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Abstract: Bacillus pumilus is widely used as a biocontrol agent. To further develop the biological
control potential of B. pumilus LYMC-3 against pine blight, a statistical experimental design was
used to optimize a liquid medium using low-cost substrates to improve its antagonistic activity
against Sphaeropsis sapinea. Through the plate antagonism test and greenhouse control effect test, this
study determines the antifungal effect of strain LYMC-3 against S. sapinea and pine blight. Moreover,
response surface optimization methodologies were used to systematically optimize the medium
composition and culture conditions of the LYMC-3 strain. The plate antagonism test showed that the
inhibition rate of LYMC-3 fermentation filtrate (diluted 5-fold) was 66.09%. The greenhouse control
effect test showed that the control effect of its fermentation filtrate on shoot blight reached 89.99%. The
response surface optimization test ultimately determined that a higher inhibition rate can be achieved
under these conditions: the optimal medium components were 7.2 g/L glucose, 15 g/L peptone, and
7.1 g/L magnesium sulfate; the optimal culture conditions were 52% liquid volume, 28 ◦C culture
temperature, an initial pH of 7, and 1% bacterial inoculation volume. Under the optimized system,
the five-fold diluted LYMC-3 fermentation filtrate inhibition rate against S. sapinea was 81.23%, which
was 15.84% higher than that before optimization. Meanwhile, optimize the selection of lower-cost
and more commonly used glucose instead of beef paste as the carbon source for the culture medium,
and choose cheaper magnesium sulfate instead of sodium chloride as the nitrogen source.

Keywords: Bacillus pumilus; Sphaeropsis sapinea; pine shoot blight; control effect; fermentation opti-
mization

1. Introduction

Pine blight is a host-dominant devastating disease, where needles of pine trees turn
yellow followed by reddish brown through the growing season (wilting), accompanied
by branches wilt, and stem ulcers and dead tops, ultimately leading to the sudden death
of the tree [1]. The causative agent is Sphaeropsis sapinea (Fr.) Dyko and Sutton (formerly
Diplodia pinea (Desm.) Kickx, Petrak, and Sydow), which is distributed across 65 countries
in Africa, South America, China, the United States, New Zealand, and Australia [2,3]. Due
to the warm and dry climate over recent years, pine dieback disease is endemic in European
countries and more than 10 provinces in China [4,5]. This has resulted in huge losses of
pine plantations in many countries and regions and, therefore, the need to control this
disease has received increasing attention.

In recent years, environmental pollution has become an increasingly serious problem
and the use of microbial bacterial agents to control plant pests and diseases has gradually
increased in order to reduce the environmental problems caused by chemical pesticides.
Bacillus is capable of producing endophytic spores that survive under harsh conditions, a
property that places it as an ideal biological control agent (BCA) [6]. Meanwhile, Bacillus
is one of the most common bacteria among plant endophytes [7] and their endophytic
colonization ability plays an important role in the biological control of vascular plant
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diseases. B. pumiluss is one of the more widely used biocontrol microorganisms within the
genus Bacillus [8,9] and has been used against some common plant diseases, such as rice
blast [10], strawberry black rot [11], and cucumber wilt [12]. In addition, B. pumilus also
plays a powerful role in promoting plant growth and biodegradation [13,14]. Therefore,
B. pumilus can be applied to alleviate agriculture and forestry problems instead of using
chemical pesticides, with B. pumilus suppressing the occurrence of certain plant diseases
and also maintaining the stability of the ecosystem to a certain extent while reducing the
adverse effects of chemical pesticides on human health and the environment. Hence, the
use of B. pumilus as a biocontrol agent has broad application prospects.

Li et al. isolated a strain of B. pumilus LYMC-3 from the stem of Pinus sylvestris,
with highly toxic nematocidal activity [15] and found that the strain was endophytic and
could colonize well in P. massoniana Lamb. [16]. Later studies showed that this strain has a
broad inhibitory spectrum towards eight plant pathogens, including Sphaeropsis sapinea,
Phomopsis macrospora, Pestalotiopsis theae, and Botryosphaeria dothiorella [17]. To further
understand the control potential of B. pumilus LYMC-3 against pine blight and to explore
the optimal fermentation conditions for antagonizing S. sapinea, this study investigated
the greenhouse efficacy of strain LYMC-3 against pine blight by inoculating 2-year-old
P. massoniana Lamb. seedlings, and systematically optimized the medium components and
fermentation conditions for strain LYMC-3 using the response surface design method to
provide a basis for future industrialization of this strain.

2. Materials and Methods
2.1. Preparation of Test Materials
2.1.1. Source of Test Medium and Strain

Bacterial strain activation medium: Nutrient Agar (NA) (components: beef paste 5 g,
peptone 10 g, sodium chloride 5 g, agar 20 g, and water to 1 L, pH 7.2).

Bacterial seed solution and single-factor basal medium: Nutrient Broth (NB) medium
(components: beef paste 5 g, peptone 10 g, sodium chloride 5 g, and water to 1 L, pH of 7.2).

Fungal medium: Potato Dextrose Agar (PDA) (200 g peeled potato was boiled in water
for 20 min and filtered after the addition of glucose 20 g and agar 20 g; water to 1 L).

The B. pumilus strain LYMC-3 was isolated from the stem of P. massoniana Lamb. In Sui
Tang Botanical Gardens, Luoyang, China, and is now stored in the China Typical Culture
Collection under the catalogue number CCTCC NO:M 2016775.

The S. sapinea strain JX1-2 was isolated from Jiangxi Province, China, and is now stored
in the Forest Pathology Laboratory of Nanjing Forestry University.

2.1.2. Strain Activation, Preparation of Seed Solution and Acquisition of Fermentation
Broth, Fermentation Filtrate and Bacterial Suspension

B. pumilus was inoculated on NA plates using the plate scribing method [18] and
incubated at 28 ◦C for 24 h to obtain single colonies. A single colony was inoculated into
40% NB and incubated whilst shaking at a constant temperature of 28 ◦C and 200 rpm
for 8 h to obtain the first level seed solution. The primary seed solution (2% inoculum)
was transferred into fresh NB medium and incubated in the shaker at 28 ◦C and 200 rpm
for 24 h to obtain the secondary seed solution. The secondary seed solution of B. pumilus
LYMC-3 at 2% inoculum was transferred to a 250 mL flask with 100 mL NB medium and
incubated at 28 ◦C, 180 rpm for 72 h to obtain the fermentation broth. The fermentation
broth was centrifuged at 4 ◦C and 12,859 g for 10 min, and the supernatant was collected
and filtered through a 0.22 µm microporous membrane to remove bacteria and sterilize the
fermentation filtrate. After centrifugation of the fermentation broth, the bacterial precipitate
was completely resuspended with 1/2 of the original volume of sterile water to a final
bacterial concentration of 3 × 108 cfu/mL, which is the test suspension.
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2.2. Plate Antagonism Test on Strain LYMC-3 against Sphaeropsis sapinea

The inhibitory effect of B. pumilus LYMC-3 on the pathogenic fungus Sphaeropsis sapinea
was determined using the plate standoff method [19] and the mycelial growth rate method [20].

2.2.1. Plate Standoff Method

The pathogenic fungi at 5 d of activation were inoculated in the center of a PDA plate
with a 6 mm cake prepared using a puncher, and B. pumilus LYMC-3 was injected in a line
at the ends of the cake about 2.5 cm from the center of the circle of pathogenic bacteria.
The control was PDA inoculated with only S. sapinea. Each treatment was repeated three
times. The treated PDA plates were incubated upside down in a constant temperature
incubator at 28 ◦C for 5 d. The growth radius of the pathogenic colonies facing toward the
antagonistic bacteria (measured from the center of the cake circle) was measured.

Inhibition rate = (pathogen control colony radius − treatment colony radius)/(pathogen control colony radius) × 100%. (1)

2.2.2. Mycelial Growth Rate Method

The strain LYMC-3 fermentation filtrate was mixed with PDA medium, heated, and
cooled to 45–50 ◦C and different dilutions (5×, 25×, 50×, 100×, and 250×) were prepared,
of which 20 mL was poured onto each plate. The 6 mm diameter pine shoot blight fungal
cake was inoculated in the center of the cooled and solidified agar. The control plates had
the fermentation filtrate replaced with sterile water and the agar was inoculated with the
pathogenic fungus. All treatments were replicated three times. The plates were incubated
at a constant temperature of 28 ◦C and inverted and after 5 days; the diameter of the
pathogenic colonies was measured using the crossover method to calculate the inhibition
rate [21].

Inhibition rate = (control colony diameter − treatment colony diameter)/(control colony diameter −
pathogenic fungus cake diameter) × 100%.

(2)

2.3. Greenhouse Efficacy Test of Strain LYMC-3 against Pine Blight Disease

Two-year-old P. massoniana Lamb. seedlings with a similar growth status were se-
lected and sprayed with 2 mL each of fermentation solution, bacterial suspension, and
sterile fermentation filtrate of the LYMC-3 strain using the foliar spraying method. The
concentration of the fermentation solution and bacterial suspension was 3 × 108 cfu/mL,
and sterile water and NB medium were used as controls. Each treatment was repeated
six times and, after 4 days, both treatment and control groups were inoculated with equal
amounts of S. sapinea cake using the wounded block inoculation method [22]. Firstly, a
sterile needle (insect needle with a diameter of 0.71 mm) was used to puncture holes in the
middle and upper region of the stem of the Pinus massoniana seedlings. Secondly, a 5 mm
long mycelium block of Sphaeropsis sapinea was inoculated on each puncture. Afterwards,
the inoculation site was tied with a sealing film (Parafilm, Neenah, WI, USA) and the
relative humidity of the inoculation environment was maintained using a humidifier (Bear,
Guangzhou, China). The inoculated plants were placed in a controlled greenhouse, and
the disease was observed and recorded every 4 days after Inoculation. All treatments were
replicated six times. The degree of disease was classified into four levels: 0 for no disease
in the whole plant, 1 for ≤25% yellowing in the whole plant, 2 for ≥25.1~50% yellowing in
the whole plant, 3 for ≥50.1~75% yellowing in the whole plant, and 4 for >75.1% yellowing
in the whole plant.

Disease index formula: disease index = 100 × ∑ (number of diseased plants at each
level × representative value of each level)/(total number of plants surveyed × representa-
tive value of the highest level).

Relative control effect formula: relative control effect (%) = 100 × (disease index
of pathogen only − disease index of different fermentation products of the applied bac-
terium)/disease index of pathogen only).
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2.4. Single-Factor Optimization Test of Strain LYMC-3 Fermentation Conditions
2.4.1. Optimization of Culture Medium Components

Several test carbon sources (glucose, soluble starch, maltose, mannitol, beef paste, and
sucrose), nitrogen sources (peptone, yeast powder, urea, soybean peptone, ammonium
sulfate, and tryptone), and inorganic salts (magnesium sulfate, calcium chloride, potassium
chloride, and zinc sulfate) were selected to replace the corresponding components in the
basal medium (NB) in equal amounts. The fermentation filtrate was prepared by shaking
B. pumilus LYMC-3 in a 50 mL shake flask for 72 h at 40% loading, 2% inoculum, 200 rpm,
and 28 ◦C. The fermentation filtrate was diluted 5-fold with PDA medium and poured
onto plates, and the diameter of pathogenic colonies was measured with reference to the
mycelial growth rate method in Section 2.2.2 to determine the best carbon source, nitrogen
source, and inorganic salt type. The inhibition effect of each component fermentation
filtrate at different concentrations (dilution 5-, 25-, 50-, 100-, and 250-fold) was screened on
S. sapinea to determine the subsequent test concentration.

2.4.2. Optimization of Culture Conditions

Using the optimized medium components, the initial culture conditions were 2%
inoculum, starting pH at 7.0, loading volume of 40%, temperature at 28 ◦C, and speed
of 200 rpm. The four factors of fermentation temperature, initial pH, inoculum, and
loading volume were tested in turn to determine the degree of inhibition of LYMC-3
fermentation filtrate against S. sapinea and to determine the best fermentation conditions
for the four factors.

2.5. Response Surface Optimization Test on LYMC-3 Fermentation Conditions

Response Surface Methodology (RSM) is a statistical method to solve multivariate
problems by using rational experimental design methods and obtaining clear data through
experiments. This is achieved using multiple quadratic regression equations to fit the
functional relationship between factors and response values, and seeking optimal process
parameters through the analysis of regression equations [23]. The main objective of this
study was to examine the effect of test factors (LYMC-3 media components and culture con-
ditions) on the response value (strain LYMC-3 on the rate of inhibition towards S. sapinea),
and then optimize the fermentation conditions to obtain the maximum inhibition rate. The
response surface optimization test first used the Plackett-Burman (PB) test to screen the test
factors that resulted in a significant effect. This was followed by conducting the steepest
climb test to determine the optimum concentration range of the important factors, and then
the Box–Behnken design was performed to initially fit the quadratic regression equation
of response values and test factors to determine the optimal combination of test factors.
ANOVA was then used to calculate the statistical significance of the fitted quadratic model.
Finally, the Box–Behnken design was used to generate a three-dimensional response surface
to visualize the independent interaction of the test factors with the response values, and to
evaluate whether the results predicted by the regression model were satisfactory through
experimental validation. In this study, Design-Expert 10 software (Stat-Ease, Minneapolis,
MN, USA, https://design-expert2.software.informer.com/10.0/ (accessed on 1 July 2022))
was used for experimental design, mathematical modeling, and optimization.

2.5.1. Plackett–Burman (PB) Trial

The PB design is able to estimate the key effects of factors with a minimum number
of trials in order to quickly and efficiently select the most significantly influenced factors
from the many factors examined for the next step of the test. Referring to Tao et al. [24] and
Wu et al. [25], a PB test protocol was developed using Design-Expert 10 software based on
the results of the single-factor optimization test, with one low level and one high level for
each variable, and three replications were set for each group of tests. The inhibition rate
of strain LYMC-3 was used as the response value to screen for factors that had significant
effects on the mycelial growth of S. sapinea.

https://design-expert2.software.informer.com/10.0/
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2.5.2. Steepest Climb Test

The steepest climb test can guide the factors of highest significance to approach the
maximum response area, so as to determine the optimal level combination center, and
further optimize the test scheme so that the Box–Behnken design achieves the optimal
response value more quickly. The PB test results were used to filter the more significant
impact of the factors on the inhibition rate, and their positive and negative effects (positive
effects from low values upward; negative effects from high values downward decrease). The
test results also assisted in determining the climbing direction and step length, increasing
the power of the test to quickly approach the best region, so as to obtain the Box–Behnken
design (BBD) center point.

2.5.3. Box–Behnken Design

The Box–Behnken design (BBD) is one of the most commonly used designs in RSM,
and is a class of rotatable or nearly rotatable second-order design based on a three-level
incomplete factorial design. The Box–Behnken design is based on the variables and con-
centrations screened by the PB trial and the steepest climb test, and the trial results were
analyzed and processed using the Design-Expert 10 software. By using the Box–Behnken
design, the effects of different carbon, nitrogen, and inorganic salt concentrations on fungal
inhibition by the LYMC-3 fermentation medium were investigated, and the relationships
between the response values and the quadratic regression equations of the test factors were
fitted. In addition, an analysis of variance (ANOVA) was used to analyze the interaction
between the input parameters and to determine the statistical significance (i.e., P and
F values) of the fitted quadratic models.

2.5.4. Response Surface Optimization

Based on the Box–Behnken design, a three-dimensional response surface was gener-
ated to visualize the independent interactions of the test factors on the response values
(inhibition rate). Maximizing the expectation function over a given response range is the
primary goal of optimization. In this study, the maximum inhibition rate was targeted to
obtain the expected value of the test factor of interest [26].

2.5.5. Comparison of Fungal Inhibition Ability of Strain LYMC-3 before and after
Medium Optimization

The mycelial growth rate method was used to determine the inhibition rate of strain
LYMC-3 against S. sapinea before and after optimization of fermentation conditions, and
each treatment was repeated five times.

2.6. Data Analysis and Processing

Analysis of variance and Duncan’s multiple comparisons were performed using SPSS
Statistics 26 (IBM, Armonk, NY, USA) software (p < 0.05); response surface design was
conducted using Design-Expert 10; and translation of the data was achieved using Prism
9.3.1(GraphPad, San Diego, CA, USA).

3. Results and Analysis
3.1. Antagonistic Activity of Strain LYMC-3 against S. sapinea

As shown in Figure 1, strain LYMC-3 displayed significant antagonistic activity against
S. sapinea when it was cultured together with S. sapinea. LYMC-3 could effectively limit the
growth of pathogenic mycelium so that the pathogenic colonies could not extend around
the plate (Figure 1B). After 5 days of incubation, the pathogenic colonies in the control
group grew normally (Figure 1A) with an average radius of 4.51 cm, while in the plate
inoculated with strain LYMC-3, the average radius of the pathogenic colonies was only
1.23 cm, and the inhibition rate of strain LYMC-3 achieved 72.65%.
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Figure 1. Inhibitory effect of LYMC-3 strain on S. sapinea. Note: (A) Non-treated S. sapinea;
(B) Antagonistic S. sapinea by B. pumilus.

In addition, the effect of different dilutions of the LYMC-3 fermentation filtrate on
S. sapinea mycelial growth was different (Figure 2). The strongest inhibitory effect was
noted at five-fold dilution with an inhibition rate of 66.09%, after which the inhibition
effect gradually decreased with the increase in the dilution factor. At 25-fold dilution, some
inhibition was observable (20.14%), while only 4.58% of the pathogen was inhibited when
treated with 50-fold dilution fermentation mixture, and at 100-times dilution; the strain
LYMC-3 fermentation filtrate had no inhibitory effect.
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3.2. Greenhouse Efficacy of Strain LYMC-3 against Pine Dieback Disease

The fermentation solution, bacterial suspension, and sterile fermentation filtrate ob-
tained from the LYMC-3 culture were applied individually to 2-year-old Pinus massoniana
Lamb. seedlings via foliar spraying, and 4 days later the seedlings were inoculated with
S. sapinea. The results showed that on the 6th day after inoculation, control seedlings
subjected to treatment with water (CK 1) and NB (CK 2) showed different degrees of wilt
symptoms, some of the pine seedling needles began to turn green and yellow at the tips,
and some began to wilt. On the 16th day after inoculation, the disease indices of CK1 and
CK2 reached 83.33 and 66.67, respectively (Table 1), and the disease indices of fermen-
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tation solution, bacterial suspension, and fermentation filtrate treatments reached 23.33,
30, and 6.67. The effect of fermentation solution, bacterial suspension, and fermentation
filtrate treatments reached 65.01%, 63.99%, and 89.99%, respectively (Table 1, Figure 3).
The experimental results showed that foliar spraying with B. pumilus LYMC-3 suspension,
fermentation solution, and fermentation filtrate could prevent pine dieback disease, with
the fermentation filtrate providing the best control effect.

Table 1. Effects of different B. pumilus fermentation treatments on indoor control of pine blight.
Note: (CK1) The control group sprayed with sterile water; (CK2) The control group sprayed with
NB medium.

Treatments Infection Rate (%) Mortality Rate (%) Disease Index Prevention and
Treatment Effect (%)

Fermentation filtrate 16.67 0 6.67 89.99
Fermentation solution 33.33 16.67 23.33 65.01
Bacterial suspension 33.33 16.67 30 63.99

CK1 100 83.33 83.33 /
CK2 83.33 66.67 66.67 /
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broth on pine dieback reduced the occurrence of pine blight; (E) The biocontrol effect of spraying
bacterial suspension on pine blight.

3.3. Optimization of Strain LYMC-3 Medium Components
3.3.1. Effect of Different Carbon Sources on the Growth of S. sapinea

NB medium was used as the base fermentation medium, and the inhibition effect
of LYMC-3 fermentation broth on S. sapinea was measured when glucose, soluble starch,
maltose, mannitol, beef paste, and sucrose were selected as the individual carbon sources
within the medium. As shown in Figure 4A, the inhibition rate of the LYMC-3 fermentation
filtrate was the highest when glucose was used as the carbon source, so it is appropriate to
select glucose as the most suitable carbon source for strain LYMC-3 to antagonize S. sapinea.
Meanwhile, the inhibition rate of strain LYMC-3 against S. sapinea at different glucose
concentrations was different (Figure 4B), with the highest inhibition rate achieved at 7 g/L
glucose concentration. Therefore, the glucose concentration of 7 g/L was selected as the
carbon source for the subsequent fermentation tests.
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Figure 4. Effects of different carbon sources on the growth of S. sapinea. Note: (A) Inhibition rate of
B. pumilus fermentation filtrate with different carbon source culture media on S. sapinea; (B) Inhibition
rate of fermentation filtrate of B. pumilus with different glucose concentrations on S. sapinea. Data are
presented as means of three replicates ± SD, and error bars represent SD for three replicates. Means
with different letters have significant differences (p < 0.05; Duncan test).

3.3.2. Effect of Different Nitrogen Sources on the Growth of S. sapinea

The inhibitory effect of fermentation filtrate on S. sapinea was measured when peptone,
yeast powder, urea, soybean peptone, ammonium sulfate, and tryptone were individually
assessed as the nitrogen sources of the medium; the optimized NB medium with glucose at
a concentration of 7 g/L as the carbon source was used as the base fermentation medium.
The strain LYMC-3 fermentation filtrate had the highest inhibition rate when peptone was
used as the nitrogen source (Figure 5A), so peptone was selected as the most suitable
nitrogen source for strain LYMC-3 to antagonize S. sapinea. As shown in Figure 5B, the
inhibitory feature of strain LYMC-3 against S. sapinea varied under different peptone concen-
trations, and the highest inhibition rate was achieved when the peptone concentration was
15 g/L. Therefore, 15 g/L peptone was selected as the nitrogen source for the subsequent
fermentation tests.
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Figure 5. Effects of different nitrogen sources on the growth of S. sapinea. Note: (A) Inhibition
rate of B. pumilus fermentation filtrate with different nitrogen source culture media on S. sapinea;
(B) Inhibition rate of fermentation filtrate of B. pumilus with different peptone concentrations on
S. sapinea. Data are presented as means of three replicates ± SD, and error bars represent SD for three
replicates. Means with different letters have significant differences (p < 0.05; Duncan test).

3.3.3. Effect of Different Inorganic Salts on the Growth of S. sapine

The optimized NB medium with a concentration of 7 g/L glucose as the carbon source
and 15 g/L peptone as the nitrogen source was used as the base fermentation medium, and
the inorganic salts of magnesium sulfate, calcium chloride, sodium chloride, potassium
chloride, and zinc sulfate were individually tested to determine the inhibition effect of the
fermentation filtrate on S. sapine. From Figure 6A, it can be seen that the inhibition rate of
strain LYMC-3 fermentation filtrate was the highest when magnesium sulfate was used as
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the inorganic salt, so magnesium sulfate was selected as the most suitable inorganic salt for
strain LYMC-3 to antagonize S. sapine. As shown in Figure 6B, the inhibition rate of strain
LYMC-3 against S. sapine varied under different magnesium sulfate concentrations, and the
highest inhibition rate was achieved when the magnesium sulfate concentration was 7 g/L.
Therefore, at this point, the optimized fermentation medium for strain LYMC-3 is NB with
7 g/L glucose as the carbon source and 15 g/L peptone as the nitrogen source and 7 g/L
magnesium sulfate.
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Figure 6. Effects of different inorganic salts on the growth of S. sapine. Note: (A) Inhibition rate of
B. pumilus fermentation filtrate with different inorganic salts culture media on S. sapinea; (B) Inhibition
rate of fermentation filtrate of B. pumilus with different magnesium sulfate concentrations on S. sapinea.
Data are presented as means of three replicates ± SD, and error bars represent SD for three replicates.
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3.4. Optimization Results of Culture Conditions of Strain LYMC-3

As shown in Figure 7, strain LYMC-3 showed the highest inhibition rate against
S. sapine when the initial pH was 7, the incubation temperature was 28 ◦C, the loading
volume was 50%, and the inoculum was 1%. The antagonistic effect of strain LYMC-3 on
S. sapine was the strongest compared with other culture conditions when the growth rate
of S. sapine mycelium was inhibited. Therefore, the subsequent fermentation conditions for
strain LYMC-3 were selected as pH 7, incubation temperature 28 ◦C, loading volume 50%,
and inoculum volume 1%.
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Figure 7. Effect of different culture conditions on the growth of S. sapine. Note: (A) Inhibition rate of
B. pumilus against S. sapine in different pH cultures; (B) Inhibition rate of B. pumilus against S. sapine
in different temperature cultures; (C) Inhibition rate of B. pumilus against S. sapine in different loading
volume cultures; (D) Inhibition rate of B. pumilus against S. sapine in different inoculum volume
cultures. Data are presented as means of three replicates ± SD, and error bars represent SD for three
replicates. Means with different letters have significant differences (p < 0.05; Duncan test).
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3.5. Response Surface Optimization Results of Strain LYMC-3 Culture Conditions
3.5.1. PB Trial

Design-Expert 10 software was used to plan the PB trial (Table 2); from the trial design,
the model R2 was 96.84%, R2 adj was 91.31%, and p = 0.0075 (<0.01) (Table 3), indicating that
the model is more reliable. According to the standardized positive and negative effect, the
standardized effect on the inhibition rate with the increase in initial pH showed a negative
effect, and the inhibition rate showed a positive effect when the level of variables such as
glucose concentration, peptone concentration, magnesium sulfate concentration, loading
volume, temperature, and inoculum volume increased. The three most significant factors,
i.e., glucose concentration, magnesium sulfate concentration, and loading volume, were
subjected to the next steepest climbing test.

Table 2. Analysis of variance for each factor in the PB trial.

Treatment No. Factor
Level

−1 1

A Glucose concentration (g/L) 7 10.5
B Peptone concentration (g/L) 15 22.5
C MgSO4 concentration (g/L) 7 10.5
D Fermentation temperature (◦C) 28 37
E Initial pH 7 8
F Inoculation amount (%) 1 2
G Liquid volume (%) 50 60

Table 3. Analysis of variance for each factor in the PB trial.

Sources of
Variance

Coefficient
Estimate

Stdized
Effect

Sum of
Squares

Degrees of
Freedom

Mean
Square F Values p Values Contribution Inference Importance

Ranking

Model 157.986 7 22.5695 17.5107 0.0075 Significant
A—glucose concentration 1.93 3.8654 44.825 1 44.8247 34.7775 0.0041 27.4759 1
B—peptone concentration 1.26 2.5167 19.001 1 19.0013 14.7423 0.0185 11.6471 4
C—MgSO4 concentration 1.78 3.5590 38.020 1 38.0201 29.4981 0.0056 23.3049 2

D—fermentation temperature 0.847 1.6943 8.6116 1 8.6116 6.6814 0.0610 5.27861 6
E—initial pH −0.564 −1.1285 3.821 1 3.8208 2.9644 0.1602 2.34199 7

F—inoculation amount 1.07 2.1455 13.809 1 13.8091 10.7139 0.0307 8.46446 5
G—liquid volume 1.58 3.1569 29.899 1 29.8987 23.1971 0.0085 18.3268 3

3.5.2. The Steepest Climbing Test

From the PB test, it is known that glucose concentration, magnesium sulfate concen-
tration, and loading volume have positive effects, and these were gradually increased in
the climbing test. As shown in Table 4, the inhibition rate of strain LYMC-3 was the most
pronounced in test 4. Therefore, the conditions of test 4 were selected as the central point of
the response surface test factor level, i.e., 7.2 g/L glucose, 7.2 g/L magnesium sulfate, and
54% loading volume.

Table 4. Steepest climb test.

Treatment No. Glucose
Concentration g/L

MgSO4 Concentration
g/L

Loading Volume
%

Inhibition Rate
%

1 6.6 6.6 42 59.827 ± 2.808
2 6.8 6.8 46 66.709 ± 1.944
3 7 7 50 74.962 ± 3.722
4 7.2 7.2 54 80.235 ± 2.821
5 7.4 7.4 58 62.148 ± 3.223
6 7.6 7.6 62 58.927 ± 3.016

3.5.3. BBD Experiments

Glucose concentration, magnesium sulfate concentration, and loading volume in the
steepest climb test were labeled as A, B, and C. As shown in Table 5, the model’s features
were R2 = 0.9649, R2 adj = 0.9199, and p = 0.0003, and the loss of fit term was p > 0.05,
indicating that the model is significant and can be used for the analysis and prediction of
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response values. C, A2, and B2 had a highly significant effect (p < 0.01), while A, B, and C2

had some effect but were not significant (p < 0.10). The test results were analyzed using the
Design-Expert10 software, and the quadratic regression equation of response values and
test factors was fitted as follows: inhibition rate = 75.81 + 2.10A + 2.97B − 4.92C + 1.53AB +
1.96AC + 4.41BC − 11.53A2 − 8B2 − 2.88C2.

Table 5. BBD ANOVA results.

Sources of Variance Sum of Squares df Mean Square F Value p Value Inference

Model 747.14 9 83.02 21.41 0.0003 ** Significant
A—glucose concentration 19.59 1 19.59 5.05 0.0594
B—MgSO4 concentration 39.39 1 39.39 10.16 0.0153 *

C—liquid volume 107.78 1 107.78 27.8 0.0012 **
AB 5.22 1 5.22 1.35 0.2841
AC 8.56 1 8.56 2.21 0.181
BC 43.32 1 43.32 11.17 0.0124 *
A2 311.68 1 311.68 80.39 <0.0001 **
B2 150.26 1 150.26 38.75 0.0004 **
C2 19.54 1 19.54 5.04 0.0596

Residual 27.14 7 3.88
Lack of Fit 14.86 3 4.95 1.61 0.3198 Not significant
Pure Error 12.28 4 3.07
Cor Total 774.28 16

Note: ** means strongly significant (p < 0.01); * means significant (p < 0.05).

Response surface and contour plots were plotted according to the regression equations
and the results are shown in Figure 8. The contours for glucose concentration and mag-
nesium sulfate concentration were approximately circular, indicating that the interaction
between glucose concentration and magnesium sulfate concentration had no significant
effect on the inhibition rate. The contours of glucose concentration and loading volume
were approximately elliptical, indicating that the interaction between these two factors
had a significant effect on the inhibition rate. The contours of magnesium sulfate concen-
tration and loading volume were approximately elliptical, indicating that the interaction
between magnesium sulfate concentration and loading volume had a significant effect on
the inhibition rate. The optimal medium components for LYMC-3 to produce inhibitory
substances as obtained using the software were 7.2 g/L glucose, 15 g/L peptone, and
7.1 g/L magnesium sulfate, and the culture conditions were 52% loading volume, 28 ◦C
incubation temperature, 1% inoculum, and initial pH 7.

3.6. Comparison of Strain LYMC-3 Fungal Inhibition Ability before and after Medium Optimization

We noted that after optimization of the fermentation conditions for strain LYMC-3
(medium components were 7.2 g/L glucose, 15 g/L peptone, and 7.1 g/L magnesium
sulfate; culture conditions were 52% loading volume, 28 ◦C incubation temperature, 1%
inoculum, and initial pH 7), the LYMC-3 inhibition effect on the growth of S. sapinea
mycelium was significantly stronger than before optimization (medium components were
5 g/L beef paste, 10 g/L peptone, and 5 g/L sodium chloride; culture conditions were 40%
loading volume, 28◦C incubation temperature, and 2% inoculum) (Figure 9). The inhibition
rate of the five-fold diluted fermentation filtrate of strain LYMC-3 against S. sapinea was
determined using the mycelial growth rate method. The pathogenic colonies in the control
group grew normally (Figure 9C) with an average radius of 7.52 mm, while in the plate
inoculated with strain LYMC-3 before optimization the average radius of the pathogenic
colonies was 2.60 cm, and the average radius of the pathogenic colonies with strain LYMC-3
after optimization was 1.41cm. The rate was 65.39% before optimization and increased to
81.23% after optimization, an increase of 15.84% compared with that before optimization.
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Figure 8. 3D response surfaces and 2D contour plots for inhibition rate by B. pumilus. Note: 3D
response surfaces (A) and 2D contour plots (D) show the effects of magnesium sulfate concentration,
loading volume, and their mutual interaction on the inhibition rate; 3D response surfaces (B) and
2D contour plots (E) show the effects of glucose concentration, loading volume, and their mutual
interaction on inhibition rate; and 3D response surfaces (C) and 2D contour plots (F) show the
effects of glucose concentration, magnesium sulfate concentration, and their mutual interaction on
inhibition rate.
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Figure 9. The antifungal effect of LYMC-3 strain fermentation filtrate on S. sapinea before and after
optimization. Note: (A) Fermentation filtrate diluted 5 times after optimization for the treatment
of S. sapinea; (B) The fermentation filtrate diluted 5 times before optimization for the treatment of
S. sapinea; (C) The blank control without fermentation filtrate treatment.

4. Discussion

Biocontrol bacteria have the advantages of a short life cycle, easy colonization, strong
fecundity, rich metabolites, and so on. They are a kind of very important biological control
resources. The ND11 strain of B. pumilus screened by Zhang et al. can significantly inhibit
the growth of Rhizoctonia solani AG-1A, and has a greenhouse control effect of 70.69%
against rice sheath blight [27]. Cao [28] found that B. velezensis and B. methylotrophic have
inhibitory effects on Dothiorella gregaria, with antibacterial rates of 57.50% and 56.67%,
respectively. Zhang et al. [29] reported that the five-fold dilution of the fermentation filtrate
of Stenotrophomonas maltohilia YCYM-04 and B. velezensis YCYM-09 had antibacterial rates
of 71.8% and 50.6% against Phytophthora nicotianae, respectively.
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The production of inhibitory substances by microorganisms can vary under different
culture conditions. The present experiment showed that the fermentation products of
B. pumilus LYMC-3 had an improved ability to inhibit fungi when the carbon source of the
medium was glucose, which may be related to the fact that monosaccharides are more
favorable for the uptake and production of inhibitory substances by the organism compared
to disaccharides and polysaccharides. This is consistent with the results Santra et al. [30]
obtained when optimizing the carbon source for fermentation of the endophytic fungus
Colletotrichum alatae LCS1 to improve the production of inhibitory substances. He et al. [31]
reported that B. amyloliquefaciens ESB-2 produced the best concentration of the inhibitory
substance Macrolactin A in the presence of 14.8 g/L peptone, which was similar to the
type and concentration of nitrogen source in this study. In addition, the growth and
metabolism of microorganisms require a suitable ratio of carbon to nitrogen, and a low
carbon to nitrogen ratio will cause overgrowth and premature senescence of the bacteria
and autolysis, while a high carbon to nitrogen ratio is not conducive to the reproduction of
the bacteria resulting in a low fermentation density [32]. In this study, we noted that both
low and high concentrations of carbon and nitrogen sources reduced the inhibition rate of
B. pumilus LYMC-3, which indicates that a suitable carbon to nitrogen ratio is beneficial for
the production of inhibitory substances by strain LYMC-3. Inorganic salts provide essential
mineral elements for microbial growth, and Li et al. [33] reported that magnesium sulfate
played an important role in improving the production of antagonistic B. subtilis BS501a
metabolites. We also observed higher inhibition by strain LYMC-3 when magnesium sulfate
was used as an inorganic salt component of the fermentation medium.

In addition to the medium components, suitable culture conditions are also necessary
for the production of bacterial inhibitory substances. The lower loading volume required
for increased inhibition by strain LYMC-3 suggests that oxygen favors the production of
LYMC-3 inhibitory substances and that the metabolic rate of the strain can be increased
by employing higher aeration during the logarithmic growth phase of the organism [34].
Xin et al. [35] showed that the optimal initial pH of antifungal substances produced by
B. amylolyticus HRH317 was 7. Zhang et al. [36] found that B. amyloliquefaciens-9 had high
inhibition activity when cultured at 37 ◦C. He et al. [37] reported that the optimized culture
conditions for protease production by B. subtilis SCK6 were 35 ◦C and pH 7.0. From our
findings, it is noted that for the production of inhibitory substances, the initial pH of strain
LYMC-3 was similar to that of Bacillus sp. in most studies, but the low incubation tempera-
ture may be related to the large temperature span designed in the previous single-factor
test, and the temperature range between 28 ◦C and 37 ◦C could be refined later to obtain
the optimal incubation temperature. Serrano et al. [38] reported that Paenibacillus polymyxa
RNC-D produced antimicrobial metabolites at an optimal fermentation inoculum of 5%.
In the present study, the optimum inoculum for strain LYMC-3 was less than 1% and the
optimum inoculum interval below this value remains to be investigated.

Dai et al. [39] used response surface testing and noted that the optimal formulation of
fermentation medium for B. pumilus HR10 to produce antagonistic constituents towards
S. sapinea was 12 g/L corn flour, 15 g/L beef extract, and 13 g/L magnesium sulfate. In
our experiment, based on the optimization of the fermentation medium components, the
overall fermentation conditions were also enhanced and the optimal formulation of the
fermentation medium was 7.2 g/L glucose, 15 g/L peptone, and 7.1 g/L magnesium
sulfate, and the culture conditions were 52% loading volume, 28 ◦C incubation temperature,
1% inoculum, and initial pH 7. Both this study and Dai et al. (2022) showed that when
magnesium sulfate was used as the inorganic salt component of the fermentation medium
the inhibition rate of B. pumilus was higher. However, the composition and concentration
of the optimal carbon and nitrogen sources of the optimized fermentation medium for
the production of B. pumilus inhibitory substances differed, as did the concentration of
inorganic salts. The inhibition rate of B. pumilus HR10 was 87.04 ± 3.2% after optimization
by Dai et al. (2022). The inhibition rate for LYMC-3 was 65.39% before optimization and
reached 81.23% after optimization, which was 15.84% higher than prior to optimization.
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At the same time, selected lower-cost glucose and magnesium sulfate as carbon sources
and inorganic salts for fermentation culture medium provide important technical support
for the future industrial production and promotion of strain LYMC-3 for controlling pine
shoot blight.

5. Conclusions

This study obtained the antibacterial rate of the fermentation filtrate of strain LYMC-3
against S. sapinea when diluted five times through plate antagonistic experiments, which
was 66.09%. The greenhouse control effect test showed that the fermentation filtrate of
strain LYMC-3 had a control effect of 89.99% on pine shoot blight. Using statistical ex-
perimental design, we explored the fermentation medium and culture conditions with
the strongest antibacterial effect of B. pumilus LYMC-3 on S. sapinea through single-factor
experiments, Plackett-Burman trial, steepest climbing experiment, Box–Behnken experi-
mental design, and Response Surface Methodology. The optimal medium components to
produce antifungal substances by strain LYMC-3 were obtained, including 7.2 g/L glucose,
15 g/L peptone, and 7.1 g/L magnesium sulfate. The culture conditions were 52% liquid
content, 28 ◦C culture temperature, 1% inoculation amount, and initial pH 7. The antifun-
gal rate of strain LYMC-3 against S. sapinea aeruginosa increased by 15.84% compared to
before optimization.
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