100 times (107
cfu/ml)

Carbendazim
(0.5g/L)

Biofertilizer
(109 cfu/mD)

5.70+0.28 b

1.74+0.40 cd

2.62+0.69 bed

3.43+0.51 bed

1.10+0.43 cd

0.62+0.32d

82.35+2.89 e

94.62+1.52 ab

92.12+1.20 bc

89.35+2.09 cd

96.61+1.33 a

98.06+1.01 a

10.95+0.47 b

4.15+0.72 de

6.99+1.15 cd

8.27+1.09 bc

3.29+0.21 e

2.96+0.54 e

71.53+2.99d

89.12+£2.60 a

81.90+2.66 b

78.69+0.18 bc

91.43+1.88 a

92.39+0.67 a

Different lowercase letters in the same column indicate a significant difference at p<<0.05 level as

determined by a Duncan’s new multiple range test.

To study the biocontrol efficacy of the fermentation broth of the antagonistic strain
against shot hole disease in wild apricot, leaves inoculated only with the pathogen were
used as the control, and monitoring was conducted over a 10-day period (Figure 9). Dur-
ing the experiment, we observed that the control treatment started to show symptoms and
lesions on day 3 after inoculation with the pathogen. By day 9, the lesions had reached
their maximum size and were accompanied by perforation symptoms. The results showed
that there were clear differences between the leaves treated with the fermentation broth
of the antagonistic strain and the control leaves. Similar to the results for detached leaves,
the preventive method was significantly more effective than the therapeutic method. Ad-
ditionally, the inhibition rate of lesion development increased with the concentration of
the fermentation broth, and the lesion area on the leaves gradually decreased.

As shown in Table 5, the biocontrol efficacy on live leaves was generally lower than
on detached leaves, but the overall trend was similar. When the concentration of the fer-
mentation broth was 10° cfu/mL and applied using the preventive method, the optimized
fermentation broth, the initial biofertilizer derived from the strain, and the 1000-fold di-
luted carbendazim had the best effects, with lesion areas of 4.35 + 0.28, 2.93 + 0.70, and
2.13 + 0.34 mm?, respectively, and the highest inhibition rates of 82.46%, 86.30%, and
90.07%. At a fermentation broth concentration of 105 cfu/mL, the lesion area was the larg-
est, and the inhibition rate was the lowest, with values of 9.42 + 1.46 mm? and 61.79%,
respectively. In the therapeutic method, the lesion inhibition rate on the leaves was lower,
with the optimized fermentation broth showing a 3.61% lower inhibition rate compared
to the preventive method, and the 100-fold diluted fermentation broth treatment being
1.18 times less effective. Therefore, in the biocontrol efficacy of the fermentation broth of
the antagonistic strain against shot hole disease on live wild apricot leaves, the increase in
the concentration of the fermentation broth significantly reduced the lesion expansion
caused by further infection of the leaves by Wilsonomyces carpophilus.
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Figure 9. Biocontrol efficacy of different treated fermentation broths of the antagonistic strain on 498
live wild apricot leaves with shot hole disease using preventive and therapeutic methods. Note: A: 499
CK; B: Carbendazim; C: Biofertilizer; D: Fermentation broth; E: Optimized fermentation broth. 500

Table 5. Biocontrol efficacy of different treated fermentation broths of the antagonistic strain on live 501
wild apricot leaves with shot hole disease using preventive and therapeutic methods. 502

Methods and indicators

Preventive Therapeutic
Treatment 3 . 3 .
Area of disease Inhibition Area of disease Inhibition
spots Rate spots Rate
(mm?) (%) (mm?) (%)
CK 21.81%2.76 a — 24924190 a —
Fermentation broth 77.77 £2.84
5.51%+0.35 cd 6.721+0.71 be 72.81£4.70 cd
(107 cfu/ml) bcd
Fermentation broth
diluted 10 times 7.50%£1.24 bc 69.53£7.24 def 7.40%1.76 bc 70.50+£4.86 cd
(106 cfu/ml)
Fermentation broth
diluted 100 times 942+1.46b 61.79+8.70 f 8.26+1.20b 66.861+4.28 d
(105 cfu/ml)
Optimized fermenta-
82.46+1.76
tion broth 4.35+0.28 de b 5.26+0.55 cd 78.85+1.87 be
abc
(109 cfu/mD)
Optimized fermenta-
74.71+8.40
tion broth diluted 10 6.21%+1.60 cd i 6.57+1.28 bc 73.55+1.32 cd
cde

times (108 cfu/ml)
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Optimized fermenta-
tion broth diluted

8.63+0.57 b 65.261+3.26 ef 7.75+1.06b 68.80+4.55d
100 times (107
cfu/ml)
Carbendazim
2.93+0.70 e 86.30+4.21 ab 415+1.05d 83.11£5.53 ab
(0.5g/L)
Biofertilizer
2.13+0.34 e 90.07+2.44 a 3.36+0.33 d 86.53+0.50 a
(109 cfu/ml)

Full name please

this notation is not used anywhere
in the text. No need to write it down

Bacillus velezensis

Different lowercase letters in the same column indicate a significant difference at p<<0.05 level as

determined by a Duncan’s new multiple range test.

4. Discussion

The wild fruit forests in the Yili region of Xinjiang, China, are an important global
distribution area for wild fruit forests and serve as a rare natural gene bank for fruit trees.
They are also an important germplasm resource for genetic diversity and gene evolution
of temperate fruit trees. The green, non-polluting control of tree diseases and biological
control are essential for the protection of these wild resources. Currently, the control of
shot hole disease caused by Wilsonomyces carpophilus in this region is still limited to labor-
atory and chemical methods [19,31]. Exploring the inhibitory mechanisms of antagonistic
bacteria and how to use their fermentation broths and metabolites to effectively control
diseases is a hot topic in the field of biological control [32-34]. Zheng et al. [35] found that
P. jilinensis strain D25 and its fermentation broth effectively inhibited the growth and
spore germination of Botrytis cinerea and altered its mycelial morphology, thereby pre-
venting the spread of the pathogen. In the study by Siahmoshteh et al. [36], the sterile
filtrate of Bacillus subtilis exhibited a growth inhibition rate of up to 92% against Aspergillus
and showed excellent proteolytic activity. Bacillus species mainly inhibit pathogen
growth through competition, antagonism, and the induction of systemic resistance (ISR)
in plants [37-39]. In this study, we found that the fermentation broth, supernatant, diluted
fermentation broth, sterile filtrate, and volatile compounds produced by Bacillus
atrophaeus XHG-1-3m2 could all effectively inhibit the growth of Wilsonomyces carpophilus,
which is consistent with the findings of Vicente-Diez et al. [40] and Le et al. [41]. Antago-
nistic bacteria may inhibit the growth of pathogens through their cells and metabolites,
demonstrating that Bacillus atrophaeus XHG-1-3m2 has significant potential for biological
control and could be further developed.

Optimizing the microbial fermentation process is key to industrializing microbial fer-
mentation products, ensuring their effectiveness as biopesticides. In the research and pro-
duction of biological control agents, reducing costs is usually achieved by using inexpen-
sive raw materials and improving the effectiveness of the fermentation broth. Enhancing
fermentation efficiency requires technical expertise, and significant resources are often in-
vested in exploring fermentation processes. Various experimental techniques and design
methods have been applied to optimize fermentation processes [42,43]. However, due to
the complexity of medium composition and fermentation conditions, relying solely on
single-factor methods may not yield the expected results. This approach increases work-
load, lengthens the experimental cycle, and may lead to unreliable or incorrect conclu-
sions due to variations in experimental conditions and batches [44]. Therefore, combining
single-factor methods with orthogonal experiments allows for the rapid identification of
optimal fermentation medium ratios. For example, Shi et al. [45] significantly increased
the viable cell count of Velezensis YH-18 through optimization and enhanced the antibac-
terial activity of the sterile filtrate. Dai et al. [15] optimized the fermentation conditions of
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Bacillus pumilus HR 10, achieving an inhibition rate of 87.04% against Sphaeropsis sapinea.
Wu et al. [46]screened a low-cost medium and significantly improved the production of
fibrinolysin by Bacillus subtilis WR 350 using single-factor and orthogonal experiments,
reducing the cost of the optimized medium to just 8.5% of the initial cost. While orthogo-
nal experiments may yield results similar to those obtained using single-factor methods,
they offer advantages such as reasonable factor-level distribution, no need for repeated
experiments to estimate errors, and higher accuracy, making the results more scientific
and convincing [47]. A preliminary assessment of the fermentation medium and circum-
stances for Bacillus atrophaeus XHG-1-3m2 was carried out in this work using a combina-
tion of single-factor and orthogonal experiments. The results indicated that the optimal
fermentation conditions for this strain were: 12.5 g/L yeast extract, 12.5 g/L soy peptone,
10.0 g/L sodium chloride, 1 g/ ammonium chloride, 1 g/L potassium dihydrogen phos-
phate, 1 g/L disodium hydrogen phosphate, 0.5 g/L magnesium sulfate heptahydrate, an
initial pH of 7.0, 40% liquid volume, 3% inoculum volume, and shaking incubation at
28 °C for 24 hours. These fermentation conditions are similar to those found by Pan et al.
[48], likely because this strain efficiently and rapidly absorbs organic nutrients such as
yeast extract and peptone, indicating that fermentation optimization has a significant im-
pact on the viable cell count of the strain. In Ma et al. [49] study, the fermentation condi-
tions included wheat bran (35%), rice husks (40%), cornmeal (20%), soybean meal (15%),
corn starch (1.5%), beef extract (2.5%), and magnesium sulfate (1.5%). Under these condi-
tions, fermentation at 32°C and pH 7.0 for 44 hours yielded 4.577 x 10'* CFU/mL. Ahsan
et al. [12] used coarse flour and peanut extract as the carbon and nitrogen sources for
Bacillus velezensis BP-1, and the optimized LB medium achieved a 90% inhibition rate
against Pseudomonas aeruginosa. Although all the studies mentioned focus on Bacillus spe-
cies, their fermentation conditions differ significantly from this study, often using low-
cost agricultural raw materials. In the initial stages of this study, similar materials were
selected, but the fermentation results were unsatisfactory. This discrepancy may be due
to differences in the origin, characteristics of the strain, and the target pathogen.

The actual biocontrol efficacy of antagonistic strains and their related products is a
critical step toward commercialization and large-scale application. Fermentation broths
and products of antagonistic strains have been shown to inhibit the development of vari-
ous diseases. For example, the fermentation broth of Bacillus mojavensis UTF-33 signifi-
cantly inhibited the growth of rice blast, and leaf spot counts from fermentation filtrate-
treated leaves were significantly lower than those treated with sterile water or LB, com-
parable to carbendazim [50]. This is consistent with the biocontrol pattern observed in this
study using the fermentation broth and biofertilizer of Bacillus atrophaeus XHG-1-3m2, fur-
ther demonstrating the trend of antagonistic bacterial products replacing chemical pesti-
cides. This provides feasibility for the commercialization and large-scale field application
of this strain. In another study, the fermentation broths of three antagonistic strains
showed biocontrol efficacy against root rot in Codonopsis, with a disease inhibition rate
of 59.24% using a fermentation broth concentration of 1 x 109 CFU/mL [26], which is con-
sistent with the concentration used in this study for biocontrol biofertilizer. Furthermore,
the screening of endophytic antagonists has shown promising results in controlling wheat
stripe rust, with the fermentation broth achieving a control rate of 55.97% [51]. In the study
by Sun et al. [52], strain LHS11 effectively antagonized S. sclerotiorum, achieving an inhi-
bition rate of 85.71%. In vivo experiments with a composite agent (LHS11 + FX2) achieved
a control efficiency of 80.51%.

The use of antagonistic microorganisms for green, non-polluting biological control of
plant diseases aligns with the principles advocated by global environmental organizations
in maintaining ecological balance and environmental protection. This study made signif-
icant progress in controlling shot hole disease caused by Wilsonomyces carpophilus on wild
apricots. Not only were the fermentation formula and conditions for Bacillus atrophaeus
XHG-1-3m2 optimized, but both detached and live leaf tests demonstrated that the fer-
mentation broth and its products were effective in controlling the disease. The biocontrol
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efficacy of Bacillus atrophaeus XHG-1-3m2 provides a foundation for its development as a
commercial biocontrol agent and its large-scale field application. Future studies should
focus on identifying the strain’s inhibitory metabolites and elucidating the biocontrol in-
teraction mechanisms between Bacillus atrophaeus XHG-1-3m2 and Wilsonomyces carpophi-
Ius through omics approaches.

5. Conclusion

This study further confirmed the inhibitory effect of Bacillus atrophaeus XHG-1-3m2
on Wilsonomyces carpophilus, the pathogen causing shot hole disease in wild apricots. It
was also found that the fermentation broth, sterile filtrate, and volatile compounds pro-
duced by strain XHG-1-3m2 could effectively inhibit the growth of the pathogen's myce-
lium. The results of the fermentation optimization showed that the optimal fermentation
medium for Bacillus atrophaeus XHG-1-3m2 was an optimized LB medium with the fol-
lowing composition: 12.5 g/L yeast extract, 12.5 g/L soy peptone, 10.0 g/L sodium chloride,
1 g/L ammonium chloride, 1 g/L potassium dihydrogen phosphate, 1 g/L disodium hy-
drogen phosphate, and 0.5 g/L magnesium sulfate heptahydrate. The optimal fermenta-
tion conditions were: 24 hours, 28 °C, pH 7.0, 180 r/min shaking speed, 40% liquid volume,
and 3% inoculum volume. The biofertilizer derived from the fermentation broth of Bacillus
atrophaeus XHG-1-3m2 achieved inhibition rates of 94.62% and 82.46% for lesion develop-
ment on detached and live wild apricot leaves, respectively, against shot hole disease
caused by Wilsonomyces carpophilus.
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