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Brown leaf spot disease caused by Nigrospora guilin-
ensis on Phellodendron chinense occurs in a large area 
in Dayi County, Chengdu City, Sichuan Province, 
China each year. This outbreak has severely reduced 
the production of Chinese medicinal plants P. chinense 
and caused substantial economic losses. The bacterial 
isolate JKB05 was isolated from the healthy leaves of 
P. chinense, exhibited antagonistic effects against N. 
guilinensis and was identified as Bacillus megaterium. 
The following fermentation medium and conditions 
improved the inhibitory effect of B. megaterium JKB05 
on N. guilinensis: 2% glucose, 0.1% soybean powder, 
0.1% KCl, and 0.05% MgSO4; initial concentration 
6 × 106 cfu/ml, and a 42-h optimal fermentation time. 
A composite of 0.1% nano-SiO2 JKB05 improved the 
thermal stability, acid-base stability and ultraviolet 
resistance by 16%, 12%, and 38.9%, respectively, and 
nano-SiO2 was added to the fermentation process. The 
best formula for the wettable powder was 35% kaolin, 

4% polyethylene glycol, 8% Tween, and 2% humic 
acid. The following quality test results for the wettable 
powder were obtained: wetting time 87.0 s, suspension 
rate 80.33%, frequency of microbial contamination 
0.08%, pH 7.2, fineness 95.8%, drying loss 1.47%, and 
storage stability ≥83.5%. A pot experiment revealed 
that the ability of JKB05 to prevent fungal infections on 
P. chinense increased considerably and achieved levels 
of control as high as 94%. The use of nanomaterials 
significantly improved the ability of biocontrol bacteria 
to control this disease.

Keywords : Bacillus megaterium, biological control, nano-
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Phellodendron chinense Schneid, a traditional Chinese 
medicinal plant, is widely planted in Sichuan Province, 
China, owing to its high medicinal value. Zeng et al. (2020) 
found that brown leaf spot disease caused by Nigrospora 
guilinensis on P. chinense occurred in a large area in Dayi 
County, Chengdu City, Sichuan Province, and severely 
reduced the production of P. chinense causing economic 
losses. However, the control of brown leaf spot disease on 
P. chinense had not yet been reported. Bacillus sp. has be-
come the most widely used and potential biological control 
resource (Oslizlo et al., 2015), and much success has been 
achieved in the use of Bacillus to control plant diseases. 
It is generally believed that the biocontrol mechanisms of 
Bacillus mainly include nutrition and space site competi-
tion (Bacon et al., 2001; Zeriouh et al., 2014), secretion of 
antimicrobial substances (Hiradate et al., 2002; Johnson 
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and Campbell, 1945; Liu et al., 2007), and induction of 
plant disease resistance (Niu et al., 2011; Van der Ent et al., 
2009). However, the registration, production, and use of 
Bacillus sp. still proceeds very slowly (Zaki et al., 2020). 
The reasons are that biopesticides have a weaker immediate 
impact than chemical pesticides (Hunter, 2009). Compared 
with chemical pesticides, the production cycle of biopesti-
cides is longer; the investment is relatively greater, and ap-
plication in the field is affected by the soil microbial com-
munity, soil properties, temperature and humidity, pH and 
other environmental factors, resulting in unstable control 
effects (Gangireddygari et al., 2017). Species of Bacillus 
are often used for the biocontrol of various plant pathogens, 
but the ability of Bacillus to control diseases is typically un-
stable in field experiments (Setlow et al., 2006). Moreover, 
biological control has been controversial for a long time 
given the lack of evidence that these microbial agents have 
almost no harmful effects, such as affecting soil microbial 
diversity and inhibiting normal growth of plants (Shad-
duck, 1983). It is difficult to produce qualitative changes 
based on the production and application of biopesticides, 
and a large gap exists compared with chemical pesticides. 
Nanotechnology is expected to thoroughly affect the way 
in which science addresses medicine, food, electronics, and 
the environment (Lim, 2004). The application of nanopar-
ticles (NPs) and technologies in the field of pesticides may 
change the physical and chemical properties of pesticides, 
rendering them highly dispersible or easily suspended in 
water, improving their rate of utilization, and reducing the 
amount of pesticide residues and environmental pollution 
(Camara et al., 2019). NPs may act upon plant pathogens at 
a much lower dose with much greater efficiency compared 
with conventional pesticides, and considerable work has 
been conducted to test the effects of NPs on plant patho-
genic fungi (Khan et al., 2019). Kim et al. (2012) analyzed 
the inhibitory effect of three different Ag NPs against vari-
ous plant pathogenic fungi, including Alternaria alternata, 
A. brassicicola, Botrytis cinerea, Cladosporium cucumeri-
num, Corynespora cassiicola, Cylindrocarpon destructans, 
Didymella bryoniae, Fusarium oxysporum f. sp. cucumeri-
num, F. oxysporum f. sp. lycopersici, F. oxysporum, F. 
solani, Glomerella cingulata, Monosporascus cannon-
ballus, and Stemphylium lycopersici and the oomycetes 
Pythium aphanidermatum and P. spinosum in vitro. The 
Ag NPs mixed with polyvinylpyrrolidone were tested for 
fungicidal activity against different yeasts and molds, such 
as Candida albicans, C. krusei, C. tropicalis, C. glabrata, 
and Aspergillus brasiliensis. The hybrid materials showed 
strong antifungal effects against these microbes (Bryaskova 
et al., 2011). ZnO NPs have been reported to significantly 

inhibit the growth of B. cinerea and Penicillium expansum 
at 3 mmol/l. Scanning electron microscopy images and 
Raman spectra indicated that ZnO NPs caused the defor-
mation of fungal hyphae and prevented the development 
of conidiophores and conidia (He et al., 2011). In addition, 
the effective use of silica-silver NPs against B. cinerea, 
Rhizoctonia solani and Colletotrichum gloeosporioides 
has been reported (Park et al., 2006). The effects of NPs on 
bacteria have largely been examined on human pathogens, 
whereas plant pathogens have been rarely studied (Khan 
and Rizvi, 2014). One exception as a study in which nano 
copper was reported to effectively control Xanthomonas 
axonopodis pv. punicae, which causes blight in pomegran-
ate (Mondal and Mani, 2012). The compound inhibited the 
growth of bacterium at 0.2 ppm, which is a concentration 
>10,000 times lower than that usually recommended for 
Cu-oxychloride. Similarly, Azam et al. (2012) reported the 
suppressive effect of CuO NPs on the human pathogens 
Staphylococcus aureus, Bacillus subtilis, Pseudomonas 
aeruginosa, and Escherichia coli. Nanosized silica-silver 
inhibited plant pathogenic bacteria, and 100 ppm of nano-
sized silica silver completely inhibited colonization by the 
bacteria (Park et al., 2006). Several fertilizer manufactur-
ing companies are formulating nano emulsions and water-
based or oil-based suspensions of nanoscale particles (Khan 
et al., 2016). However, some researchers believe that the 
large use of nanomaterials and industrial consumption will 
add to the levels of environmental pollution. Therefore, the 
positive and negative effects of these NPs on agriculture 
and the environment should be ascertained before their 
commercial use in plant disease management in the field 
(Ali et al., 2020). Recently, the integration of nanotechnol-
ogy and agricultural biotechnology has gradually become 
a powerful tool for the efficient production and sustainable 
development of modern agriculture (Sekhon, 2014). Nano 
emulsions can serve as better pesticide delivery systems 
owing to their enhanced kinetic stability, smaller size, 
low viscosity, and optical transparency (de Campos et al., 
2012). The use of micro or nano emulsions as a carrier for 
pesticide delivery can improve the solubility and bioavail-
ability of the active ingredients of the pesticides. The ob-
jective of this study was to isolate biocontrol strains from 
healthy P. chinense leaves and prepare biocontrol agents 
combined with nanomaterials to control brown leaf spot 
disease in P. chinense. 

Materials and Methods

Plant samples and disease fungus. N. guilinensis strain 
PHC1904 (internal transcribed spacer: GenBank acces-
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sion MN326528; EF1-α: MN400073; TUB: MN400072) 
was purified and screened by conventional tissue isola-
tion and single spore purification from diseased leaves 
of P. chinense in Dayi County, located at 30°37′06.9 N, 
103°19′18.3 E, altitude 1,260 m, Chengdu City, Sichuan 
Province, China. Two-year-old healthy P. chinensis plants 
(50-70 cm high) were collected from a plantation in Dayi 
County and planted in the greenhouse at Sichuan Agricul-
tural University, Chengdu, China.

Culture medium. Nutrient agar (NA) was prepared using 
3.0 g beef extract, 10.0 g peptone, 5.0 g sodium chloride, 
20.0 g agar powder, and 1,000 ml of distilled water (pH 7.0). 
Nutrient broth was prepared using 3.0 g beef extract, 10.0 
g peptone, 5.0 g sodium chloride, and 1,000 ml of distilled 
water (pH 7.0). Potato dextrose agar (PDA) medium was 
prepared using 200 g potato (boiled and filtered to obtain 
the filtrate), 20.0 g glucose, 15.0 g agar powder, and 1,000 
ml distilled water. Potato dextrose broth was prepared us-
ing 200 g potato (boiled and filtered to obtain the filtrate), 
20.0 g glucose, and 1,000 ml distilled water.

Isolation and purification of biocontrol bacteria. The 
interaction between endophytes and plant cells is more 
stable than those of rhizosphere microorganisms (Brader 
et al., 2017). Healthy leaves of 2-year-old potted P. chi-
nense were collected, and the surface of healthy leaves was 
thoroughly disinfected (soaked in 75% alcohol for 1-2 min 
and then disinfected with 1-3% sodium hypochlorite solu-
tion for 3-5 min), ground in a sterilized mortar, added to 
an appropriate amount of sterile water, ground evenly, and 
isolated from the leaves using dilution separation method 
(Slama et al., 2019). Based on the morphological character-
istics of the colony, different bacterial strains were selected 
and purified by repeated streaking on the same medium. 
Single colonies were selected using an aseptic inoculation 
ring and cultured on NA solid medium at 30°C for 48 h. 
The purified strains were frozen a glycerol stock at 4°C.

Screening the antagonistic bacteria. The preliminary 
screening method was a PDA confrontation test (Boukaew 
et al., 2017). N. guilinensis was placed on one side of the 
PDA media, and the biocontrol bacterial samples were 
cultured 3 cm away from N. guilinensis on the other side of 
the PDA culture medium. The blank control was set as fol-
lows: only N. guilinensis was inoculated in PDA media and 
cultured 25°C for 7 days. The presence of a bacteriostatic 
zone was observed and recorded, and the width of the bac-
teriostatic zone (the distance between the center of the bac-
terial colony and the edge of N. guilinensis) in the culture 

medium was measured using a digital caliper. The strains 
with obvious antibacterial band widths and antibacterial ef-
fects were preliminarily screened. The growth rate method 
was used to obtain the most effective and stable biocontrol 
strains (Mi et al., 2018).

Identification of the antagonistic bacteria. Morphological 
identification, the analyses of physiological and biochemi-
cal characteristics and molecular biological identification 
were performed. Colony morphology was assessed based 
on the size and regularity of the colony surface. Physiologi-
cal characteristics were identified based on Gram staining 
(Claus, 1992). Gram staining was performed (G+: purple; 
G-: red) using the manufacturer’s instructions for a Gram 
staining kit (G1060, Solarbio Science & Technology Co. 
Ltd., Beijing, China). After the Gram staining, the smears 
were stained with a 5% solution of malachite green for 10 
min and washed with water. The samples were then stained 
with a 0.5% solution of saffron for 30 s and washed and 
dried for microscopic examination to determine the cellular 
morphology, form and position of spores and the swelling 
of the sporangia. A solution of 3% H2O2 that contained 
the strain was added to a slide to test for catalase (Thomas 
et al., 2006), and the presence of bubbles was observed. 
The test was positive if bubbles were observed, while it 
was negative if there were no bubbles. Casein, gelatin and 
starch hydrolysis was determined as described by (Smibert 
and Krieg, 1994). The bacteria were grown in an anaerobic 
chamber that was filled with a mixed gas (nitrogen, 90%; 
hydrogen, 5%; carbon dioxide, 5%) to measure anaerobic 
growth. To verify whether the cells are capable of using 
citrate as a carbon source (Cromwick and Gross, 1995), the 
activity of lecithinase was determined on plate count agar 
that contained egg yolk (Gray et al., 2005).

The 16S rRNA, DNA gyrase subunit A (gyrA), and 
DNA gyrase subunit B (gyrB) genes were combined for 
a sequence alignment, and a phylogenetic tree was con-
structed to determine the species of the strain. 16S rRNA 
from the strain was amplified using a 27F (5′-AGAGTTT-
GATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTT-
GTTACGACTT-3′) primer set (Chun and Bae, 2000). 
gyrA from the strain was amplified using the gyrA-F 
(5′-CAGTCAGGAAATGCGTACGTCCTT-3′) and gyrA-
R (5′-CAAGGTAATGCTCCAGGCATTGCT-3′) primer 
set (Flanagan et al., 2007), while gyrB from the strain was 
amplified using the UP1f (5′-GAAGTCATCATGAC-
CGTTCTGCAYGCNGGNGGNAARTTYGA-3') and 
UP2r (5'-AGCAGGGTACGGATGTGCGAGCCRT-
CNACRTCNGCRTCNGTCAT-3′) primer set (Yamamoto 
and Harayama, 1995). The PCR conditions were 94°C for 
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5 min, followed by 40 cycles at 94°C for 30 s, 50°C (for 
16S rRNA and gyrA), or 62°C (for gyrB) for 1 min, 72°C 
for 2 min, and a final elongation at 72°C (for 16S rRNA 
and gyrB) or 68°C (for gyrA) for 10 min. The sequencing 
results of PCR products were compared and analyzed in 
the ezbiocloud (https://www.ezbiocloud.net/) and NCBI 
databases (https://www.ncbi.nlm.nih.gov/), and sequences 
with a high similarity of related genes were downloaded. 
The phylogenetic trees of the 16S rRNA, gyrA, and gyrB 
gene sequences were constructed by the neighbor-joining 
method using MEGA software version 5.1. The number of 
repeats of the bootstrap test was set to 1,000, which con-
firmed the phylogenetic status of the biocontrol strain.

Detection of growth and bacteriostatic effects. The 
bacterial density (OD600) was used to monitor the growth 
of bacteria. The fermentation broth of biocontrol was col-
lected, and sterile liquid medium was used as the control. 
The absorbance at 600 nm was measured (Storek et al., 
2019), and the growth of biocontrol bacteria was recorded. 
The Oxford cup method was used determine the bacterio-
static effects (He et al., 2018). The Oxford cup was placed 
in a sterile PDA dish prepared in advance. The Oxford cup 
was 7 mm in diameter, and 120 μl samples were added to it 
using an adjustable pipette. N. guilinensis was inoculated in 
the center of the plate. The control group was treated with 
sterile water and cultured at 25oC until the mycelia of the 
control group were full of culture medium. The experiment 
was conducted in triplicate.

Inhibition rate (%) =

Control colony growth radius - 
Tratment colony growth radius × 100Control colony growth radius

Optimization methods of the fermentation medium. 
The effects of sucrose, lactose, glucose, starch, citric acid, 
sodium acetate and NaHCO3 on the biomass and antibac-
terial activity of JKB05 were compared with the addition 
of 1% peptone as a nitrogen source. The experiment was 
conducted using shaking flask fermentation, and a 300-
ml shaking flask (containing 100 ml culture medium) was 
selected. The experiment was conducted in triplicate. The 
rate of inhibition was measured at 25oC and 140 rpm for 48 
h.

The carbon source (glucose), and 0.5% of a nitrogenous 
compound was added to the flask. After shaking flask 
fermentation, the effects of common nitrogen sources 
(peptone, beef extract, yeast extract, urea, soybean powder, 
tryptone, and ammonium sulfate) on the antibacterial activ-
ity and growth of JKB05 were determined and repeated 

three times.
First, the carbon and nitrogen sources were fixed, and 

the effects of 0.05% of common organic salts (KCl, NaCl, 
FeCl3, KH2PO4, and MgSO4) on antibacterial activity and 
growth were compared. A group without inorganic salts 
was utilized as the control group and repeated three times, 
and the flasks were shaken and fermented as described 
above.

The carbon source, nitrogen source and two inorganic 
salts were preliminarily screened using a single factor test 
as factors. An orthogonal experimental design [L9 (34)] was 
performed on the preliminary carbon source (5%, 1%, and 
2%), nitrogen source (0.1%, 0.5%, and 1%) and inorganic 
salt (0.01%, 0.05%, and 0.1%). 

Optimization methods of the fermentation conditions. 
Different amount of seed liquid (108 cfu/ml) to make the 
initial concentration of fermentation 2 × 106 cfu/ml, 4 × 106 

cfu/ml, 6 × 106 cfu/ml, 8 × 106 cfu/ml, 1 × 107 cfu/ml, and 1.2 
× 107 cfu/ml were inoculated respectively, with a pH of 7.0 
and cultured for 72 h at 25oC, 200 rpm and 100 l/h. This 
process was repeated three times to detect the antibacterial 
activity.

A volume of 2% inoculum was inoculated in the optimal 
medium at a pH of 7.0 and cultured at 25oC, 200 rpm, and 
100 l/h ventilation. The fermentation broth was extracted 
every 6 h from the beginning stage to 72 h to detect its an-
tibacterial activity, and the experiment was repeated three 
times.

Screening methods of nanomaterials. Nano-TiO2 (99% 
metal basis, ≤ 100 nm), nano-SiO2 (99.5% metal basis, 30 
nm), nano-CeO2 (99.5% metal basis, 20 nm-50 nm), nano-
ZnO (99.9% metal basis, ≤ 100 nm), nano-Fe (99.9% metal 
basis, 30 nm), and nanocarbon (99.5% metal basis, 30 nm) 
were screened. All the nanomaterials were from the Shang-
hai Aladdin Biochemical Technology Co. Ltd. (Shanghai, 
China).

Effect of NPs on bacteria: nanomaterials at the concen-
trations of 0.01%, 0.05%, 0.1%, 0.5%, 1%, and 5% [w/
v]) were mixed with liquid NA medium and then sterilized 
with high-pressure steam. The bacteria were placed into 
the shaker at 140 rpm and 25oC for 48 h. The activity of 
biocontrol bacteria was detected using the colony count 
method (Chen et al., 2019), and the experiment was con-
ducted in triplicate.

Effect on plant pathogenic fungi: nanomaterials at the 
concentrations of 0.01%, 0.05%, 0.1%, 0.5%, 1%, and 5% 
(w/v) were mixed with distilled water and autoclaved. The 
Oxford cup method was used to assess the bacteriostatic 
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effects. N. guilinensis was inoculated in the center of the 
plate, and 120 μl of nano samples of various concentrations 
were placed in the Oxford cup. The control group was 
treated with sterile water and cultured at 25oC until the my-
celia of the control group was full of culture medium. The 
experiment was conducted in triplicate.

Method of detection for the influence of nanomaterials 
on the stability of antagonistic bacteria
Test method of thermal stability. the fermentation broth 
was taken with a 1.5-ml sterile centrifugal tube in an ultra-
clean platform, placed in a 30oC, 45oC, 60oC, 75oC, 90oC, 
or 100oC water bath for 30 min, and then cooled to room 
temperature. 

Test method of acid-base stability. the NA medium was 
adjusted to pH 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, and 11.0 
with 0.1 mol/l NaOH and 0.1 mol/l HCl and then sterilized 
to make the medium to detect the biocontrol activity. 

Test method of UV stability. the fermentation broth was 
removed using a 1.5-ml sterile centrifugal tube, placed 
under a 28 W ultraviolet lamp, and irradiated for 15, 30, 
45, 60, and 75 min at a distance of 10 cm. The biocontrol 
bacterial activity was detected by the colony count method, 
and each treatment was repeated three times.

Screening methods for carriers and the additives of 
biocontrol agents. The widely used carriers and additives 
are presented in Table 1. First, 0.1 ml of 104, 105, and 106 
solutions of diluted fermentation broth of the biocontrol 
bacteria were spread on media that contained different car-
riers and additives. The mixing ratio is presented in Table 1. 
NA medium was used as a control, and each treatment was 
repeated three times. The cells were cultured at 25oC for 3 
days, and the number of colonies in each medium was re-
corded. The orthogonal experimental method [L9 (34)] was 
performed with the carrier, and the adjuvant was screened 
(Crijns et al., 2006). The activity and suspension rate were 
measured to determine the proportion of each component.

Preparation and quality test of wettable powder. The 
procedure of biocontrol bacteria preparation was performed 
as follows: The protectants that were applied were mixed 
with the fermented solution and freeze-dried, and the re-
sulting powder sample was mixed with the other assistant 
agents (Liu et al., 2014). After altering the pH to 6-7 and 
smashing until 95% of it was sieved to 45 µm, the final 
preparation was performed and ready for quality testing. 
The colony count method was used to record the colony 
number and determine the effect of processing on spore 
activity.

Based on the plate colony count method, Na medium 
was selected to detect the bacteria in the samples, and PDA 
medium was selected to detect the fungi in the samples. 
The total number of visible bacterial colonies was counted 
to obtain the number of microbial contaminants (Gibreel 
et al., 2009). The detection indices pH (Collaborative In-
ternational Pesticides Analytical Council, 1970a), fineness 
(Collaborative International Pesticides Analytical Council, 
1970f), wet time (Collaborative International Pesticides 
Analytical Council, 1970e), suspension rate (Collabora-
tive International Pesticides Analytical Council, 1970b), 
storage stability (Collaborative International Pesticides 
Analytical Council, 1970d), and drying loss (Collaborative 
International Pesticides Analytical Council, 1970c) refer to 
the standards issued by the Collaborative International Pes-
ticides Analytical Council.

Control effect of P. chinense in pot experiments. The pot 
experiment was performed in the greenhouse at Sichuan 
Agricultural University. The N. guilinensis solution with a 
spore concentration of 1 × 106 cfu/ml was prepared in ad-
vance. A total of 13 treatments were established, including 
wettable powder prepared by the screened biocontrol bac-
teria and WP prepared by the screened biocontrol bacteria 
without the addition of nanomaterials diluted with sterile 
distilled water 50-fold, 100-fold, 200-fold, 500-fold, and 
1,000-fold as the experimental group. A volume of 50% 
carbendazim WP (Sichuan Guoguang Agrochemical Co. 
Ltd., Sichuan, China) was diluted 500-fold as the control, 
and 0.1% nano-SiO2 (99.5% metal basis, 30 nm) was also 

Table 1. List of carriers, additives and mixing proportions used in this study

Name Materials to be selected Mixing ratio
Carrier Kaolin, diatomite, calcium carbonate, bentonite, and talc powder 5% (w/v)
Wetting agent Sodium dodecyl benzene sulfonate, Tween 20, Kaifa powder, saponin powder, and tea seed powder 250 µg/ml
Dispersant Sodium lignosulfonate, sodium tripolyphosphate, sodium carboxymethyl cellulose, polyvinyl alco-

hol and polyethylene glycol
1,500 μg/ml

Protectants Sodium dodecanoate, sodium dodecyl sulfate, and ascorbic acid 50 μg/ml
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used as a control. The water treatment was a blank control, 
which was assessed in triplicate. A total of 108 2-year-old 
P. chinense seedlings were selected and divided into three 
groups as follows: (1) First, the leaves were sprayed with 
a 100 ml solution of the pathogen. After 15 days, different 
concentrations of wettable powder were sprayed on the 
leaves. (2) Different concentrations of wettable powder 
were inoculated first, and then the pathogen suspension 
was inoculated 15 days later. (3) The pathogen and differ-
ent concentrations of wettable powder were inoculated si-
multaneously. The incidence rate, disease index and control 
effect were observed 30 days later.

Statistics and data analysis. The experimental data were 
analyzed using Origin 2018 (OriginLab, Northampton, 
MA, USA) and SPSS version 22.0 (IBM Corp., Armonk, 
NY, USA).

Results

Isolation and purification of the biocontrol bacteria. A 
total of 48 Bacillus isolates were isolated from the healthy 
leaves of P. chinense and numbered JKB01-JKB48. 

Screening of the biocontrol strains against N. guilinen-

sis. The 48 strains of isolated Bacillus were tested against N. 
guilinensis, and six strains of Bacillus with antagonistic ef-
fects were identified. The mycelial growth of N. guilinensis 
was significantly inhibited compared with the control. The 
mycelia near Bacillus grew sparsely, and an obvious inhi-
bition zone appeared. The strains JKB01, JKB05, JKB14, 
JKB30, JKB31, and JKB46 were highly antagonistic to the 
pathogenic fungi (Table 2).

Strain JKB05 was found to be strongly bacteriostatic. 
The diameter of the N. guilinensis colony was 1.2 ± 0.23 
cm, and the rate of inhibition was 83.33% (Table 2). Com-

Table 2. Antagonistic effect of the primary rescreening strains on 
pathogen PHC1904

 Strains number Diameter of colony 
(cm)

Inhibition rate  
(%)

JKB01   2.5 ± 0.12 cd 65.27 ± 0.63 b
JKB05   1.2 ± 0.23 e 83.33 ± 0.32 a
JKB14   4.6 ± 0.13 b 36.11 ± 1.81 e
JKB30 3.42 ± 0.40 c   52.5 ± 0.22 c
JKB31 3.98 ± 0.32 c 44.72 ± 1.81 d
JKB46 2.33 ± 0.45 cd 67.63 ± 0.26 b

CK   7.2 ± 0.3 a -
Values are presented as the mean ± SD, and data with different low-
ercase letters indicate significant differences at the 0.05 level.

Fig. 1. (A, B) Plate confrontation growth test of JKB05 to PHC1904, 7 days. (C) Rescreening experiment, 7 days. (D) Control check, 
PHC1904 on potato dextrose agar culture medium, 7 days. (E-H) Micrograph of marginal hyphae of PHC1904 sharing the same scale 
bar. (H) Normal hyphal. e1, e2, swollen hyphae and disordered growth; g1, g2, g3, broken hyphae; f1, f2, abnormal hyphae.
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pared with the control, the hyphae on the edge of the N. 
guilinensis colony were few and sparse, and the mycelial 
growth regressed and was obviously inhibited. The edge 
of the inhibited colonies exhibited a black pigment, and 
healthy and inhibited hyphae were observed under the mi-
croscope. As shown in Fig. 1C, D, G, and H, the mycelial 
growth was severely inhibited, and some hyphae were 
destroyed. Combined with the results of the preliminary 
screening test, strain JKB05 exhibited a strong antagonistic 
effect on N. guilinensis, which was stable and increased 
significantly compared with the other five strains. There-
fore, strain JKB05 was selected as the target Bacillus for 
subsequent experiments.

Identification of strain JKB05. On NA solid medium 
(Supplementary Fig. 1A), the growth heaped and was non-
spreading, moderately dull, occasionally slightly rugose; 

and usually some shade of yellow after aging. Following 
a long incubation, the growth and media become brown. 
Microscopic observation showed that the strain was rod-
shaped. The rod was 1.2-1.5 μm wide and 2-5 μm long. 
The rods were straight or slightly curved. The spores varied 
from round to elongate or ellipsoidal, and the central spores 
exhibited round strain instability. There was no obvious 
swelling of the sporangia (Fig. 2A). The physiological and 
biochemical characteristics of strain JKB05 are shown in 
Table 3. 

After PCR amplification, 948 bp (16S RNA), 803 bp 
(gyrA), and 980 bp (gryB) bands were observed using 1% 
agarose gel electrophoresis (Supplementary Fig. 1B-D). 

The phylogenetic tree (Fig. 2B-D) based on the 16S 
rRNA, gyrA, and gyrB genes showed that strain JKB05 
was the most closely related to Bacillus megaterium and 
located in the same branch. Therefore, strain JKB05 was 

Fig. 2. (A) Micromorphology of strain JKB05 (mycelium and spores, ×100). (B) Phylogenetic tree of strain JKB05 16S rRNA gene 
sequence (MT682508). (C) Phylogenetic tree of strain JKB05 gyrA gene sequence (MT700487). (D) Phylogenetic tree of strain JKB05 
gyrB gene sequence (MT700488). The number in brackets is the accession number of the strain in ezbiocloud or GenBank. The phylo-
gram was constructed by the neighbor-joining method. The percentage of replicate trees in which the associated taxa clustered together 
in the bootstrap test (1,000 replicates) are shown next to the branches. The evolutionary distances were computed using the p-distance 
method. The scale bar indicates the average number of amino acid substitutions per site.
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identified as B. megaterium based on its morphological 
characteristics, physiological and biochemical characteris-
tics (Krieg et al., 2011) and the sequence alignment of 16S 
rRNA, gyrA and gyrB genes. In addition, B. megaterium 
could be easily recognized in microscopic preparations by 
its typical cell morphology.

Optimization results of fermentation medium and 
conditions. As shown in Fig. 3, glucose with the highest 
bacteriostatic rate (76.47%) was selected as the best carbon 
source, and AS was the best nitrogen sources. At the same 
time, tryptone and soybean powder had similar antibacte-
rial rates (73.53% and 72.94%, respectively), but tryptone 
was more expensive and not suitable for wettable powders. 
From an economic point of view, soybean powder was 
selected as the best nitrogen source. In addition, KCl and 
MgSO4 were selected as the best inorganic salts because 
they had the highest and similar bacteriostatic rates. The 

Fig. 3. (A) Screening results of carbon sources. (B) Screening results of nitrogen sources. (C) Screening results of inorganic salts. Data 
with different lowercase letters indicate significant differences at the 0.05 level; the error bar indicates the uncertainty of the measured 
data. CA, citric acid; SA, sodium acetate; YEF, yeast extract; SP, soybean powder; AS, ammonium sulfate.

Table 3. Physiological and biochemical characteristics of strain 
JKB05

Characteristic JKB05
Physiological

Gram staining +
Catalase +
Hydrolysis
Casein +
Gelatin +
Starch +

Biochemical
Anaerobic growth -
Utilization
   Citrate +
Egg-yolk lecithinase -
Parasporal crystals -
Sporangium swollen -

-, negative; +, positive.
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analysis of data indicated that the order of the four factors 
on the bacteriostatic rate of JKB05 was glucose > magne-
sium sulfate > soybean powder > potassium chloride (Table 
4). The formula for optimal fermentation medium was 2% 
glucose, 0.1% soybean powder, 0.1% KCl, and 0.05% 
MgSO4.

The effect of initial concentration on the growth of the 
strain and the production of antibacterial active substances 
is presented in Fig. 4A. When the initial concentration 
was 2 × 106 cfu/ml-1.2 × 107 cfu/ml, the strain grew well, 

and the fermentation broth exhibited antibacterial activ-
ity. When the initial concentration was 6 × 106 cfu/ml, the 
biomass reached the maximum value, and the antibacterial 
activity was also strong. With the increase of initial concen-
tration, the antibacterial activity did not increase. This find-
ing could be because the volume of the inoculum was too 
large, resulting in the rapid growth of the strain and insuffi-
cient dissolved oxygen and thereby affecting the formation 
of antibacterial substances. Therefore, the optimal initial 
concentration is 6 × 106 cfu/ml. On the other hand, When 

Table 4. The orthogonal test statistics results of optimum fermentation medium

No.
Experimental factors

BR (%)
Glucose Soybean powder KCl MgSO4

1 0.50% 0.10% 0.01% 0.01% 61.54 ± 0.27 d
2 0.50% 0.50% 0.05% 0.05% 62.31 ± 0.36 d
3 0.50% 1.00% 0.10% 0.10% 53.08 ± 0.13 e
4 1.00% 0.10% 0.05% 0.10% 56.92 ± 0.32 e
5 1.00% 0.50% 0.10% 0.01% 73.85 ± 0.12 b
6 1.00% 1.00% 0.01% 0.05% 69.20 ± 0.26 cd
7 2.00% 0.10% 0.10% 0.05% 78.46 ± 0.14 a
8 2.00% 0.50% 0.01% 0.10% 73.08 ± 0.16 b
9 2.00% 1.00% 0.05% 0.01% 70.69 ± 0.15 c
K1 176.93 196.92 203.82 206.08
K2 199.97 209.24 189.92 209.97
K3 222.23 192.97 205.39 183.08
R 45.3   16.27   15.47   26.89

Values are presented as the mean ± SD, and data with different lowercase letters indicate significant differences at the 0.05 level.
BR, bacteriostatic rate; Ki (column m) = the sum of the number in column m corresponding to the ‘i’ index; R, range, R (column m) = the differ-
ence between the maximum and the minimum in each average of column m K1, K2, etc. 

Fig. 4. (A) Effect of initial concentration on the bacteriostatic rate and growth quantity. (B) Effect of fermentation duration on bacterio-
static rate and growth quantity. Data with different lowercase letters indicate significant differences at the 0.05 level; the error bar indi-
cates the uncertainty of the measured data.
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the fermentation time was 0-42 h, the number of viable 
bacteria and the antibacterial rate gradually increased and 
reached a stable value at 42 h. At 42-72 h, as the culture 
time increased, the number of viable bacteria decreased 
significantly, and the antibacterial rate remained stable. Ac-
cording to these results, 42 h was the optimal fermentation 
time (Fig. 4B).

Based on the results described above, 2% glucose, 0.1% 
soybean powder, 0.1% KCl, and 0.05% MgSO4 were se-
lected as the optimal medium with 6 × 106 cfu/ml initial 
concentration, and the fermentation time was set as 42 h.

Screening and stability test results of the nanomaterials. 
In Fig. 5, the addition of SiO2 (99.5% metal basis, 30 nm) 
improved the biocontrol activity of B. megaterium JKB05 
and was highly biocompatible. nano-ZnO (99.9% metal 

Fig. 5. The effect of different nanometer materials on the activity 
of JKB05. CK, control; T, nano-TiO2; F, nano-Fe; S, nano-SiO2; 
Ce, nano-CeO2; Z, nano-ZnO; A, nano-Al2O3; C, nano carbon.

Fig. 6. (A) Effect of different dosages of SiO2 (99.5% metal basis, 30 nm) on the inhibition rate of JKB05. (B) Thermal stability test re-
sults of JKB05. (C) UV stability test results of JKB05. (D) Acid-base stability test results of JKB05. Data with different lowercase letters 
indicate significant differences at the 0.05 level; the error bar indicates the uncertainty of the measured data. TG, the best medium + 0.1% 
SiO2 (99.5% metal basis, 30 nm); CK, the best medium + 0.1% sterile water.
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basis, ≤ 100 nm) and nano-SiO2 (99.5% metal basis, 30 
nm) inhibited the growth of N. guilinensis. However, the 
antibacterial rate of nano-ZnO was broad-spectrum, which 
inhibited the ability of B. megaterium to grow normally. 
Therefore, SiO2 (99.5% metal basis, 30 nm) was selected as 
the target nanomaterial. In addition, the addition of a small 
amount of SiO2 (99.5% metal basis, 30 nm) to the fermen-
tation medium improved the antibacterial rate of B. mega-
terium JKB05 (Fig. 6A). To avoid reducing the antibacte-
rial rate of biocontrol bacteria, the optimal addition amount 
was selected as 0.1%.

The thermal stability test results of JKB05 is shown in 
Fig. 6B, when the temperature of water bath was 45-60oC, 
the survival rate of JKB05 in TG (treatment group) was 
significantly higher, indicating that the addition of SiO2 

(99.5% metal basis, 30 nm) improved the survival rate of 

JKB05 by 16% in a high-temperature environment. When 
the temperature was 75-100oC, the CK (control group) and 
TG were unable to grow and remained undectable, indicat-
ing that the bacteria had been inactivated at higher temper-
atures. The UV stability test results of JKB05 is shown in 
Fig. 6C. With the increase in time of UV irradiation, fewer 
biocontrol bacteria survived, but the survival rate of the TG 
was always increased compared with that of the CK. The 
highest rate of survival of JKB05 in the ultraviolet light en-
vironment was 38.9%. The acid-base stability test results of 
JKB05 is presented in Fig. 6D. Colonies could grow in the 
medium with pH values of 5.0-9.0 (pH≠7). However, the 
survival rate of JKB05 in TG was significantly higher, in-
dicating that the addition of Nano-SiO2 exhibited a protec-
tive effect on the biocontrol bacteria, which improved the 
rate of survival of JKB05 by 12% in the environment. In 

Fig. 7. (A) The effect of different carriers on biocontrol activity. (B) The effect of different wetting agent on biocontrol activity. (C) The 
effect of different dispersant on biocontrol activity. (D) The effect of different protectants on biocontrol activity. Data with different low-
ercase letters indicate significant differences at the 0.05 level; the error bar indicates the uncertainty of the measured data. SDBS, sodium 
dodecyl benzene sulfonate; SP, saponin powder; TSP, tea seed powder; F1, sodium lignosulfonate; F2, sodium tripolyphosphate; F3, so-
dium carboxymethyl cellulose; F4, polyvinyl alcohol; F5, polyethylene glycol; B1, dextrin; B2, kaolin; B3, sodium dodecyl sulfate; B4, 
ascorbic acid; B5, humic acid. 
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extremely acidic or alkaline environment (pH values of 4.0, 
10.0, and 11.0), JKB05 showed a very low survival rate for 
both CK and TG. 

Preparation and quality test results of wettable powder. 
In Fig. 7A, each carrier has a significant impact on the ac-
tivity of biocontrol bacteria. Among them, kaolin had the 
fewest deleterious effects on the activity of biocontrol bac-
teria and suspended well. In addition, wetting agents had a 
significant effect on the activity of biocontrol bacteria (Fig. 
7B). Of these agents, Tween 20 had the least effect, so it 
was selected as the wetting agent. Moreover, dispersants 
had a significant effect on the activity of biocontrol bacte-
ria (Fig. 7C). Among the dispersants, polyethylene glycol 
(PEG) had the least effect on the activity of biocontrol bac-
teria, and sodium carboxymethyl cellulose inhibited their 
activity. Thus, PEG was selected as the dispersant. In Fig. 
7D, the five protectants all had significant effects on the 
activity of biocontrol bacteria. Sodium dodecyl sulfate ex-
hibits an obvious inhibitory effect. Humic acid had the least 
effect on the activity of biocontrol bacterial. Therefore, 
it was selected as the protectant. An analysis of variance 
(ANOVA) showed that each component had a significant 
impact on the suspension rate and activity of the bacterial 
agent (Table 5). The suspension rate and wetting time are 

the main factors that affect the wettable powder. Finally, 
the optimal ratio was selected as follows: 35% kaolin, 4% 
PEG, 8% Tween 20, and 2% humic acid.

The quality test results are shown in Table 6. The wetting 
time was 87.0 s (<120 s). The suspension rate was 80.33% 
(>70%). The frequency of microbial contamination was 
0.08%. The pH was 7.2, and the fineness was 95.8%. The 
drying loss was 1.47%, and the stability in storage was 
≥83.5%.

Control effect of the nanowettable powder on potted 
plants. The results of a pot experiment showed that the ad-
dition of nano-SiO2 (99.5% metal basis, 30 nm) improved 
the ability of a wettable powder of JKB05 to control brown 
leaf spot disease on P. chinense. The ability of JKB05 to 
inhibit the pathogen decreased as its dilution increased 
(Table 7). Therefore, the powders exhibited different de-
grees of biocontrol. The control effects of the 50-, 100-, 
500-, and 1,000-fold dilutions were greater than 50%. The 
50-fold dilution was the most effective at controlling P. 
chinense, and the highest amount of control observed was 
96%. The comparison of leaf symptoms in the pot experi-
ment is shown in Supplementary Fig. 2. The control effect 
of nano-JKB05 WP diluted 500-fold was better than that of 
50% carbendazim, but a 1,000-fold dilution was not effec-

Table 5. The carrier and additive ratio optimization of the orthogonal test

No.
Experimental factors (%)

WT (s) SR (%)
Carrier Dispersant Wetting agent Protectants

1      35        3        6        1.5    454 ± 5.8 c 78.11 ± 0.53 ab
2      35        4        8        2      87 ± 4.1 f 80.33 ± 5.02 a
3      35        5      10        2.5      36 ± 1.7 g 71.67 ± 2.62 cd
4      40        3        8        2.5    810 ± 3.3 b 61.89 ± 1.48 e
5      40        4      10        1.5      50 ± 2.5 f 73.89 ± 2.48 c
6      40        5        6        2    104 ± 2.9 e 62.56 ± 3.87 e
7      45        3      10        2    162 ± 5.7 e 69.22 ± 1.52 d
8      45        4        6        2.5 1,524 ± 2.5 a 61.22 ± 2.43 e
9      45        5        8        1.5    238 ± 6.8 d 75.44 ± 1.02 b
K1    577 1,426 2,082    742
K2    964 1,661 1,135    353
K3 1,924    378    248 2,370
R 1,347 1,283 1,834 2,017
k1    231.11    210.22    202.89    228.44
k2    198.34    215.44    217.66    212.11
k3    205.88    209.67    214.78    194.78
r      32.77        5.77      14.77      33.66

Values are presented as the mean ± SD, and data with different lowercase letters indicate significant differences at the 0.05 level.
WT, wetting time; SR, suspension rate; Ki (column m) = the sum of the number in column m corresponding to the ‘i ‘index; R, range; R (column 
m) = the difference between the maximum and the minimum in each average of column m K1, K2, etc. 
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tive. Consequently, the recommended concentration was 
500-fold to provide cost-effective control. If only nano-
SiO2 is used, the brown leaf spot disease is only partially 
controlled. The preventive effect of JKB05 increased con-
siderably compared with that of the treatment. This finding 
may be attributed to the fact that JKB05 colonizes the leaf 
surface earlier, occupies the habitat and reduces the rate 
of infection of N. guilinensis. When the plant has been in-
fected by N. guilinensis, the ability of JKB05 to colonize 
and reproduce will inevitably be reduced, thus reducing the 
control effect. Therefore, it is suggested that the bacteria be 
applied from the early growth stage after transplantation to 
prevent the disease. 

Discussion

Traditional physical and chemical pesticides have not met 
the needs of disease prevention, and the identification of 
new technology and alternatives is urgently needed. Bio-

control is the most ecofriendly approach to the manage-
ment of plant disease (Sundaramoorthy et al., 2013). Some 
scientists have begun to conduct research on the enhance-
ment and improvement of biocontrol bacteria. A level of 
treatment comparable to that of pesticides can be achieved 
by inoculation with two types of biocontrol bacteria B. 
subtilis GLB191 and Bacillus pumilus GLB197 (Wang 
et al., 2020). Vázquez-Figueroa et al. (2007) increased 
the thermostability of a thermostable glucose dehydroge-
nase from B. subtilis by introducing two point mutations 
while retaining its high specific activity. To improve the 
performance of strains and promote industrial microbial 
fermentation, there have been studies on the improvement 
of microorganisms using molecular genetics (Peano et al., 
2012). B. thuringiensis is a well-known biopesticide that 
has been used for more than 80 years (Gillis et al., 2018). 
Park et al. (2017) developed advanced simulated strains 
of B. thuringiensis (Spo0A knockout and the deletion of 
two major small acid-soluble spore protein genes for en-

Table 6. Results of quality inspection of wettable powder of JKB05

Index National standards Actual value
Frequency of microbial contamination (%)     ≤ 3   0.08
pH 5.0-8.0   7.2
Fineness (%)   ≥ 90 95.8
Wetting time (s) ≤ 180 87.0 
Suspension rate (%)   ≥ 70 80.33
Drying loss (%)     ≤ 6   1.47
Storage stability (%)   ≥ 80 83.5

Table 7. Control effects of Bacillus megaterium JKB05 wettable powder on pepper dry rot in potted tests

Treatment
Pathogenic fungus first Biocontrol bacteria first Simultaneous inoculation

IR DI CE IR DI CE IR DI CE
A×50 26.2 ± 1.8 d 18.7 ± 0.75 d 74 ± 2.9 ab   4.2 ± 0.55 e      3 ± 0.14 f 94 ± 0.51 ab 12.5 ± 0.92 e   8.9 ± 0.76 d 87 ± 2.64 ab
JKB05×50 22.6 ± 1.55 e 16.1 ± 0.26 d 78 ± 0.53 a   3.4 ± 0.61 e   2.4 ± 0.13 f 96 ± 1.83 a 10.2 ± 0.74 e   7.3 ± 0.31 d 89 ± 1.43 a
A×100    28 ± 1.93 d    20 ± 0.56 c 72 ± 0.71 b   6.7 ± 0.89 e   4.8 ± 0.65 e 93 ± 1.71 b    16 ± 0.1 e 11.4 ± 0.86 cd84 ± 1.9 b
JKB05×100 24.3 ± 1.55 e 17.4 ± 0.52 d 75 ± 1.23 ab   5.5 ± 0.68 e   3.9 ± 0.45 f 94 ± 0.89 ab 13.8 ± 0.97 e   9.9 ± 0.26 d 86 ± 2.55 ab
A×200 32.5 ± 1.73 c 23.2 ± 0.45 c 67 ± 2.3 b 11.5 ± 0.25 d   8.2 ± 0.88 d 88 ± 1.39 bc    23 ± 0.21 d 16.4 ± 0.63 c 77 ± 1.63 cd
JKB05×200 28.6 ± 1.31 d 20.4 ± 0.16 c 71 ± 0.62 b 10.2 ± 0.32 d   7.3 ± 0.3 d 89 ± 0.9 b 18.5 ± 0.04 d 13.2 ± 0.31 c 81 ± 1.41 c
A×500 43.7 ± 2.6 b 31.2 ± 0.23 b 56 ± 1.67 c 22.4 ± 0.3 c    16 ± 0.93 c 77 ± 2.52 c    30 ± 0.32 c 21.4 ± 0.65 b 70 ± 1.77 d
JKB05×500 32.6 ± 1.8 c 23.3 ± 0.43 c 67 ± 0.49 bc 18.9 ± 0.16 c 13.5 ± 0.47 c 81 ± 0.57 c 22.7 ± 0.17 d 16.2 ± 0.47 c 77 ± 0.82 cd
A×1000 47.3 ± 1.12 b 33.8 ± 0.1 b 52 ± 2.6 d 32.8 ± 1.4 b 23.4 ± 0.75 b 67 ± 0.65 d 40.1 ± 0.67 b 28.6 ± 0.89 b 59 ± 0.57 e
JKB05×1000 42.5 ± 3.97 b 30.4 ± 1.2 b 57 ± 1.54 c 26.8 ± 0.77 bc 19.1 ± 0.87 b 73 ± 0.28 d 35.7 ± 1.62 b 25.5 ± 1.74 b 64 ± 1.83 e
Nano-SiO2 45.3 ± 1.81 b 32.4 ± 0.19 b 55 ± 3.1 c 36.7 ± 1.8 b 26.2 ± 0.71 b 64 ± 1.53 e 38.4 ± 0.24 b 27.4 ± 0.83 b 62 ± 0.36 e
G×500 33.5 ± 0.42 c 23.9 ± 0.17 c 66 ± 1.53 bc    12 ± 0.61 d   8.6 ± 0.96 d 88 ± 0.17 bc    15 ± 0.7 e 10.7 ± 0.98 c 85 ± 1.31 b
CK    93 ± 0.7 a 66.4 ± 0.22 a       -    89 ± 0.44 a    56 ± 0.83 a       -    87 ± 0.86 a    62 ± 1.69 a       -
Data with different lowercase letters indicate significant differences at the 0.05 level. 
IR, incidence rate; DI, disease index; CE, control effect; A, JKB05 wettable powder without nanomaterial added; JKB05, JKB05 wettable pow-
der with nanomaterial added; G, 50% carbendazim; CK, sterile water; ×n, n dilutions.
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vironmental friendliness and human safety) for outdoor 
environmental research. The stability of toxin protein was 
improved, and the residual period was prolonged after the 
toxin protein was adsorbed on the nano colloid (Vettori et 
al., 2000). A large number of Bacillus strains with strong 
antagonistic activity against plant pathogens have been 
identified in laboratory studies. Considerable research has 
been performed on the genes in Bacillus (Hoffmaster et al., 
2004), and their synergistic effect has been studied to some 
extent. However, research on the preparation of synergetic 
Bacillus and the determination of its control effect remain 
rare. 

The use of NPs as unconventional pesticides constitutes a 
new approach to combat pests that have become resistant to 
conventional chemical pesticides (El-Naggar et al., 2020). 
The application of nanotechnology to pesticides is in the 
initial stage. It lags far behind the progress in research in 
medicine, industry, materials and other fields. Nanotech-
nology is a new interdisciplinary subject that is expected to 
become the most important technology in the 21st century 
(Bogdan et al., 2015) and will certainly have a profound 
impact on the development of new pesticide formulations. 
In addition, the NPs release metal ions, which can provide 
trace elements for plants and enhance their disease resis-
tance and growth. Trace elements, such as Cu, Fe, Si, and 
Zn, play an important role in the plant defense system by 
activating their defenses to prevent disease and effectively 
controlling the occurrence and development of the disease 
by stopping the invasion of pathogens (Ruttkay-Nedecky 
et al., 2017). In conclusion, the modified nano microbial 
complex was developed into a wettable powder, which 
exhibited effectively controlled the brown leaf spot disease 
caused by N. guilinensis on P. chinense. In this experiment, 
we found and confirmed that SiO2 (99.5% metal basis, 30 
nm) could inhibit the growth of the N. guilinensis and help 
B. megaterium JKB05 to resist the influence of adverse 
environments to some extent. Future research is merited 
to determine the mechanism of nanomaterials on Bacillus. 
The innovation of this experiment involves the application 
of nanotechnology to biological control in the field of for-
est pathology. Combining the advantages of nanomaterials 
with the advantages of biopesticides represents the main 
research direction of pesticides with good biocompatibility 
and environmental friendliness in the future, demonstrating 
strong value in research and prospects for application.
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