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Abstract: Ralstonia solanacearum is a bacterial pathogen that causes bacterial wilt in plants,
resulting in significant economic losses worldwide. Biological control that mainly utilizes
Bacillus spp. is one of the most effective methods to prevent this disease. In this work,
a strain of Bacillus stercoris TY-12 with an obvious antagonism effect on R. solanacearum
was screened, and the inhibition diameter against R. solanacearum reached 2.18 cm by the
plate antagonism test. Furthermore, an antimicrobial protein was isolated and purified
from the fermentation supernatant of TY-12. The LC-MS/MS analysis results indicated that
the purified antimicrobial protein is a member of the M42 family metallopeptidase with a
molecular weight of approximately 40 kDa and named MP-TY12. After co-culture with
MP-TY12 for 4 h, the cell surface of R. solanacearum was disrupted under SEM, indicating
that MP-TY12 may inhibit R. solanacearum growth by enzymatically cleaving peptide bonds
within the cell wall or membrane structure via hydrolysis. To evaluate the potential
application of TY-12 in disease control during crop production, the biocontrol efficacy of
TY-12 on the capsicum infected by R. solanacearum was investigated and achieved 84.18%.
The growth promotion tests showed that the dry weight, fresh weight, stem diameter, stem
length, root length, and the chlorophyll content of capsicum using TY-12 was obviously
increased compared to the blank control. It is suggested that TY-12 could be used as a new
biocontrol microbial strain in crop production and MP-TY12 might be developed as an
antimicrobial agent.

Keywords: Bacillus stercoris; Ralstonia solanacearum; antimicrobial protein; metallopeptidase;
biocontrol; crop protection

1. Introduction
Ralstonia solanacearum, recognized as one of the most devastating bacterial pathogens

in plants, is a complex species with considerable diversity [1,2]. It can result in crop
yield reductions ranging from 20% to 60%, posing a substantial threat to agricultural
production [3,4]. Bacterial wilt caused by R. solanacearum initially prevalent in tropical and
subtropical regions [5], has recently emerged in temperate and low-temperature areas [6],
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potentially attributed to factors such as global warming, passive pathogen migration, and
changes in crop cultivation systems. The occurrence of bacterial wilt in tomatoes is severe
in the areas south of the Yangtze River in China, with disease incidence rates reaching up to
80% under favorable conditions [7]. R. solanacearum exhibits prolonged survival capabilities
within the soil [8]. It can infiltrate root tissues through wounds or lateral root cracks and
invade xylem vessels once contact with host plants [9–11]. The pathogen traverses the host’s
root system through flagellum-mediated motility [12,13], proliferates rapidly, and diffuses
vertically within the plant via the vascular system while horizontally spreading to adjacent
tissues [14–17]. This bacterium can secrete putrescine and extracellular polysaccharide
(EPS), and cause the physical obstruction of xylem tissue, leading to leaf senescence, overall
wilting of the plant, and eventual death [18–20].

Some classical methods against bacterial wilt are soil disinfection and resistant cultivar
development [21,22]. Without the availability of an effective chemical control agent [23],
biological control technology has emerged as a potent strategy for combating bacterial
wilt, owing to its eco-friendly nature, efficacy, and environmental sustainability [24]. As an
important biological control resource, Bacillus spp. has been widely used in controlling plant
pathogens and producing novel biopesticides [25–28], which is related to its multifaceted
biocontrol mechanisms including direct influence on pathogens, the regulation of plant
physiological state, and immune response [25,29,30]. In a previous report, the biocontrol
potential of Bacillus subtilis, Bacillus amyloliquefaciens, and Stenotrophomonas maltophilia in
managing Ralstonia wilt on ginger was discovered [31]. Furthermore, it was demonstrated
that natural compounds and Bacillus subtilis showed a synergistic effect in preventing
papaya wilt [32], and volatile organic compounds produced by Bacillus velezensis FZB42 can
reduce the virulence of R. solanacearum and inhibit its growth [33]. The ability of Bacillus
cereus MH778713 against Fusarium oxysporum was evaluated and the potential of B. cereus
MH778713 as a biocontrol agent was proposed [34]. With the considerable adjustment
effects on plants at both physiological and molecular levels [35], Bacillus spp. with the
ability to improve plant health and resilience directly or indirectly has become an important
biocontrol agent in plant protection [36–39].

In this study, we screened and identified an antagonistic strain of B. stercoris TY-12
against R. solanacearum from the soil of muskmelon rhizosphere at Zengcheng Teaching
and Research base, South China Agricultural University. We assessed the efficacy of TY-12
in controlling the capsicum bacterial wilt and its potential to promote capsicum growth.
Then, the antimicrobial proteins in the fermentation supernatant of TY-12 were purified and
identified by ammonium sulfate precipitation, DEAE, and LC-MS/MS. This research will
contribute to providing effective biological agents for preventing and managing bacterial
wilt in capsicums.

2. Materials and Methods
2.1. Isolation of Rhizobacteria

Five muskmelon rhizosphere soil samples with different levels of disease from mild
to severe were collected from Zengcheng Teaching and Research Base, South China Agri-
cultural University, with more than 40% of muskmelon suffering from wilt disease in this
field. Then, 10−1 to 10−6 soil suspensions were prepared by serial dilution in sterile water
and shaken at 37 ◦C, 150 r/min for 1 h on an an orbital shaker (DHZ-DA, HC, Taicang,
China). The different gradient dilution suspensions were spread on an LB agar plate (1 L
contained 10 g tryptone, 5 g yeast extract, 7 g NaCl, and 15 g agar, pH 7.0). Then, the
LB plate was cultured at 37 ◦C for 1 day in a biochemical incubator (LRH-250, bluepard,
Shanghai, China). According to the morphological characteristics of colonies, individual
colonies with visible differences were isolated and cultured to obtain a purified strain [40].
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All the purified strains were used for the subsequent screening of the antagonism of R.
solanacearum.

2.2. Quantification of Antimicrobial Activity

The antagonistic strain against R. solanacearum was screened using the Oxford cup
method [41]. Single colonies were taken for Gram staining and inoculated in 50 mL of
LB broth and shaken for 24 h at 37 ◦C, 220 r/min to obtain the fermentation broth. The
fermentation supernatant of strains was obtained by centrifuging the broth at 9500× g for
2 min at 37 ◦C (D3024R, SCILOGEX, Rocky Hill, CT, USA); 20 µL of supernatant filtrate was
added to each Oxford cup (diameter 6 mm), placed on an LB agar plate that contained 6%
R. solanacearum, and sterile water was used as the negative control. Additionally, 1 mg/mL
Ampicillin was used as the positive control. The plates were measured for inhibition zone
after 48 h of incubation at 30 ◦C, and the experiment was replicated thrice.

2.3. Identification of Antagonistic Bacterium TY-12

The Omega Bacterial DNA Kit (D3350-01) was used to extract the genomic DNA
of the strain TY-12, and the extracted DNA was used as a template to amplify the 16S
rDNA fragment with universal primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and
1492R (5′-GGTTACCTTGTTACGACTT-3′) [42]. The PCR system was composed of ddH2O
(16.25 µL), dNTPs Mixture (4 µL), 10× LA Taq Buffer II (2.5 µL), template DNA (1 µL),
TaKaRa LA Taq (0.25 µL), upstream primer (0.5 µL), and downstream primer (0.5 µL).
The PCR reaction program was as follows: 5 min of pre-denaturation at 94 ◦C, followed
by 35 cycles of 30 s of denaturation at 94 ◦C, 30 s of annealing at 55 ◦C, and 1 min of
extension at 72 ◦C, with a final extension of 10 min at 72 ◦C. The PCR products were
detected by 1.2% agarose gel electrophoresis and sequenced by Beijing Tsingke Biotech Co.,
Ltd., Beijing, China. The sequence homology comparison was analyzed by BLAST tool of
NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 5 June 2023)). The phylogenetic
tree was constructed by MEGA 11.0 software based on the 16S rDNA gene sequences of
the strains, and evolutionary analysis was conducted using the neighbor-joining method.

2.4. Extraction and Purification of Antimicrobial Protein

The protein in the fermentation supernatant of the strain was separated by a series
of ammonium sulfate (30%, 50%, 70%, and 90%) for about 8 h at each step. The precip-
itate was collected through centrifugation at 8512× g and 4 ◦C for 30 min, dissolved in
0.02 mol/L Tris-HCL buffer (pH 7.6), and dialyzed using a 3.5 kDa filter at 4 ◦C for 8 h to
remove (NH4)2SO4. The antagonistic activity was assessed following the filter paper disc
method [43]. The fraction exhibiting maximum antagonistic activity was further purified
through diethyl-aminoethyl (DEAE) Sepharose fast flow anion exchange chromatography
equilibrated with 0.02 mol/L Tris-HCl buffer (pH 7.6) and eluted by 0.02 mol/L Tris-HCl
buffer with different concentrations of NaCl (0.2 M, 0.4 M, 1.0 M) [44]. The purified pro-
tein was analyzed by SDS-PAGE and the molecular weight was calibrated according to a
prestained protein standard purchased from SMOBIO (Shanghai, China) [45].

2.5. Protein Concentration Determination

The protein concentration was calculated using the BCA method [46]. The concen-
tration of each fraction was determined by Synergy 2 (BioTek, Winooski, VT, USA), and
the procedure was referred to the BCA kit (PierceTM BCA Protein Assay Kit, Prod # 23227,
Waltham, MA, USA) instruction manual.

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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2.6. Identification of Antimicrobial Proteins

Peptide sequencing of the purified protein was carried out via LC-MS/MS. The project
was entrusted to Shanghai Applied Protein Technology Co., Ltd., Shanghai, China. The
purified protein was decomposed with trypsin enzyme and redissolved in 0.1% FA solution
after being demineralized and lyophilized, and then analyzed using LC-MS/MS. The
raw files were submitted to the MASCOT 2.7 software for further analysis, with searches
conducted using the NCBI database.

2.7. Cell Surface Morphology Observation of R. solanacearum

MP-TY12 and R. solanacearum were co-cultured for 4 h to prepare the observation
specimen. The specimen was first fixed with 2.5% glutaraldehyde in phosphate buffer (pH
7.0) for over 4 h and washed three times in the phosphate buffer. Then, the sample was
postfixed with 1% OsO4 in phosphate buffer (pH 7.0) for 1–2 h and washed three times in
the phosphate buffer. After that, the specimen was dehydrated by a graded series of ethanol
(30%, 50%, 70%, 80%, 90%, and 100%) for about 10 to 20 min at each step. Ultimately, the
specimen was dehydrated in Leica Model CDP 300 critical point dryer with liquid CO2. The
dehydrated specimen was coated with platinum–palladium in Leica Model ACE 600 ion
sputter and observed in ZEISS Model EVO MA 15 SEM (Thermo Fisher Scientific Model
Verios 460 FESEM, Waltham, MA, USA).

2.8. Control Effect of TY-12 in Greenhouse

A quantity of full-bodied and homogeneous capsicum seeds, totaling ninety, were
selected and planted within the seedling trays. The seeds were cultivated in a greenhouse
for 6 weeks until they reached the four-leaf stage, and were divided into 3 experimental
groups: CK (treated with water), Rs (injected with 10 mL R. solanacearum cell suspension
with OD600 as 1.0), and TY-12 + Rs (irrigated with 10 mL TY-12 cell suspension with OD600

as 1.0 and injected 10 mL R. solanacearum cell suspension with OD600 as 1.0 simultaneously);
each group was repeated 3 times. The single plant disease incidence was recorded as 1 if
observed and 0 if not after the seedlings were cultivated for another 2 weeks. The disease
incidence rate was calculated by dividing the number of diseased seedlings by the total
number of seedlings in the experimental group and multiplying by 100%. Symptoms of
the capsicums at 8 weeks were classified into 5 levels: level 0, healthy seedlings with no
symptoms; level 1, ≤25% of leaves were chlorosis or wilt; level 2, ≤50% of leaves were
chlorosis or wilt; level 3, ≤75% of leaves were chlorosis or wilt; and level 4, more than 75%
of leaves were chlorosis or wilt. Tthe following formulas were used to calculate the disease
index and control efficacy [47]:

DI = [∑ (the seedling of ever grade × relative grade)/(total seedlings × the most serious grade)] × 100;

Control efficacy (%) = [(Disease index of control − Disease index of treated group)/Disease index of control)] × 100.

2.9. Growth-Promoting Effect of TY-12 in Greenhouse

A quantity of full-bodied and homogeneous capsicum seeds, totaling ninety, were
selected and planted within the seedling trays, cultivated in a greenhouse for 2 weeks until
they reached the two-leaf stage, and the seedlings were divided into 3 experimental groups:
CK (treated with water), TY-12 (irrigated with 10 mL TY-12 cell suspension with OD600 as
1.0), and 8-6 (irrigated with 10 mL B. amyloliquefaciens 8-6 cell suspension with OD600 as 1.0);
each group was repeated 3 times. The seedling was cultivated for another 2 weeks after
being treated and the dry weight, fresh weight, stem diameter, stem length, root length,
and chlorophyll content of the plants was measured.
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2.10. Data Analysis

The 2.8 and 2.9 data were analyzed using the SPSS 27.0 statistics software. One-way
analysis of variance (ANOVA) with LSD and Tukey’s post hoc test was used to analyze the
statistical significance of multiple groups.

3. Results
3.1. Inhibition of R. solanacearum by TY-12

The antagonistic activity of microorganisms originating from the soil of muskmelon
rhizosphere with bacterial wilt was measured by the plate confrontation method. After
2 days of incubation, TY-12 exhibited antagonistic activity against R. solanacearum with a
2.18 cm inhibition diameter, which in the Ampicillin treatment group was 2.02 cm (Figure 1).
The mean values were compared using an independent sample t-test. It was indicated that
the antimicrobial activity against R. solanacearum of TY-12 was more than that of 1 mg/mL
Ampicillin, and that TY-12 has potential application in biological control.
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Oxford cup is 20 µL.

3.2. Identification of TY-12

The 16S rDNA gene segment was cloned and sequenced to identify TY-12. The agarose
gel electrophoresis analysis showed that the molecular weight of 16S rDNA of TY-12 was
about 1500 bp (Figure 2C). The PCR amplification product of 16S rDNA was sequenced and
analyzed by BLAST and showed 100% homology with the partial sequence of B. stercoris
strain 22634 (OR432073.1). The results of the phylogenetic tree analysis indicated that
TY-12 clustered with two strains of B. stercoris, leading to the identification of TY-12 as B.
stercoris and named B. stercoris TY-12 (Figure 2D). The colonies of TY-12 were white on the
LB culture medium with a rough texture and raised edges (Figure 2A), and the results in
Figure 2B show that TY-12 is a Gram-positive bacterium.

3.3. Purification of the Antimicrobial Protein

The antimicrobial activity of B. stercoris TY-12 might be attributed to the antimicrobial
molecule secreted by TY-12. In this work, the antimicrobial protein was isolated and
purified by ammonium sulfate gradient precipitation and DEAE chromatography with
antimicrobial activity screening. The results in Figure 3A,B show that the fraction of 50%
ammonium sulfate precipitation had the best antimicrobial activity against R. solanacearum,
with an inhibition diameter of 1.2 cm. The fraction of 30% ammonium sulfate precipitation
exhibited an inhibition diameter of 0.8 cm, while the fractions of 70% and 90% ammonium
sulfate precipitation did not produce inhibition zones. This indicates that antimicrobial
protein may exist in the fraction of 50% ammonium sulfate precipitation, which was used
for further purification.
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Figure 2. The colony morphology, Gram staining, agarose gel electrophoresis of TY-12 16s rDNA
PCR product, and phylogenetic dendrogram based on 16S rDNA gene of strain TY-12. (A) Colony
morphology of strain TY-12 on LB medium at 37 ◦C for 24 h. (B) Gram stains of TY-12 observed by
Olympus microscope. (1000× magnification, E. coli was used as Gram-negative control, and TY-12
was Gram-positive). (C) PCR amplification of TY-12 16S rDNA genes. (D) Phylogenetic analysis of
TY-12. The tree based on 16S rDNA gene sequences was constructed by the neighbor-joining method
of MEGA 11.0 with bootstrap values based on 1000 replications, and the strain TY-12 is marked by
triangle.

The 50% precipitate component was eluted into three fractions: the flow-through
peak F1, fraction 2 (F2) eluted by 0.2 mol/L NaCl, and fraction 3 (F3) eluted by 0.4 mol/L
NaCl through DEAE chromatography (Figure 3C). The results in Figure 3E indicate that F3
showed obvious antimicrobial activity with an inhibition diameter of 2.0 cm. It was found
that F3 exhibited a relatively bright protein band with a molecular weight of approximately
40 kDa from SDS-PAGE electrophoresis analysis results (Figure 3D).

3.4. LC-MS/MS Analysis

The 40 kDa band of F3 in the SDS-PAGE electrophoresis was excised and the protein
was identified by LC-MS/MS. The total ion flow result after enzymatic hydrolysis of the
protein is shown in Figure 4A. A total of 106 unique peptides and 62 different proteins
were identified by searching and analyzing the obtained mass spectrometry data, among
which peptide coverages accounting for more than 5% are listed in Table 1. It was found
that the molecular weight of the protein defined as M42 family metallopeptidase was
consistent with the protein purified in this experiment after comparative analysis. The
amino acid sequence of M42 family metallopeptidase was composed of 361 amino acids
with a molecular weight of 39.3 kDa after NCBI data search, as shown in Figure 4B. As
a result, we predicted that this protein is a kind of M42 family metallopeptidase named
MP-TY12 and is responsible for the antimicrobial activity exhibited by the isolate.
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Figure 3. Purification and activity detection of antimicrobial protein from TY-12. (A) Inhibitory effects
of crude proteins on R. solanacearum precipitated at various saturation levels of (NH4)2SO4 (30%, 50%,
70%, 90%). The amount of 1 mg/mL Amp and protein on each filter paper is 20 µL. (B) The inhibition
diameter of different ammonium sulfate precipitation components of TY12 fermentation supernatant.
(C) Gradient elution curve of 50% TY-12 ammonium sulfate precipitated protein by DEAE Sepharose
fast flow anion exchange chromatography. (D) SDS-PAGE analysis of elution fractions 1, 2, and 3 with
different concentrations of NaCl. Lane 1, protein molecular mass marker; Lane 2, 50% ammonium
sulfate precipitated protein; Lane 3, fraction 1 of unbound proteins; Lane 4 and Lane 5, fraction 2
eluted by 0.2 mol/L NaCl; Lane 6 and 7, fraction 3 eluted by 0.4 mol/L NaCl. (E) Inhibitory effects of
different elution fractions on R. solanacearum. F1 was the flow-through peak of DEAE, F2 eluted by
0.2 mol/L NaCl, and F3 eluted by 0.4 mol/L NaCl.

Table 1. The partial identified proteins of fraction 3 (F3) by LC-MS/MS analysis with peptide coverage
accounting for more than 5%.

Reference Unique PepCount Cover Percent MW PI

M42 family metallopeptidase (WP_071581572.1) 10 30.47% 39,288.64 5.84
serine protease (KFF56423.1) 7 21.27% 47,881.31 5.2

dihydrolipoyl dehydrogenase (BEV37900.1) 6 10.64% 49,732.21 4.95
catalase (KFF57258.1) 4 7.87% 54,751.52 6

aminopeptidase YwaD (WP_151257520.1) 4 5.05% 49,306.26 6

3.5. Effect of Antimicrobial Protein on R. solanacearum Cell Surface

Cellular morphological changes of R. solanacearum caused by MP-TY12 were evaluated
by scanning electron microscopy. Figure 5A shows that R. solanacearum is a rod-shaped
bacterium. After being treated with MP-TY12, the cells of R. solanacearum were fractured
compared to the control under the 12,000× microscope (Figure 5B) Under the 80,000× mi-
croscope, the cell was swelled, ruptured, and appeared in irregular shapes with depressions
on the surface. Based on the results, we speculate that MP-TY12 may inhibit R. solanacearum
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growth by enzymatically cleaving peptide bonds within the cell wall or membrane structure
via hydrolysis.

Appl. Microbiol. 2025, 5, x FOR PEER REVIEW 8 of 16 
 

 

 

Figure 4. LC-MS/MS analysis of the purified protein compounds F3 produced by B. stercoris TY-12. 
(A) Total ion current (TIC) chromatogram of fraction 3 analyzed by LC-MS/MS. (B) The amino acid 
sequence of the M42 family metallopeptidases searched from NCBI, with identical peptide segments 
highlighted in green. 

Table 1. The partial identified proteins of fraction 3 (F3) by LC-MS/MS analysis with peptide cover-
age accounting for more than 5%. 

Reference Unique PepCount Cover Percent MW PI 
M42 family metallopeptidase 

(WP_071581572.1) 
10 30.47% 39,288.64 5.84 

serine protease (KFF56423.1) 7 21.27% 47,881.31 5.2 
dihydrolipoyl dehydrogenase 

(BEV37900.1) 
6 10.64% 49,732.21 4.95 

catalase (KFF57258.1) 4 7.87% 54,751.52 6 
aminopeptidase YwaD 

(WP_151257520.1) 
4 5.05% 49,306.26 6 

3.5. Effect of Antimicrobial Protein on R. solanacearum Cell Surface 

Cellular morphological changes of R. solanacearum caused by MP-TY12 were evalu-
ated by scanning electron microscopy. Figure 5A shows that R. solanacearum is a rod-
shaped bacterium. After being treated with MP-TY12, the cells of R. solanacearum were 
fractured compared to the control under the 12,000× microscope (Figure 5B) Under the 
80000× microscope, the cell was swelled, ruptured, and appeared in irregular shapes with 
depressions on the surface. Based on the results, we speculate that MP-TY12 may inhibit 
R. solanacearum growth by enzymatically cleaving peptide bonds within the cell wall or 
membrane structure via hydrolysis. 

Figure 4. LC-MS/MS analysis of the purified protein compounds F3 produced by B. stercoris TY-12.
(A) Total ion current (TIC) chromatogram of fraction 3 analyzed by LC-MS/MS. (B) The amino acid
sequence of the M42 family metallopeptidases searched from NCBI, with identical peptide segments
highlighted in green.

Appl. Microbiol. 2025, 5, x FOR PEER REVIEW 9 of 16 
 

 

 

Figure 5. SEM images of untreated (A) and MP-TY12-treated (B) R. solanacearum cell surface mor-
phological alterations after 4 h of treatment. The left images in (A,B) show the state of R. solanacea-
rum at a low magnification, while the adjacent right images indicated by yellow arrows show the 
morphological changes of R. solanacearum in the same area at a higher magnification. White arrows 
indicate abnormal morphology. 

3.6. Control Effect of TY-12 Against R. solanacearum in Capsicum 

We conducted a greenhouse pot experiment to assess the ability of TY-12 to control 
bacterial wilt in capsicums. The results in Figure 6A show that the capsicum leaves in-
jected with R. solanacearum were yellow with yellowish-brown spots and the capillary 
roots were less than that of the blank control, while the roots were more developed and 
the stem was thicker and higher in the experiment group of capsicums co-treated by TY-
12 and R. solanacearum. It was found that the capsicum plants stunted and wilted when 
inoculated with R. solanacearum singly, while the disease symptoms of wilting were mild 
in the group co-treatment by TY-12 and R. solanacearum, and the plants were taller and 
stronger than the CK and Rs groups (Figure 6B). 

The disease incidence rate and disease index were calculated, and the results in Fig-
ures 6C and 6D show that the disease incidence rate in the Rs group approached 93.6% 
and decreased to 15.5% in the TY-12 and R. solanacearum co-treated group. At the same 
time, the disease index (DI) in the Rs group was 52.65 and significantly reduced to 8.33 in 
the group co-treatment by TY-12 and R. solanacearum, and the control efficacy of TY-12 
against bacterial wilt was 84.18%. 

Figure 5. SEM images of untreated (A) and MP-TY12-treated (B) R. solanacearum cell surface morpho-
logical alterations after 4 h of treatment. The left images in (A,B) show the state of R. solanacearum at
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3.6. Control Effect of TY-12 Against R. solanacearum in Capsicum

We conducted a greenhouse pot experiment to assess the ability of TY-12 to control
bacterial wilt in capsicums. The results in Figure 6A show that the capsicum leaves injected
with R. solanacearum were yellow with yellowish-brown spots and the capillary roots were
less than that of the blank control, while the roots were more developed and the stem
was thicker and higher in the experiment group of capsicums co-treated by TY-12 and R.
solanacearum. It was found that the capsicum plants stunted and wilted when inoculated
with R. solanacearum singly, while the disease symptoms of wilting were mild in the group
co-treatment by TY-12 and R. solanacearum, and the plants were taller and stronger than the
CK and Rs groups (Figure 6B).
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Figure 6. B. stercoris TY-12 reduced the pathogenicity of R. solanacearum in capsicum. (A,B) Capsicums
treated for 2 weeks with CK (water), Rs (R. solanacearum cell suspension with OD600 as 1.0), and
TY-12 + Rs (B. stercoris TY-12 cell suspension with OD600 as 1.0 and injected 10 mL R. solanacearum
cell suspension with OD600 as 1.0 simultaneously). A represents the difference of a single capsicum
plant, and B shows the growth of the capsicum in the seedling tray. (C) Disease incidence of bacterial
wilt with different treatments. (D) Disease index of bacterial wilt with different treatments. Different
asterisks indicate the significant difference between treatments; ***, p < 0.001.

The disease incidence rate and disease index were calculated, and the results in
Figure 6C,D show that the disease incidence rate in the Rs group approached 93.6% and
decreased to 15.5% in the TY-12 and R. solanacearum co-treated group. At the same time,
the disease index (DI) in the Rs group was 52.65 and significantly reduced to 8.33 in the
group co-treatment by TY-12 and R. solanacearum, and the control efficacy of TY-12 against
bacterial wilt was 84.18%.

3.7. Effect of B. stercoris TY-12 on Capsicum Growth

We explored the effect of B. stercoris TY-12 on the growth of capsicum. Two-week-old
capsicum seedlings were irrigated with TY-12 and Bacillus amyloliquefaciens 8-6 bacterial
fermentation broth. The plant growth status was recorded 2 weeks later (Figure 7A).
Compared with the control (water), the dry weight (Figure 7B), fresh weight (Figure 7C),
stem diameter (Figure 7D), stem length (Figure 7E), and root length (Figure 7F) of capsicum
was significantly increased by TY-12 and was higher than that of B. amyloliquefaciens 8-6
(positive control group). The chlorophyll content of leaves was obviously increased by
TY-12 treatment (Figure 7G). It was indicated that TY-12 had a significant promoting effect
on the growth of capsicum plants.
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Figure 7. B. stercoris TY-12 promoted capsicum growth. (A) Capsicums treated for 2 weeks with CK
(water), TY-12 (B. stercoris TY-12 cell suspension with OD600 as 1.0), and 8-6 (B. amyloliquefaciens cell
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(C), stem diameter (D), stem length (E), root length (F), and chlorophyll content (G) were measured.
Different asterisks indicate the significant difference between treatments; *, p < 0.05; ***, p < 0.001.

4. Discussion
Bacterial wilt is widespread and difficult to control. Biological control has been

proposed as a sustainable and effective method for preventing and treating bacterial wilt.
According to published reports, some strains of Bacillus spp., Pantoea spp., and Pseudomonas
spp. have a certain effect on the prevention and control of bacterial wilt [48–51]. Some
bacteria and fungi in the plant rhizosphere can enhance the plant’s defense and improve
the immune system’s sensitivity. In diseased plants, the abundance of the antagonistic
bacteria may increase and activate the plant’s resistance to the pathogen [52,53].

As naturally occurring microorganisms, Bacillus spp. can decompose organic matter
and release nutrients for crop uptake and utilization, while improving soil texture and
structure [54]. The application of these species as plant growth-promoting rhizobacte-
ria in agriculture has many advantages [55–57], such as the production of a variety of
antimicrobial compounds and the induction of plant resistance [58–61].

Bacillus stercoris is considered a subspecies of Bacillus subtilis and was promoted to
species status recently, and is generally considered environmentally friendly as a plant
rhizobacteria [62,63]. From the pot results of this study, it was speculated that B. stercoris TY-
12 may produce a range of antibiotic compounds, including M42 family metallopeptidase,
to enhance the resistance of plants to R. solanacearum and decrease the severity of the
disease [64,65]. With great antimicrobial stability in multiple plate tests, TY-12 can reach
109 CFU/mL after 24 h of cultivation in LB medium, making it inexpensive. TY-12’s
favorable plant growth-promoting effects lay the foundation for its application as a novel
agricultural biocontrol agent.

Even though Bacillus spp. has been widely recognized and used as a probiotic, we still
need to be cautious about its safety [66]. To determine whether TY-12 is completely safe
for use as a microbial agent, further microbiological tests, toxicity tests, and agricultural
relevance evaluations are still required to be explored.

Metallopeptidases are defined as hydrolases with bivalent metal cation-mediated activ-
ity, and metals have a special effect on the hydrolysis and activity of the peptidases [67–69].
It was reported that metallopeptidases are involved in the activation of biological path-
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ways [70,71]. In this study, we speculate that the antimicrobial protein MP-TY12 may be a
zinc-dependent metallopeptidase, demonstrating the potential of metallopeptidase for the
biological control in bacterial wilt [72].

About M42 family metallopeptidase, previous research demonstrated that M42 family
member TET peptidase is a strict glycyl aminopeptidase that lacks amidolytic activity
toward other types of amino acids [73], and multiple structures and mechanisms of latency
in metallopeptidase zymogens have also been reported [74], like the structure and evolution
of astacin metallopeptidases being described [75]. However, the mechanism by which
M42 family metallopeptidases inhibit the growth of R. solanacearum remains unclear. We
speculate that M42 family metallopeptidases may affect the growth and reproduction
of R. solanacearum by catalyzing the hydrolysis of proteins or peptides and participating
in a variety of biological processes. Furthermore, metallopeptidase might diminish the
proliferation rate and reproductive capacity of R. solanacearum by hydrolyzing proteins or
peptides associated with its metabolic pathway and disrupting its regular physiological
functions. In conclusion, further investigation and discourse are still required to elucidate
and explore these mechanisms’ precise functionalities and interdependencies.

5. Conclusions
B. stercoris TY-12 can inhibit the growth of R. solanacearum in vitro. Through the

isolation, purification, and identification of its antimicrobial proteins, we obtained a kind
of M42 family metallopeptidase. Pot experiments demonstrated that B. stercoris TY-12
enhanced the resistance of capsicum plants to capsicum bacterial wilt, achieving a control
efficacy of 84.18%. Furthermore, the fermentation broth of B. stercoris TY-12 exhibited a
beneficial growth-promoting effect on capsicum plants.
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