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The aim of this study was to isolate biocontrol bacteria
that could antagonize brown rot of Dendrocalamus
latiflorus, optimize the culture conditions, and develop
an effective biocontrol preparation for brown rot of
D. latiflorus. This study isolated a bacterium with an
antagonistic effect on bamboo brown rot from healthy
D. latiflorus rhizosphere soil. Morphology, molecular
biology, and physiological biochemistry methods iden-
tified it as Bacillus siamensis. The following culturing
media and conditions improved the inhibition effect of B.
siamensis: the best culturing media were 2% sucrose,
1.5% yeast extract, and 0.7% potassium chloride; the
optimal culturing time, temperature, pH, and inocula-
tion amount were 48 h, 30°C, 6, and 20%. The opti-
mum formula of the applying bacterial suspension was
14% sodium dodecyl benzene sulfonate emulsifier, 4%
Na,HPO,-2H,0, 0.3% hydroxypropyl methylcellulose
thickener, and 20% B. siamensis. The pot experiment
results showed the control effect of applying bacterial
suspension, diluted 1,000 times is still better than that
of 24% fenbuconazole suspension. The applying bacte-
rial suspension enables reliable control of brown rot in
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Dendrocalamus latiflorus is a dual-purpose cluster bam-
boo of Dendrocalamus, a subfamily of Gramineae, and an
excellent bamboo plant for ecological greening (Gao et al.,
2011). In its growth and utilization, D. latiflorus is harmed
by various diseases from the shooting stage to the bamboo
forest cutting and utilization stage, resulting in a decline in
shoot quality and yield. At present, the common diseases
of D. latiflorus include shoot blight caused by Arthrinium
phaeospermum (Yang et al., 2019), shoot rot caused by
Fusarium spp. (Huang and Zhong, 2023), bituminous coal
disease caused by Meliola sp. and Capnodium spp. (Li et
al., 2009), and leaf rust caused by Puccinia spp. (Dey et al.,
2023). According to reports, brown rot of Dendrocalamus
latiflorus has occurred in both bamboo shoots and mature
bamboo, with a disease incidence rate of over 70% found
in a bamboo forest, leading to significant economic losses.
The diseased D. latiflorus bamboo with brown rot first ap-
pears with light yellowish-brown disease spots at the base
of the stem, and the disease spots rapidly expand upwards
to form stripes, which gradually deepen in color and be-
come purple-brown to black-brown (Wei et al., 2021). At
the same time, the disease spots at the base of the stem also
expand laterally. After surrounding the base of the stem,
the diseased bamboos die. The section of diseased bam-
boo shows that the inner wall of the cavity and the septum
become black, white mycelia grow, and there are black
stripes in the bamboo flesh.

Bacillus is an important component of biocontrol micro-
organisms of plant diseases, which have significant biocon-
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trol potential, can produce heat-resistant and stress-resistant
spores, and are conducive to the production of biocontrol
agents, preparation processing, survival, colonization, and
reproduction in the environment (Chowdhury et al., 2015).
The action mechanisms of Bacillus mainly include com-
petition, antagonism, inducing plants to obtain systematic
resistance, and promoting plant growth (Liu et al., 2013).
Research shows that Bacillus can be used to control plant
diseases, decompose crude oil, degrade compounds in soil,
etc., and has broad application prospects (Liu et al., 2011).
According to the report, B. siamensis widely exists in the
natural environment. B. siamensis has a strong antagonistic
ability to common disease fungi and has a high antagonis-
tic effect on Pseudomonas solanacearum, Botryosphaeria
dothidea, Botrytis cinerea, etc. (Wang et al., 2022). Feng et
al. (2020) found that B. siamensis, as a biocontrol antago-
nist, has a significant effect on inhibiting diseases and im-
proving the quality of fruits and vegetables. Xie et al. (2020)
isolated a strain with antifungal activity against tobacco
brown spot disease from 40 rhizosphere soil samples and
identified it as B. siamensis. Ali et al. (2021) found toler-
ance of B. siamensis to salt stress in wheat.

Although chemical fungicides still play a leading role in
the pesticide industry, the research, development, and ap-
plication of biocontrol Bacillus fungicides meet the needs
of modern society for agricultural production and integrat-
ed pest control, which is of great significance to the sus-
tainable development of agriculture and shows strong mar-
ket competitiveness (Mourou et al., 2022). However, in the
process of implementing the applications, researchers have
also encountered some difficulties. At present, most bio-
control agents are live bacteria. Under natural conditions,
the ability of live bacteria to colonize stably and produce
the appropriate effect is key to the spread of biological con-
trol agents (Bekele, 2022). The second factor is the stability
of the control effect. Whether living bacteria can stabilize
colonization and produce the corresponding effect is key
to the promotion of biological control agents. Both envi-
ronmental factors (temperature, pH) and biological factors
(microbial competition within the plant) can affect the ef-
fectiveness of biological control and therefore control is not
very stable (Pereira et al., 2022). Applying bacterial sus-
pension is a good supplement to water-based and granulat-
ed green preparations and can be applied to pesticides with
poor stability in water or difficult granulation. As vegetable
oil is used as the carrier, it has good affinity to the target
and can play a better role in drug efficacy; the production
process is relatively simple and is basically the same as
that of a water suspension agent. In application, it is not as

demanding as water-based agents as far as auxiliaries, and
it is basically unnecessary to add other synergists. It is es-
pecially suitable for a variety of spray preparations, such as
low-volume spray preparations and ultralow-volume spray
preparations. Ye et al. (2018) tested the control effect of
Trichoderma Tr309T as an applying bacterial suspension
on kiwifruit bacterial canker through liquid culturing and
dosage form treatment and found that its disease index and
control effect on kiwiftuit plants were significantly higher
than those of chemical treatment. Xie et al. (2017) devel-
oped a Trichoderma applying bacterial suspension: sodium
lauroyl glutamate 2%, aluminum magnesium silicate 1%,
soybean oil 77%, and highly concentrated Tr309T cultur-
ing solution 20%. The field test results showed that the
ulcer tissue healing rate of kiwifruit disease plants treated
with Trichoderma applying bacterial suspension and the
recurrence rate of the next year were significantly higher
and lower than other treatments, respectively. At present,
there are very few various of vegetable applying bacterial
suspension in China, which is not commensurate with their
practical application value. Therefore, it is very beneficial
to vigorously develop vegetable applying bacterial suspen-
sion, and the market prospects are quite broad.

This study aimed to separate and screen antagonistic
bacteria with good inhibitory effects on pathogenic fungus
from healthy leaves, rhizosphere soil, and stems of D. lati-
florus, identify them, optimize the culturing medium and
culturing conditions of antagonistic bacteria, screen carrier
additives, and develop new biological agents. Combined
with pot trials to determine the effectiveness of biological
control, economic losses can be reduced. At the same time,
it provides a reference for the biological control of brown
rot of D. latiflorus and lays the foundation for further trials,
which are important for the control of this disease.

Materials and Methods

Plant samples and pathogens. The pathogen Diaporthe
guangxinsis (ITS [internal transcribed spacer]: GenBank
registration number: MW380383; CAL [calmodulin]:
MW43318; TEF [translation elongation factor 1-o] gene:
MW43317; TUB [B-tubulin]: MW43316) was obtained
from the diseased tissue of D. latiflorus in Yibin City, Sich-
uan Province, China (28°45'N, 104°72'E) and purified by
a single-spore isolation method (Wei et al., 2021). Healthy
bamboo stumps, 4-year-old, 20-30 cm long seedlings, and
10 cm long bamboo branches, were planted in a shed at Si-
chuan Agricultural University, China (temperature: 20°C,
relative humidity: 45%).
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The nutrient agar (NA) culture medium consisted of 3 g
beef extract, 10 g peptone, 5 g sodium chloride, 20 g agar,
and 1,000 ml water; the nutritional broth (NB) medium
consisted of 3 g beef extract, 10 g peptone, 5 g sodium
chloride, 1,000 ml water; and the potato glucose agar (PDA)
medium consisted of 200 g potato, 10 g glucose, 20 g agar,
and 1,000 ml water. NA and NB media for the cultivation
of antagonistic bacteria and PDA media for the cultivation
of pathogenic fungi.

Isolation, and purification of antagonistic bacteria. In
the modern agricultural research and development base of
Sichuan Agricultural University in Chongzhou, Sichuan
Province (30°70'N, 103°86'E), fresh bamboo stalks (5 g),
leaves (10 g), and rhizosphere soil (10 g) of healthy D.
latiflorus were collected by using the five-point sampling
method (Yang et al., 2020), and the samples were packed
in plastic bags and brought to the lab for analysis.

Isolation of bacteria from rhizosphere soil of D. latiflo-
rus. Ten grams of rhizosphere soil was placed in a 250 ml
conical flask filled with 90 ml sterile water and shaken it
well to prepare a 10" diluent. Soil sample was diluted to
102,107,107, 107, 10, and 107, and 100 pl was aspi-
rated from the above diluents. The dilutions were applied
to NA medium and then incubated upside down in a 37°C
incubator for 24 h (Slama et al., 2019). Each sample was
repeated three times. A sterile inoculation loop was used to
pick up a single colony with an obvious difference in colo-
ny morphology, and the purified strains were then isolated
by plate streaking. The purified strain was inoculated on
NA slant medium, and the strain was numbered, incubated
at 30°C for 48 h and then stored in a 4°C refrigerator.

Isolation of bacteria from the leaves and the stems of D.
latiflorus. Five grams of the collected healthy leaves and
stems, respectively, were sterilized in 75% absolute etha-
nol and 3% NaClO for 30 s, rinsed with sterile water three
times, aspirated with sterile filter paper, ground in a mortar,
placed into a 250 ml conical flask with 45 ml sterile water,
and diluted to 10™". The solution was diluted to 107, 107,
104,107, 10°, and 10”7, and 100 pl was drawn from the
above, respectively. A sterilized coater was evenly adhered
to the beef extract peptone agar medium plate, and placed
upside down in 37°C incubators for cultivation for 24 h.
This process was repeated 3 times per treatment. A steril-
ized inoculation loop was used to pick up a single colony
with an obvious difference in colony morphology, and then
a streak culture was made on NA medium to obtain the pu-

rified strain. The purified strain was inoculated on NA slant
medium, and the strain was numbered, incubated at 30°C
for 48 h, and then stored in a 4°C refrigerator.

Screening of antagonistic bacteria. The antagonistic bac-
teria were scraped with a sterile inoculation loop and incu-
bated in NA medium for 48 h at 25°C.

PDA plate confrontation tests were used to screen the an-
tagonistic bacteria (Boukaew et al., 2017). The pathogenic
fungus cake was placed on one side of the PDA culture
medium, a cultured single colony of antagonistic bacteria
was picked up with a sterilized inoculation loop, a line was
drawn on the other side of the PDA culture medium at a
distance of 3 cm from the fungus cake, and a blank control
was conducted as follows: only the pathogenic fungus was
inoculated in the PDA culture medium and not the antago-
nistic bacteria. The inoculated PDA plates were incubated
at 25°C for 7 days. It was observed and recorded whether
there was an antifungal zone, the width of the antifungal
zone (the distance from the center of the bacterial colony to
the edge of pathogenic mycelium) in the culture medium
was measured, and the strains with antagonistic effects
were screened.

Identification of antagonistic bacteria. Morphological
identification, physiological and biochemical characteris-
tics analysis, and molecular biological identification were
carried out (Claus, 1992). Strains of antagonistic bacteria
were inoculated on NA medium and incubated at 28°C for
48 h. The cultural characteristics and macromorphological
characteristics of the antagonistic bacteria were visually ob-
served: the color of the bacteria and indication of whether
there were wrinkles, texture, edge grooves, or biofilms. Af-
ter Gram staining, the micromorphological characteristics
of the antagonistic bacteria, such as the cell shape, size, and
structure, were observed under a light microscope.

The stored bacteria were inoculated in NA culture me-
dium and incubated at 28°C for 2 days. A DNA extraction
kit was used to extract the DNA of the antagonistic bacteria
according to the manufacturer’s instructions. The extracted
genomic DNA of the tested strain was used as the template,
and the bacterial universal primers 16S rDNA (Nurhayati,
2019) and gyrB (Ili¢i¢ et al., 2021) was used to amplify
the genomic DNA of the tested strains. DNA markers and
polymerase chain reaction (PCR) products (5 ul) were
taken. Electrophoretic detection using 1% agarose gel, and
the voltage, current and time for electrophoresis were set
at 120 V, 120 mA, and 25 min, respectively. After electro-
phoresis, the gel was removed and placed in a gel imaging



4 Luo et al.

system to observe the size of the PCR product fragments
by UV, and scan for an electrophoretogram. After agarose
gel electrophoresis, the PCR products of the antagonistic
bacteria were sent to Chengdu Qingke Biotechnology Co.,
Ltd. (Chengdu, China) for sequencing. The gene sequences
were aligned in the National Center for Biotechnology In-
formation (NCBI) database, and the phylogenetic tree was
constructed using MEGA software was used to manually
approve and delete the sequence as necessary, then Phylo-
Suite was used to jointly build a tree with multiple genes,
and Figtree software was used to view and beautify the tree
after generating a phylogenetic tree.

Gram staining and catalase (Thomas et al., 2006) tests
were performed on the bacteria, including the gelatine hy-
drolysis test, citrate utilization test, and starch hydrolysis
test (Smibert and Krieg, 1994).

Detection of anti-pathogenic bacterial activity. OD600
was used to determine the antagonistic bacterial biomass.
The biocontrol bacterial culturing solution was used, and
sterile liquid culture medium was used as the control to
detect the absorbance value at 600 nm, which was recorded
as OD600 (Storek et al., 2019).

The Oxford cup method was used to test the antifungal
effect of the antagonistic bacteria (He et al., 2018). On
an ultraclean workbench, the Oxford cup was placed in a
sterile PDA culture dish prepared in advance (Oxford cup
diameter: 7 mm, culture dish diameter: 12 ¢m), and an ad-
justable pipette was used to transfer 120 pl of sample to the
Oxford cup. At the same time, the center of the plate was
inoculated with pathogenic fungi. Sterile water was added
to the control group, the procedure was repeated three
times, and the culture was conducted at 25°C. The diameter
of the inhibition ring was measured when the mycelia of
the control group were full of the culture medium.

Inhibition rate (%) = (Control colony growth radius —
Treatment colony growth radius)/Control colony growth
radius x 100

Optimization of media for culturing bacteria. To select
the carbon source, NB medium was used as the initial me-
dium with a 2% carbon source. The effects of seven com-
mon carbon sources (glucose, malt dust, sucrose, lactose,
citric acid, and sodium acetate) on the bacterial biomass
and inhibition rate were compared. The experiment was
designed by shaking flask culturing. A 300 ml conical flask
(including 100 ml culture medium) was selected, and the
process was repeated three times for each carbon source.

After 24 h of incubation at 28°C and 170 r/min, the inhibi-
tion rate and OD600 value were determined.

For nitrogen source screening, the carbon source was
first fixed, and seven common nitrogen sources, namely,
peptone, tryptone, ammonium sulfate, urea, beef paste,
yeast extract, and ammonium chloride, were compared at
1% of the added amount. The inhibition rate and OD600
value were measured after shaking flask culturing, which
was repeated three times for each nitrogen source.

Inorganic salt screening was performed. First, the car-
bon and nitrogen source were fixed after initial screening,
and 8 common organic salts (KCI, NaCl, KH,PO,-3H,0,
MgSO,7H,0, CaCl,, ZnSO,7H,0, Ca(NO;), 4H,0,
CaCO;) were added at 0.5% of the amount, and a group
without inorganic salt was tested as the control group. After
shaking the flask culturing, the inhibition rate and OD600
value were measured, and each inorganic salt was tested
three times.

Taking the carbon source, nitrogen source, and inorganic
salt preliminarily screened by the single-factor tests as
factors, four levels were set, and an orthogonal table was
designed to test the influence of each factor content on the
antifungal activity of the antagonistic bacteria. An orthogo-
nal test design (L16 (4°)) was conducted for the initially
determined carbon source, nitrogen source, and inorganic
salt (Crijns et al., 2006).

The optimal pH values of the culturing solution of the
biocontrol strain were adjusted to 4, 5, 6, 7, 8, 9, and 10
with 1 mol/l NaOH and 1 mol/l acetic acid. The original pH
value was used as the control group to detect the OD600
values and calculate the inhibition rate. Each treatment was
repeated three times to determine the optimal pH value.

In the optimal medium, 5% of the inoculum was culti-
vated in a shaker at 28°C and 170 r/min. The culturing so-
lution was extracted every 6 h up to 72 h, the OD600 value
was detected, and the inhibition rate was calculated. The
treatment was repeated three times to determine the opti-
mal culturing time.

After screening for the optimal culturing medium, the
culturing solution was subjected to a 30-min water bath at
temperatures of 20°C, 25°C, 30°C, 35°C, 40°C, 45°C, and
50°C. Untreated culturing solution was used as a control.
The OD600 values were measured, and the antibacterial
activity was calculated. Each treatment was repeated three
times to select the optimal culturing temperature.

The biocontrol bacteria culturing solution was inoculated
at 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, and
50% into the culture medium and incubated in incubator
shaker at 28°C and 170 rpm/min for 24 h. The OD600 val-
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ues were detected, and the inhibition rate was calculated.
The treatments were repeated three times each time to de-
termine the best additional amount.

The selected culturing medium composition and culture
conditions were used to optimize the culturing and culture
of the strains. The original culturing conditions were used
as the control to compare the size of the inhibition zone of
the antifungal active substances against the bacteria.

Preparation of the applying bacterial suspension. The
culturing liquid of antagonistic bacteria was concentrated
as follows: the antagonistic bacteria was inoculated on NB
medium, and shaken at 28°C at 170 r/min for 72 h to pre-
pare a spore suspension of the antagonistic bacteria. The
content of the spore suspensions was prepared (1 x 10"
cfu/ml). The culturing spore solution was then placed at 4°C
and left for 60 h. The supernatant was discarded and 200
ml of concentrated precipitate was reserved.

Screening of emulsifiers. The emulsifier with the best
compatibility with the antagonistic bacteria was selected
by testing the compatibility of five emulsifiers, namely,
sodium dodecyl benzene sulfonate, sodium dodecyl sulfate,
sodium lauroyl glutamate, alkyl phenol polyoxyethylene
ether sodium carboxylate, cetyltrimethylammonium bro-
mide at a mass percentage of 2%.

Compatibility test. The selected reagents were added to
NB, sterilized at 121°C for 30 min, cooled to the tempera-
ture, and poured into culture dishes, and the NB culture me-
dium without additives was used as the blank control. The
culturing liquid of the antagonistic bacteria was inoculated
into the above culture media at a volume percentage of 5%.
Each treatment had three parallels. After 24 h of culturing
in a shake flask, the number of colonies was measured with
the plate colony count method (Rizvi et al., 2014), and the
inhibition rate was calculated according to the following
formula.

Inhibition rate (%) = (Diameter of blank control colonies
— Diameter of colonies with auxin)/Diameter of blank con-
trol colonies % 100.

Soybean oil as a solvent and emulsifier were mixed in ac-
cordance with the content of 2%, 3%, 4%, 5%, 6%. Then,
0.5 ml of the mixed solution was placed into a measuring
cylinder with a stopper containing 250 ml of standard hard
water, and its dispersion was observed. After shaking well,
the emulsification was observed before placing it into a

30°C bath for 1 h. The emulsification dispersion stability
observation was continued to select the optimal emulsifier
and the optimal content.

Screening of thickeners. The compatibility of 8 selected
thickeners, including organic bentonite, attapulgite, magne-
sium aluminum silicate, sodium carboxymethyl cellulose,
xanthan gum, hydroxypropyl methylcellulose, sodium
polyacrylate, and J0602, was tested at 1% mass percent-
age, and the thickener with the best compatibility with
antagonistic bacteria was selected. Then, 1%, 2%, 3%, 4%,
and 5% of the selected thickeners were added to the oil
suspension, a high-speed dispersion homogenizer was used
to emulsify and disperse the samples for 40 min, and the
dumping test and suspension rate detection were conducted
after standing for 48 h to select the optimal thickener and
the optimal content.

Screening of dispersants. The compatibility of five dis-
persants, such as sodium lignosulfonate, MgSO,:7H,0,
sodium sulfite, K,HPO,-3H,0, and NaH,PO,-2H,0, were
tested at a 1% mass percentage, and the dispersant with
the best compatibility with the antagonistic bacteria was
selected. The solvent was mixed with the selected disper-
sants at 0.5%, 1%, 1.5%, 2%, and 2.5%, and 0.5 ml of the
mixed solution was placed into a measuring cylinder with
a stopper containing 250 ml of standard hard water, and its
dispersibility was observed to select the optimal dispersant
and the optimal content.

Quality inspection of the applying bacterial suspension
products. After mixing the selected best emulsifier, thick-
ener, and dispersant with the solvent, the prepared concen-
trated settling liquid (1 x 10" cfu/ml) was added, sealed in
a bottle, placed at 0°C and stored in a 54 + 2°C incubator
for 14 days. The content of effective ingredients before and
after storage was analyzed, and the analysis error was +1%.
It was observed whether its appearance showed stratifica-
tion, fluidity, or dispersion.

Referring to the standards issued by the Collaborative
International Pesticides Analytical Council, the living bac-
teria rate, pH value (Collaborative International Pesticides
Analytical Council, 1970a), persistent foaming (Collabora-
tive International Pesticides Analytical Council, 1970b),
dispersion stability (Collaborative International Pesticides
Analytical Council, 1970c), suspension rate (Collaborative
International Pesticides Analytical Council, 1970d), dump-
ing property (Collaborative International Pesticides Ana-
lytical Council, 1970e), and storage stability (Collaborative
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International Pesticides Analytical Council, 1970f) of the
oil suspension had been determined.

Effect of the antagonistic bacteria on brown rot in D.
latiflorus. To determine the effect of antagonistic bacteria
on suppression of brown rot, a pot planting control test was
conducted in the greenhouse of the Forest Protection Labo-
ratory of Sichuan Agricultural University. Dilutions of 50x,
100x%, 200%, 500, and 1,000% of an applying bacterial sus-
pension containing a suspension of pathogen spores (1 x
10° cfu/ml) were used as treatment groups, 500x dilutions
of a commercially available 24% nitrile phenenazole sus-
pension (Yunnan Michelin Agricultural Technology Co.,
Ltd.) were used as chemical control and sterile water was
used as a blank control for pot control experiments. Each
treatment was repeated 10 times. A total of 210 healthy
seedlings of D. latiflorus were selected and divided into
three groups. The treatments were applied as follows: (1)
First, the pathogen liquid was inoculated in the stems and
trunks with the acupuncture method, 100 ml per plant; 15
days later, the applying bacterial suspension of different
concentrations was sprayed in the same place. (2) Inoculate
the oil suspension with different concentrations first, and
then the pathogen suspension was applied 15 days later. (3)
The pathogenic fungus and applying bacterial suspension
of different concentrations were inoculated at the same
time. After 30 days, the incidence was observed, and the
incidence rate, disease index, and prevention and treatment
effects were calculated.

Statistical 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, purification, and screening of the antagonistic
bacteria. A total of 36 isolates were isolated from healthy
rhizosphere soil, leaves, and bamboo stems. The plate con-
frontation test was carried out on 36 isolates, only one iso-
late with an antagonistic effect was identified. Compared
with the control, the mycelial growth of D. guangxinsis
was significantly inhibited. The mycelia near the isolate
grew sparsely, and there was an obvious inhibition zone,
which was highly antagonistic to the pathogenic fungus.
The diameter of the pathogen colony was 40.34 mm, and
the inhibition rate was 30.6% (Supplementary Fig. 1A).
Combined with the results of the screening test, the isolate
had a good effect on D. guangxinsis and showed a strong

antagonistic effect. Therefore, this isolate was selected as
the target isolate for subsequent experiments, and was re-
corded as W1 (Supplementary Fig. 1A and B).
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Fig. 1. Optimization of the culturing media of Bacillus siamensis
W1 strain. (A) Screening results of carbon sources. (B) Screening
results of nitrogen sources. (C) Screening results of inorganic
salts. Different lowercase letters represent significant differences
at 0.05 level; the error bar represents the uncertainty of the
measured value. AC, ammonium chloride; AS, ammonium
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Identification of the antagonistic bacteria. After 2 days
of culture on NB medium, the isolate was round, white,
dry, wrinkled, and generally yellow after aging (Supple-
mentary Fig. 1C). Microscopic observation showed that
the isolate was rod-shaped (Supplementary Fig. 1D). The
spores varied from elongated or oval. There was no ob-
vious swelling of the sporangia. The physiological and
biochemical characteristics of isolate JKBO5 are shown in
Supplementary Table 1.

After PCR amplification, 1,017 bp (16S RNA) and 1,077
bp (gryB) bands (Supplementary Fig. 1E and F) were ob-
served by 1% agarose gel electrophoresis, and their prod-
ucts were sequenced and identified. The obtained sequenc-
es were deposited in GenBank (16S rDNA, OP925891;
gyrB, OP937001). The homology between strain JKB05
and Bacillus siamensis was 99% to 100% (Supplementary
Fig. 2). Therefore, according to its morphological charac-
teristics, physiological and biochemical characteristics, and
sequence alignment of 16S rRNA and gyrB gene, strain
W1 was identified as Bacillus siamensis.

Optimization of the culturing media and culturing
conditions. As shown in Fig. 1A, sucrose had the highest
inhibition rate (48.2%) and OD600 (1.32) values, which
were significantly different from those of the other car-

bon sources. Therefore, sucrose was selected as the best
carbon source. The OD600 results of beef paste and yeast
extract were similar (1.53 and 1.57, respectively), but the
inhibition rate of yeast extract (42.27%) was high, with a
significant difference (Fig. 1B). Therefore, yeast extract
was selected as the best nitrogen source. The inhibition rate
of KCl (48.28%) was the highest compared with OD600
(1.479), and it was significantly different from other inor-
ganic salts (Fig. 1C). Therefore, KCI was selected as the
best inorganic salt. According to the above experimental
results, sucrose, yeast extract, and KCl were selected for
the orthogonal test (L16 (4%)). According to the results in
Table 1, the optimal culturing medium composition was
determined to be 2% sucrose, 1.5% yeast extract, and 0.7%
KCL

As shown in Fig. 2, when the pH was 6, the inhibition
rate (36.29%) and OD600 (1.87) reached to maximum
values, and both the inhibition rate and OD600 gradually
decreased with the increasing pH value, so the optimal pH
value was 6. When the cultivation time reached 48 h, the
maximum value was achieved (inhibition rate of 40.06%,
OD600 of 2.56). Similarly, the maximum value was at-
tained at a cultivation temperature of 30°C (inhibition
rate of 45.49%, OD600 of 0.88). After 30°C, the inhibi-
tion rate gradually decreased as the temperature rose, and

Table 1. Orthogonal test of the culturing medium of Bacillus siamensis W1 strain (L16 (4°))

Experimental factor

No. OD600 Inhibition rate (%)
Sucrose (%) Yeast extract (%) KCl (%)
1 0.50 0.50 0.10 1.64+£0.02 ¢* 15.49+£1.01¢
2 0.50 1.00 0.30 1.34+0.04j 21.12+1.66 ¢
3 0.50 1.50 0.50 1.38+0.511 23.90+021c¢
4 0.50 2.00 0.70 1.32+0.01] 2539+0.63 ¢
5 1.00 0.50 0.70 1.45+0.01 h 26.00+£1.60 ¢
6 1.00 1.00 0.10 1.33+0.02 2521+041c¢
7 1.00 1.50 0.30 1.69£0.01 f 28.85+1.34b
8 1.00 2.00 0.50 1.64+001 g 29.34+0.87b
9 1.50 0.50 0.50 2.00+0.01e 27.13+0.98b
10 1.50 1.00 0.70 2.08+0.01d 26.89+136b
11 1.50 1.50 0.10 2.14+0.01b 28.19+1.36b
12 1.50 2.00 0.30 1.99+£0.01e 2748 +1.46b
13 2.00 0.50 0.30 1.98+0.01 e 18.81£0.67 ¢
14 2.00 1.00 0.50 2.12+0.01 be 27.60+2.42b
15 2.00 1.50 0.70 238+00la 3291+1.12a
16 2.00 2.00 0.10 2.09+0.01 cd 32.62+153a

“Different lowercase letters in the same column indicate significant differences, P < 0.05.



8 Luo et al.

A u Inhibition rate = 0D600nm B ® Inhibition rate #0D600nm
40 - 2.5 50 2 1
45 2 b L 0.9
35 b c
% a b L2 LS4 d L o8
S 301 I b e e
N I ~ 35 IIJ o . 0.7
2 4 ¢ by 2
s 4 ¢ c L1s o ®304 QWS I ¢ e[S
o g 225 d g
£ 20 g g1 d Fos S
& = s =
2 15 r1o5 g2 L o4 B
T £
) s 15 A 03
- 10 4 = €
$ 4 Los & 10+ 5 Loz
a2 5| d d
© I - f 51 r 0.1
0- -0 0- 0
4 5 6 7 8 9 10 20 25 30 35 40 45 50
pH Cultivation temperature (°C)
. m Inhibition rate = OD600nm
c m Inhibition rate = 0D600nm D 45 13
5 .
4 3 I ab b
4 a a ab ab b
40 - aa 40 = I i a\I ac aﬁ* + 1.25
L 2.5 35 ]
S35 b be b b S 12
N £+ C ~ 30
<~ 30 bed bel bed'  gbed beed | 06 L, " . bd
¢ ¢ bee IE o & s I F11s
= i s c e
£ 25 f g o =
2 E F15g T4 f g
S 20 g £ I FLg
3 3 ] d ]
] £ 15
= 15 F1 ] L 1.05
S 10 - 2
= - 0.5 5 1
5 |
—L 0.95
18 24 30 36 42 48 54 60 66 72 5 10 15 20 25 30 35 40 45 50
Cultivation time (h) Addition quantity (%)

Fig. 2. Optimization of the culturing conditions of Bacillus siamensis W1 strain. (A) Screening results of pH. (B) Screening results of
temperature (°C). (C) Screening results of the vaccination time (h). (D) Screening results of the inoculation amount. Different lowercase
letters represent significant differences at the 0.05 level; the error bar represents the uncertainty of the measured value.

the OD600 value decreased. When the addition amount ibility of different dispersants with the bacterium showed
of antagonistic bacteria was 5-20%, the inhibition rate that the bacteriological content of disodium hydrogen
and OD600 gradually increased, reaching a stable value phosphate dihydrate and potassium hydrogen phosphate tri-
(38.59%, OD600 1.28) at 20% addition, and the inhibition hydrate was significantly higher than the other dispersants
rate and OD600 remained stable with increasing addition when they were used as dispersants (3.87 x 107 cfu/ml and
amount when the addition amount was 20-50%. The above 3.6 x 107 cfu/ml, respectively). However, when disodium

experimental results showed that the optimal pH value was hydrogen phosphate dihydrate was used as dispersant, the
6, the optimal culturing time was 48 h, the optimal cultur- inhibition rate of mycelial growth of pathogenic bacteria
ing temperature was 30°C, and the optimal addition amount was 35.2%, which was significantly higher than that of po-
was 20%. tassium hydrogen phosphate trihydrate, therefore, disodium

hydrogen phosphate dihydrate was the best dispersant.
Preparation of the applying bacterial suspension The compatibility test results of different thickeners and

Selection of additives and the optimum content. The the antagonistic bacteria showed that the inhibition rate
results of the compatibility test between different emulsi- (25.8%) and bacterial content (8.5 x 10%) of hydroxypropyl
fiers and antagonistic bacteria are shown in Fig. 3. The methylcellulose were the highest and were significantly
inhibition rate (35.96%) and the bacterial content (33.33 x different from other thickeners. From the above data, it can
10’ cfu/ml) of sodium dodecyl benzene sulfonate were the be concluded that the best emulsifier of the applying bacte-
highest. The other emulsifiers showed significantly lower rial suspension is sodium dodecyl benzene sulfonate, the
inhibition of mycelial growth and bacterial content than so- best dispersant is Na,HPO,-2H,0, and the best thickener is
dium dodecyl benzene sulfonate. The results of the compat- hydroxypropyl methylcellulose.
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Fig. 3. Optimization of the additives of Bacillus siamensis W1
strain. (A) Screening results of emulsifiers. (B) Screening results
of dispersants. (C) Screening results of thickeners. Different low-
ercase letters represent significant differences at the 0.05 level,
the error bar represents the uncertainty of the measured value.
APEC-Na, alkyl phenol polyoxyethylene ether sodium carboxyl-
ate; CB, cetyltrimethylammonium bromide; HMC, hydroxypro-
pyl methylcellulose; MAS, magnesium aluminum silicate; OB,
organic bentonite; SCC, sodium carboxymethyl cellulose; SDBS,
sodium dodecyl benzene sulfonate; SDS, sodium dodecyl sulfate;
SI, sodium lignosulfonate; SLG, sodium lauroyl glutamate; SS,
sodium sulfite; SP, sodium polyacrylate; XG, xanthan gum.

The results of the optimum content of the emulsifier are
shown in Table 2. When the content of sodium dodecyl

Fig. 4. Forms of the optimum additives’ contents of Bacillus
siamensis W1 strain. (A) Reagent state with 14% emulsifier
content at room temperature. (B) Reagent state with 4%
dispersant content at room temperature. (C) Reagent state with
14% emulsifier content after holding at 30°C for 1 h. (D) Reagent
state with 4% dispersant content after holding at 30°C for 1 h. (E)
Reagent state with 0.3% thickener content at room temperature.

benzene sulfonate was 4-10%, the emulsification was poor,
and there was an oil slick at room temperature. After hold-
ing at 30°C for 1 h, the emulsification was still poor and
there was an oil slick, but with 10% emulsifier, the lotion
turned white. When the emulsifier content was 12%, the
lotion turned white with a small amount of oil slicks at a
constant temperature. After holding at 30°C for 1 h, the lo-
tion was white without an oil slick. When the content of the
emulsifier was 14%, the emulsification effect was best at
room temperature and after 1 h at 30°C, and the lotion was
white without floating oil (Fig. 4A and C). Therefore, the
optimum content of the emulsifier sodium dodecyl benzene
sulfonate is 14%.

Meanwhile, the optimum content of dispersant is shown
in Table 2. When the content of dispersant was 0.5-2.5%,
the automatic dispersibility of the reagent was poor at
room temperature and after 1 h at 30°C, and there was oil
floating. When the content of the dispersant was 3%, the
automatic dispersion of the reagent was good at room tem-
perature, but there was a small amount of oil floating out.
After holding at 30°C for 1 h, there was a large amount of
oil floating. When the content of the dispersant was 4% un-
der normal temperature and after 1 h at 30°C, the automatic
dispersion of the reagent was good, and there was no float-
ing oil (Fig. 4B and D). Therefore, the optimum content of
dispersant Na,HPO,:2H,0 is 4%.

Moreover, the optimum content of the thickener were
shown in Table 2. When the content of thickener was 0.1-
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Table 2. Screening of the optimum additives’ contents of Bacillus siamensis W1 strain

Emulsifier Normal After holding  Dispersant Normal After holding Thickener
content atmospheric at 30°C for content atmospheric at 30°C for content  System status
(%) temperature lh (%) temperature lh (%)
4 Oil slick Oil slick 0.5 Poor automatic Poor automatic 0.1 There are oil
dispersion, with dispersion, with drops
oil floating oil floating
6 Oil slick Oil slick 1 Poor automatic Poor automatic 0.2 There are oil
dispersion, with dispersion, with drops
oil floating oil floating
8 Oil slick Oil slick 1.5 Poor automatic Poor automatic 0.3 No sediment,
dispersion, with dispersion, with no oil slick,
oil floating oil floating good fluidity
10 Oil slick Lotion white with 2 Poor automatic Poor automatic 0.4 No sediment,
a small amount dispersion, with dispersion, with no oil slick,
of oil slick oil floating oil floating good fluidity
12 Lotion white with Lotion white 2.5 Poor automatic Poor automatic 0.5 A little precipi-
asmall amount  without oil slick dispersion, with dispersion, with tation
of oil slick oil floating oil floating
14 Lotion white Lotion white 3 Good automatic Poor automatic 0.6 Layered, with
without oil slick ~ without oil slick dispersion, witha  dispersion, with sediment
small amount of oil floating
oil floating
16 Lotion white Lotion white 35 Good automatic Good automatic 0.7 Layered, with
without oil slick ~ without oil slick dispersion, witha  dispersion, with a sediment
small amount of small amount of
oil floating oil floating
18 Lotion white Lotion white 4 Good automatic Good automatic 0.8 Layered, with
without oil slick ~ without oil slick dispersion, no oil  dispersion, no oil sediment
slick slick
20 Lotion white Lotion white 4.5 Good automatic Good automatic 0.9 Layered, with
without oil slick ~ without oil slick dispersion, no oil  dispersion, no oil sediment
slick slick
- - - 5 Good automatic Good automatic 1 Layered, with

dispersion, no oil
slick

dispersion, no oil
slick

sediment

0.2%, the reagent had good fluidity without precipitation,
but there was oil precipitation. When the content of thick-
ener was 0.3-0.4%, the reagent had no precipitation, no oil
strain, and good fluidity. When the content of the thickener
was 0.5%, the reagent began to precipitate, and stratifica-
tion occurred after standing (Fig. 4E). Based on the above
results and considering the economic situation, the opti-
mum content of the thickener hydroxypropyl methylcellu-
lose is 0.3%.

Quality inspection of the applying bacterial suspen-
sion. All testing standards of applying bacterial suspension
were in accordance with standards of the Collaborative

International Pesticides Analytical Council. The test results
are shown in Table 3. The viable rate of the applying bac-
terial suspension was 92.38%, the pH value was 5.5, the
persistent foaming property was 2.98, the suspension rate
was 91.197%, the residue after dumping in the dumping
test was 2.78%, the residue after washing was 0.098%, the
stability was qualified, and it met the standards of the Col-
laborative International Pesticides Analytical Council.

Control effect of the applying bacterial suspension in
pot experiments. The pot experiment results presented in
Table 4, the ability of the antagonistic bacteria to inhibit
pathogens decreased with increasing dilution. The control
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Table 3. Quality inspection of Bacillus siamensis W1 applying bacterial suspension

Index National standards Actual value
Living bacteria rate (%) >90 92.38
pH value 3-7 5.5
Persistent foaming <30 2.98
(foam volume after 1 min/ml)

Dispersion stability Qualified No precipitation and no emulsifiable oil overflow
Dumping property (%) The residue after dumping <5 2.78

The residue after washing < 0.8 0.098
Suspension rate (%) >90 91.197
Thermal storage stability Qualified pH6

Persistent foaming (min/ml): 10.05
Dumping property: 2.01%

Low-temperature stability Qualified pHS5.5

Persistent foaming (min/ml): 12.57
Dumping property: 1.36%

effects of 50-fold, 100-fold, 500-fold, and 1,000-fold dilu-
tion were greater than 50%. The 50-fold dilution was the
most effective for controlling brown rot in D. latiflorus,
and the highest control amount observed was 94.23%. The
control effect of the Bacillus siamensis oil suspension dilut-
ed 1,000x was better than that of 24% nitrile phenenazole
suspension diluted 500, but suspension diluted 2,000x
is less effective than 24% nitrile phenenazole suspension
500x. Therefore, a concentration of 1,000 times is recom-
mended to provide cost-effective control.

Discussion

The application of biological control technology can sig-
nificantly reduce the use of chemical pesticides, avoid
threats to the development of agriculture and forestry due
to serious pests and diseases, and ensure safe develop-
ment. Paying attention to the development of biological
control technology is a critical and urgent task to promote
the development of agriculture and forestry. In the future
development process, biological control technology is
bound to become one of the main technologies of sustain-
able agricultural economic development and occupy a very
important and irreplaceable position (Akutsu, 2006).
Because of the rich variety of microorganisms in the
soil, it has become the first choice for researchers to isolate
biocontrol microorganisms (Kurm et al., 2018). In addition
to the isolation of antagonistic bacteria from soil, current
research shows that there are also antagonistic bacteria with
strong vitality in plants (Dong et al., 2019). In this study,

antagonistic bacteria were isolated from the rhizosphere
soil, leaves, and stems of healthy D. latiflorus, and only one
Bacillus strain was isolated from the soil, which had an an-
tagonistic effect on the brown rot in D. latiflorus, proving
that the rhizosphere soil of D. latiflorus was an important
source of biocontrol microorganisms against the disease.

Yuan (2022) found that the endophytic antagonistic bac-
teria of Phyllostachys pubescens have antagonistic effects
on three kinds of edible fungi. Zhang et al. (2022) found
that saponin culturing had a field control effect of 77.86%
on the disease of Dictyophora rubescens, which could ef-
fectively control the disease of D. rubescens and promote
the growth of D. rubescens eggs. The previous studies on
biocontrol bacteria for bamboo diseases are different from
B. siamensis obtained in this study, probably because the
control objects and screening sources are different. Fur-
thermore, B. siamensis can also effectively control melon
fusarium wilt, postharvest pear ring rot and soft rot, peanut
crown rot, and peanut white silk disease. Jiang et al. (2022)
found that B. siamensis treatment may act to induce disease
resistance in mango fruit by affecting multiple pathways.
Yoo et al. (2020) found that Chryseobacterium soldanel-
licola T16E-39 and B. siamensis T20E-257 play an impor-
tant role in inhibiting two kinds of soil-borne diseases and
inducing growth. Both can be used as biological control
agents and biofertilizers in sustainable agriculture. Com-
bined with the results of this study, it can be seen that B.
siamensis has good application prospects in plant disease
control.

In modern bacterial classification, 16S rRNA gene se-
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Table 4. Control effects of Bacillus siamensis W1 applying bacterial suspension on brown rot in Dendrocalamus latiflorus

Simultaneous inoculation

Biocontrol bacteria first

Pathogenic fungus first

Treatment®

CE (%)
86.20+2.44a

DI

8.89+1.56d

16.67+4.71de 1222+3.14d

IR (%)
13.33£471 ¢

CE (%)
9423+471a

DI

333+272e

IR (%)
6.67+471¢

CE (%)
70.54+4a

DI
20+2.72d
21.11+1.57d

22.22+4.16d

IR (%)

26.67+471d

50

81.03+4.88a

88.46+4.71a

6.67+272¢

13.33+£4.71 de

6891 +231a

30£8.16cd
3333+4.71 bed
36.67£4.71 bed

100
200
500

20+ 8.16 cde 15.56 +4.16 cd  75.86 £ 6.45 ab

20+£8.16cd 11.11£3.13de 80.77+5.43 ab
26.67+4.71bc 18.89+3.13cd 67.30+543bc 23.33+4.71 cde 22.22 £5.66 bc

67.27+6.12a

65.51 £8.78 be
63.79 £4.23 be

52.55+231b

3222+1.57¢

2333+2.72bc 59.61+4.73cd 26.67+4.71cd 23.33+2.72bc

30+0bc
36.67+4.71b 2667+72b

86.67+4.71a

54.18+4.62b
41.09+4c¢

36.67+3.14¢

40+ 8.16 bed

4333+471b

1,000
2,000
CK
G

51.18+6.45¢

40+£8.16b 28.89+4.15b

90+0a
33.33+0bc

48.07+12.5¢cd

40£2.72b
679+324a

6444 +4.15a

5777+4.16a

9633 +4.71a

56.9+445¢

2778 +4.16b

30+544bc 53.84+942d

3333+4.71b

46+4.61c

31.11+£2.72be

46.67 +4.71 bc
IR, incidence rate; DI, disease index; CE, control effect; CK, sterile water; G, 24% nitrile phenenazole suspension.

“Dilution n times.

"Different lowercase letters in the same column indicate significant differences, P < 0.05.

Luo et al.

quence analysis is a standard method to distinguish bacte-
rial species, which can effectively distinguish populations
with distant genetic relationships. However, its detection
in related species has limitations, which makes it difficult
to distinguish related species of some populations. At
the same time, a series of protein-coding genes, such as
gyrB, have higher mutation rates, which can make up for
the shortcomings of using 16S rRNA gene identification
alone. Thus, bacterial taxa were successfully distinguished
(Yamamoto and Haramaya, 1995), consistent with the
results of this study. In this study, homology comparison
of the 16S rRNA sequences showed that the percentage of
similarity between strain W1 and the four kinds of Bacil-
lus was more than 99%, and the strains to be tested could
only be temporarily identified to genera, but could not be
effectively identified at the species level. On this basis, the
homology comparison of the gyrB gene sequence showed
that strain W1 only had a similarity rate of more than 99%
with B. siamensis, and had a closer genetic relationship.

On the basis of a single-factor experiment, the culturing
medium and culturing conditions of B. siamensis were op-
timized. Gu et al. (2022) determined that the best medium
group for B. amyloliquefaciens is sucrose (19.65 g/l), tryp-
tone (2.73 g/l), NaCl (20.71 g/1), and yeast extract (13.00 g/
1), with a pH value of 6-8. The optimal culturing conditions
were a temperature of 25°C, inoculation amount of 2%,
rotational speed of 150 r/min, and liquid volume 75 ml.
These differ from the culturing conditions determined in
this study, possibly because the biological characteristics of
different bacterial species vary. An applying bacterial sus-
pension is a highly competitive pesticide formulation with
stable performance and good adhesion, which facilitates
targeting, and has no dust or pollution in the production
and uses low processing cost, moderate price, and broad
application prospects (Qin et al., 2010). Previous studies on
the formulation of applying bacterial suspension are differ-
ent, and most of them examine chemical reagents. Wang et
al. (2021) used a 30% propiconazole dispersible applying
bacterial suspension to control wheat scab by more than
90%. There are only a few studies on applying bacterial
suspension with beneficial microorganisms as active ingre-
dients. Mbarga et al. (2014) found that a 7. echinococcus
soybean oil-based suspension agent can effectively inhibit
the spread of disease. In this experiment, the biocompat-
ibility and inhibition rate of pathogenic bacteria were used
as screening indicators to screen the applying bacterial
suspension additives and determine the best formula for the
applying bacterial suspension. All detection indicators met
the relevant international standards. The prepared suspen-
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sion agent of B. siamensis oil is used for biological control,
which can reduce environmental pollution and effectively
reduce the amount of residual toxin and is safe for people
and livestock.

The use of biocontrol bacteria to control plant diseases
is an effective measure for plant disease control. However,
there are few studies on microbial pesticides, and the for-
mulation of microbial pesticides is the key to the success-
ful commercialization of microbial pesticides. This study
found that B. siamensis could be used to effectively control
brown rot in D. latiflorus, and the control effect of the dis-
ease was significantly improved by optimizing the cultur-
ing medium and culturing conditions. A pot experiment
showed that the control effect of B. siamensis applying
bacterial suspension on brown rot in D. latiflorus was bet-
ter than that of the control group (24%).
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