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Abstract

Background: In our previous study, a strain EBS03 with good biocontrol potential was screened out of 48 strains
of cotton endophyte Bacillus subtilis by evaluating the controlling effect against cotton Verticillium wilt. However, its
mechanism for controlling Verticillium wilt remains unclear. The objective of this study was to further clarify its con-
trolling effect and mechanism against cotton Verticillium wilt.

Results: The results of confrontation culture test and double buckle culture test showed that the inhibitory effects
of EBS03 volatile and nonvolatile metabolite on mycelium growth of Verticillium dahliae were 70.03% and 59.00%,
respectively; the inhibitory effects of sporulation and microsclerotia germination were 47.16% and 70.06%, respec-
tively. In the greenhouse test, the EBS03 fermentation broth root irrigation had the highest controlling effect at
87.11% on cotton Verticillium wilt, and significantly promoted the growth of cotton seedlings. In the field experi-
ment, the controlling effect of EBS03 fermentation broth to cotton Verticillium wilt was 42.54% at 60 days after cotton
sowing, and the boll number per plant and boll weight in EBS03 fermentation broth seed soaking, root irrigation,
and spraying treatments significantly increased by 19.48% and 7.42%, 30.90% and 2.62%, 15.99% and 9.20%, respec-
tively. Furthermore, EBS03 improved the resistance of cotton leaves against the infection of V. dahliae, and induced
the outbreak of reactive oxygen species and accumulation of callose. In addition, the results of real time fluorescent
quantitative polymerase chain reaction (RT-gPCR) detection showed that EBS03 significantly induced upregulation
expression level of defense-related genes PAL, POD, PPO, and PR10 in cotton leaves, enhanced cotton plant resistance
to V. dahliae, and inhibited colonization level of this fungal pathogen in cotton.

Conclusion: Bacillus subtilis EBS03 has a good biological defense capability, which can inhibit the growth and coloni-
zation level of V. dahliae, and activate the resistance of cotton to Verticillium wilt, thus increase cotton yield.
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Introduction

As a natural fiber crop, cotton is an important economic
crop in the world. Cotton Verticillium wilt, mainly caused
by Verticillium dahliae Kleb., is a widespread disease
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prone to variability (Zhang et al. 2022). Therefore, cot-
ton Verticillium wilt has not been effectively controlled,
known as "cotton cancer". At present, traditional meth-
ods such as crop rotation, selection of disease-resist-
ant varieties, and chemical controlling are mainly used
for the prevention and control of cotton Verticillium wilt
in the world, but the prevention and controlling effect is
still unsatisfactory (Zhao et al. 2017; Zhang et al. 2021).

With the rise of green agriculture, comprehensive con-
trolling measures based on biological controlling have
been paid more and more attention, which is very impor-
tant in the prevention and treatment of plant diseases
(Acharya et al. 2020; Ingram et al. 2020; Mitra et al. 2022).
Most of all, it is a research hotspot to screen antagonis-
tic microorganisms from soil and cotton plant to control
this disease (Berg et al. 2010; Bubici et al. 2013). Gener-
ally, the antagonistic microorganisms used to control dis-
eases include bacteria, fungi, actinomycetes, and so on.
The main strategy is to induce plant systemic resistance
to inhibit pathogen infection, and then promote plant
growth by producing hormones and providing nutrients
(Varo et al. 2016; Sehrawat et al. 2022). As an important
group of biocontrol microorganisms, bacteria played an
important role in controlling of this disease, especially
Bacillus spp. There were many application cases, such
as B. subtilis (Zhao et al. 2022), B. cereus (Wang et al.
2016), B. pumilus (Li et al. 2018), B. licheniformis (Gutié-
rrez-Mariero et al. 2001). B. subtilis was widely used to
prevent and control plant diseases because of its strong
adaptability and good antibacterial activity in the soil.
However, different B. subtilis strains had different effects
on disease prevention (Zhao et al. 2014; Chandrasekaran
et al. 2017).

In our previous study, 48 strains of B. subtilis were
isolated from cotton endophytes to control cotton Ver-
ticillium wilt, and a strain EBS03 with good biocontrol
potential was screened out (Bai et al. 2021). However,
its mechanism of Verticillium wilt controlling remains
unclear. Therefore, the inhibitory effect of EBS03 on V.
dahliae and its immune induction function in cotton
were studied in vivo and in vitro. These findings could
provide new antagonistic resources for the biological
controlling against plant diseases.

Materials and methods

Microbial strains and cotton varieties

B. subtilis EBS03 was screened from the cotton biocon-
trol bacteria population resource database established by
our research group (Yuan et al. 2017; Bai et al. 2021; Wei
et al. 2021), stored in frozen glycerol (—80 ‘C) and cul-
tured in Luria-Bertani (LB) medium at 37 °C. The strong
virulence V. dahliae strain Vd080 was used to infect
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cotton, which was separated from the diseased soil in
Xinji City, Hebei Province, China (37°56' N, 115°15’ E).
Upland cotton (Gossypium hirsutum) cultivar used in
the experiment was Lumianyan 21, which was tolerant to
Verticillium wilt (Li et al. 2009).

Detection of the antagonistic effect of EBS03 on V. dahliae
Preparation of fermentation broth

B. subtilis EBS03 was activated on LB solid medium and
a single colony was picked in LB liquid medium at 37 °C,
150 r-min~! shaking culture, when the fermentation
broth of B. subtilis ODy,, value (absorption value at the
600 nm wavelength) was 0.9 under spectrophotometer
for use. A diameter of 5 mm block with V. dahliae strain
Vd080 was transferred to the Czapek liquid medium at
25 °C, 150 r-min~ ! shaking culture for further use.

Nonvolatile metabolite inhibitory assay

First, a 5 mm (diameter, the same as below) block of Vd080
was taken in the center of 100(®) x 15 (height) mm
potato dextrose agar (PDA) medium; then, two Oxford
cups were symmetrically placed at 20 mm from the center
of the medium, and 50 uL of B. subtilis EBS03 was added
to each cup. PDA medium with a 5 mm Vd080 block but
without EBS03 was used as the control. Both treatments
were incubated at 25 “C, and each treatment was repeated
5 times. Ten days after incubation, the colony diameter of
Vd080 was determined by the crisscross method; mean-
while, the colony morphology of Vd080 was recorded and
the inhibition rate (I) of EBS03 against V. dahliae was
calculated according to the following formula: I = [(D,
—5) - (D, —5)] / (D; —5) x 100% (Bai et al. 2021), where
D, =average diameter of the fungal mat of control treat-
ments (mm) and D, =average diameter of the fungal mat
of EBS03 treatments (mm).

Volatile metabolite inhibitory assay

The effect of EBS03 volatile metabolite on V. dahliae was
detected by the double buckle culture method. First, 5 puL
of EBS03 was inoculated in PDA medium, and another
PDA plate containing 5 mm block of Vd080 was placed
inversely over the PDA medium with EBS03, but without
EBSO03 as the control. Then, both treatments were incu-
bated at 25 C and repeated 5 times. The colony mor-
phology of Vd080 was recorded, and the inhibition rate
of EBS03 against V. dahliae was calculated as described
above.

Inhibition of EBS03 on sporulation of V. dahliae

First, 10 mL of EBS03 fermentation broth was added to
a 50 mL volume triangular flask, and then 10 mL spore
suspension (1x 10’ mL™!) of Vd080 was added. The
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same volume LB liquid medium and the same concentra-
tion and volume spore suspension of Vd080 were added
to another flask as the control. These flasks were shaken
at 150 r-min~! under 25 °C. The sporulation of Vd080 was
estimated at 48 h, 72 h, and 96 h with a hemocytometer,
respectively. Each treatment was repeated 5 times.

Inhibition of EBS03 on germination of microsclerotia of V.
dahliae

The EBSO03 fermentation broth was centrifuged at
5 000 r-min~! for 10 min at 4°C, and filtered with a
0.22 pm pore size filter to sterilize. A 100 pL of original
filtrate, 1/2 dilution solution, and 1/4 dilution solution
were evenly mixed with 100 pL of Vd080 spore suspen-
sion (1 x 10" mL™1), respectively. The same volume mix-
ture of LB medium and Vd080 spore suspension was used
as the control. The germination of microsclerotia was
detected under the microscope after 20 h in dark culture
at 18°C. The germination rate was calculated through
repeated 5 times in each treatment, and 100 microsclero-
tia were observed each time. The microsclerotia that the
length of germ tube exceeded half of its length was con-
sidered as germinated microsclerotia (Zhou 2017).

Controlling effect of EBS03 against cotton verticillium wilt
Controlling effect of ESB03 on cotton verticillium wilt

in the greenhouse

Seed soaking method: vermiculite, sand, and nutritious
soil were mixed evenly according to the mass ratio at
3:2:1 and then put into a paper bowl (diameter 6 cm,
height 10 cm) with 100 g total weight and 40% volu-
metric water content. Cotton seedling cultivation and
pathogen inoculation method are same as the previous
study (Zhu et al. 2010). The seeds of Lumianyan 21 were
sterilized with 3% (mass fraction) sodium hypochlo-
rite, and then soaked in EBS03 fermentation broth, with
the concentration of ODg,,=0.9 (the same amount as
the following method) for 12 h, then planted in a nutri-
tion bowl with a density of 8 seeds per bowl. Six bowls
were used as a group, 3 groups for each treatment, and
the seeds soaked in LB medium were used as the control.
When the first true leaf of cotton appeared, each bowl
was inoculated with 10 mL of Vd080 spore suspension
(1x 10" mL™1Y).

Root irrigation method: the disinfection and sow-
ing methods of Lumianyan 21 were the same as above.
When the first true leaf emerged, each bowl was inocu-
lated with 10 mL of EBS03 fermentation broth. After 3
days of treatment, 10 mL of Vd080 spore suspension
(1x10” mL™') was irrigated in each previously pro-
cessed bowl, and the same amount of LB medium was
irrigated as the control.
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At 15 days after inoculation of Vd080, the symptoms
of Verticillium wilt were observed and measured, and
the disease index (DI) and control efficacy of EBS03
were calculated followed previous studies (Zhao et al.
2017; Zhang et al. 2021). At 60 days after cotton sowing,
15 cotton plants were randomly selected to measure the
biomass indexes such as plant height, root length, fresh
weight of plant (Bai et al. 2021).

Controlling effect of ESB03 on cotton verticillium wilt

in the field

Lumianyan 21 was planted in the disease nursery
(Anyang, Henan, China, 36°06’ N and 114°45’ E) where
Verticillium wilt occurred seriously. The planting plot
was designed according to the experiment. Each zone
was 3.3 m long and 2.8 m wide, and the plant distance
was 20 cm. Each treatment was repeated 3 times.

Seed soaking method: Lumianyan 21 seeds were soaked
in EBS03 medium for 12 h, then planted at the density
of 150 seeds in each plot. The seeds soaked with LB
medium were used as the control (Zhou 2017). The emer-
gence rate of cotton was calculated at 10 days after sow-
ing, and 15 cotton seedlings were randomly selected at 25
days after sowing to measure root length, plant height,
fresh weight of plant. Root irrigation method: after
the emergence of cotton seedlings, each plot was irri-
gated twice with 0.8 L of EBS03 fermentation broth and
the irrigation time interval for 20 days, using the same
amount of LB medium irrigation for twice as the control.
Spraying method: each plot was sprayed twice with 0.4 L
of EBS03 fermentation broth and spraying time interval
for 20 days, using the same amount of LB medium spray-
ing for twice as the control. The symptoms of Verticil-
lium wilt were observed and measured, and the disease
index and control efficacy of EBS03 were calculated fol-
lowed the previous study (Zhao et al. 2017). Furthermore,
the plant height, fruit branch number, boll number per
plant, 30 boll seed weight (boll weight), and 30 boll lint
weight (lint weight) were determinated during the cotton
harvest.

Mechanism of EBS03 in controlling cotton Verticillium wilt

Detection of resistance to V. dahliae in cotton leaf induced

by EBS03

The seed soaking and sowing methods of Lumianyan
21 were the same as above. When the third true leaf
appeared, the cotton roots were irrigated with 10 mL of
EBS03 fermentation broth. After 48 h, the true leaves
were disinfected on the surface and placed in a water
agar medium. Every leaf was inoculated with 5 mm block
of Vd080 and cultured at 25°C. After 7 days, the colony
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phenotype of Vd080 was observed. The same amount of
LB medium was irrigated as the control. Each treatment
was repeated 5 times (Zhou 2017).

Determination of reactive oxygen species burst

When the third true leaf appeared, the cotton roots were
irrigated with 10 mL of EBS03 fermentation broth, using
the roots irrigation with the same amount of LB medium
as the control. After 48 h, the true leaves with similar
growth were washed with sterile water for three times and
placed in the 50 mL centrifuge tube, then soaked in 20 mL
of 3, 3'-diaminobenzidine (DAB) dye solution (1 g-L ™%, pH
7.5) and dyed for 8 h in dark at room temperature. Next,
the dye solution was removed and the appropriate amount
of 95% (volume fraction) ethanol was added to boiling
water bath for 2 min to remove chlorophyll. Further-
more, 20 mL of anhydrous ethanol was added to the boil-
ing water bath to continue decolorization, until the green
coloration was completely removed. The leaves were then
soaked in 70% (volume fraction) glycerol to remove the
intercellular bubbles, and the leaves were placed on glass
slides for microscopic observation (Zhou 2017).

Determination of callose accumulation

The true leaves of cotton were irrigated with EBS03 as
above. The leaves were immersed in mixed solution of
the 3:1 (volume ratio) ethanol and acetic acid for 3 h
to remove the chlorophyll and then soaked in 70% (vol-
ume fraction) ethanol for 3 h and soaked overnight in
sterile water. The next day, the leaves were gently rinsed
and treated with 10% (mass fraction) NaOH for 2 h to
make them transparent. Next, the leaves were washed
with distilled water for 3 times, and then cultured in
0.01% (mass fraction) aniline blue for 3 h. Finally, the
amount of callose was observed under fluorescence
microscope (Yang et al. 2017).

Determination of defense-related genes expression

When the first true leaf of cotton appeared, the roots
were irrigated with EBS03 fermentation broth, and inoc-
ulated with 10 mL of Vd080 spore suspension (1 x 10
mL™!) in each bowl after 3 days. At 24, 48, and 72 h post
inoculation (hpi), cotton leaves were collected to extract
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RNA and reverse transcribed into cDNA for qPCR detec-
tion. The qPCR reaction system and reaction conditions
were the same as preliminary study (Pu et al. 2022). The
highly conserved ubiquitin gene in cotton was taken as
the internal reference, while the defense-related genes
such as POD, PPO, PAL, and PRI0 were used as target
genes. The specific primers of these genes in cotton were
shown in Table 1.

Determination of V. dahliae colonization

When the first true leaf of cotton appeared, the roots
were irrigated with EBS03 fermentation broth, and inoc-
ulated with 10 mL of Vd080 spore suspension (1 x 107
mL™!) in each bowl after 3 days. Then, the hypocotyls
of cotton were collected at 5 days after inoculation to
detect the colonization of V. dahliae. The highly con-
served gene ubiquitin in cotton was used as the internal
reference, and the S-tubulin gene of V. dahliae was used
as the target gene. The expression level of -tubulin gene
was detected by qPCR, so as to calculate the coloniza-
tion of Vd080. The qPCR reaction system and reaction
conditions were the same as preliminary studies (Sun
et al. 2014; Zhang et al. 2015). The specific primers of
two genes were shown in Table 1.

Statistical analyses

Data analyses were performed using Microsoft Excel
2019, and statistically analyzed using SPSS 26 by one way
analysis of variance (ANOVA). The means=standard
deviation were compared by Duncan test and the differ-
ence significances were analyzed at P<0.05 level.

Results

Inhibitory effect of nonvolatile metabolite of EBS03 on V.
dahliae

The results of the confrontation test showed that the
colony growth of Vd080 in the control was normal, while
in the treatment with EBS03, the colony growth was
inhibited, with the inhibitory effect of 72.39%, and inter-
estingly, microsclerotia appeared (Fig. 1). The results
showed that the nonvolatile metabolite of EBS03 could
inhibit the growth of V. dahliae.

Table 1 Specific primers sequence of defense-related genes, the internal reference and B-tubulin

Gene name Primer sequence(5’ — 3')

POD F: CCGCATAACCATCACAAG R: ACTCTCATCACCTTCAACA

PPO F: ATATCCTTGTTCTGTCTGCTA R: CTCCTTCTACCGTCTCTTC

PAL F: TGGTGGCTGAGTTTAGGAAA R: TGAGTGAGGCAATGTGTGA

PRIO F: ATGATTGAAGGTCGGCCTTTAGGG R: CAGCTGCCACAAACTGGTTCTCAT
B-tubulin F: AACAACAGTCCGATGGATAATTC R: GTACCGGGCTCGAGATCG

ubiquitin

F: GAGTCTTCGGACACCATTG

R: CTTGACCTTCTTCTTCTTGTGC
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Fig. 1 Inhibitory effect of nonvolatile metabolite of EBS03 on V.
dahliae. A control; B treated with EBSO3

Fig. 2 Inhibitory effect of volatile metabolite of EBSO3 on V. dahlige. A

control; B treated with EBS03

Inhibitory effect of volatile metabolite of EBS03 on V.
dahliae

The results of the double buckle culture test showed that
the colony diameter of Vd080 treated with EBS03 was
17.60 mm at 10 days after incubation, and the inhibitory
effect was 62.79%, indicating that the volatile metabolites
of EBSO03 also inhibit the growth of V. dahliae (Fig. 2).

Inhibitory effect of EBS03 on sporulation of V. dahliae
EBSO03 treatment reduced the spore yield of V. dahliae,
and the inhibitory effects of EBS03 against Vd080 were
54.01%, 47.37%, and 40.10% at 48, 72, and 96 h, respec-
tively, and the inhibition effect gradually decreased with
the culture time (Fig. 3), indicating that EBS03 could
inhibit the production of sporulation of V. dahliae.

Inhibitory effect of EBSO3 on microsclerotia germination

of V. dahliae

After co-culture of microsclerotia of Vd080 and EBS03 in
the dark for 20 h, the germination of microsclerotia was
observed and calculated. The results showed that the ger-
mination rates of Vd080 with 3 different concentrations
of EBS03 were 8.80%, 11.80%, and 16.41%, respectively,
compared with 41.21% of the control treatment, and
the inhibitory effects were 78.64%, 71.36%, and 60.19%,
respectively (Fig. 4).
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Fig. 4 Effect of EBSO3 on microsclerotia germination of V. dahliae.
A original filtrate of EBS03; B 1/2 dilution; C: 1/4 dilution; D LB
medium

EBSO03 had controlling effect against cotton Verticillium
wilt in the greenhouse

In the greenhouse test, both seed soaking and root irri-
gation with EBSO03 significantly reduced the diseased
plant rate and disease index of cotton compared with the
control, and the controlling effects of seed soaking and
root irrigation with EBS03 reached 76.33% and 87.11%,
respectively (Table 2). The preliminary results showed
that EBS03 had good controlling effect against cotton
Verticillium wilt in the greenhouse, which still needed to
be varified by field tests.
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Table 2 Controlling effects of different treatments of EBS03
against cotton Verticillium wilt in the greenhouse

Diseased Disease index

plant rate/%

Treatment Control efficacy/%

Seed soaking 417" 8.17+346" 763341001
Seed soak- 31.95 34514471 /

ing control

Root irrigation 417 3844230 87.11£7.72
Root irriga- 16.66 29.78+2.31 /

tion control

Data are mean =+ SD; * indicates that there is a significant difference between the
treatment and the control (P<0.05)

EBS03 promoted the growth of cotton in the greenhouse
As shown in Table 3, compared with the control, the
root length, plant height, aboveground fresh weight
of plant, and total fresh weight of plant were signifi-
cantly increased by 35.00% and 43.39%, 78.58% and
78.08%, 69.14% and 113.33%, 69.32% and 107.23%,
respectively, under the treatments of seed soaking and
root irrigation with EBS03. However, the emergence rate
of cotton with EBS03 treatment had no significant differ-
ence compared with the control. These results indicated
that EBSO3 increased the growth and development of
cotton seedlings.
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EBSO03 had controlling effect against cotton Verticillium
wilt in the field

In the field test, at 60 days after sowing, seed soaking,
root irrigation and spraying with EBS03 all significantly
reduced the disease index of cotton Verticillium wilt
compared with the control, and the controlling effect of
seed soaking, root irrigation and spraying with EBS03
reached 24.98%, 31.18% and 42.54%, respectively. With
the extension of time, the controlling effects of ESB03
against cotton Verticillium wilt declined. However,
there were still significant differences compared with
the control. Among the three treatments, spraying with
EBSO03 had the best controlling effect, reaching 35.65%
(Table 4).

EBS03 promoted the growth of cotton in the field

Similar to the greenhouse test, in the field, the emergence
rate of cotton seedlings treated with EBS03 was 67.33%,
which was significantly higher than that of the control
(61.00%), and the root length of cotton seedlings treated
with EBSO03 significantly increased by 11.14%. Besides,
compared with the control, there was no significant dif-
ference in other cotton biomass indexes (Table 5).

Table 3 Controlling effects of different treatments of EBS03 on cotton biomass indexes

Treatment Emergencerate/% Root length/cm Plant height/cm Aboveground fresh weight Total fresh
of plant/g weight of
plant/g
Seed soaking 7153 7564£023" 23934028 1374001° 1494002°
Seed soaking control  73.61 560+0.27 13404024 0.81£0.01 0.88+0.01
Root irrigation / 813+£050" 22674+044" 16040.12" 1724004"
Root irrigation control ~ / 5674025 12.734+0.37 0.75£0.01 0.83£0.01

Data are mean + SD; * indicates that there is a significant difference between the treatment and the control (P < 0.05)

Table 4 Controlling effects of different treatments of EBS03 against cotton Verticillium wilt in the field

Treatment 60 days after sowing

80 days after sowing

Disease index

Control efficacy/%

Disease index Control efficacy/%

Seed soaking 16224023" 24.98+1.07
Seed soaking control 21624091 /
Root irrigation 127640.13" 31.18£0.70
Root irrigation control 18.54 4245 /
Spraying 1251+£0.18" 42544083
Spraying control 21.77+£0.15 /

22364069 17.824+253
27.21+4.18 /
206340.27" 21.08£1.04
26.1440.90 /
16824040 35654+1.63
26.1440.90 /

Data are mean =+ SD; * indicates that there is a significant difference between the treatment and the control (P < 0.05)
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Table 5 Effect of EBSO3 on seedling biomass indexes of cotton
Treatment Emergence rate/% Root length/cm Plant height/cm Aboveground fresh Total fresh
weight of plant/g weight of
plant/g
Seed soaking 67334769" 7584036 " 19394047 3428+£0.28 38.09+0.76
Seed soaking control  61.00+3.79 6.82+£0.22 20.13+£047 3437£0.60 37.80£0.71

Data are mean =+ SD; * indicates that there is a significant difference between the treatment and the control (P < 0.05)

Table 6 Effects of different treatments of EBS03 on cotton yield

Treatment Plan height/cm Fruit branch number Boll number per plant 30 boll seed cotton 30 boll lint weight/g
weight/g

Seed soaking 80.13+£0.13" 15134024 11474192 162.2040.56" 62804163

Seed soaking con-  71.2044.02 14.07+0.29 960020 151.002.05 60.5041.47

trol

Root irrigation 88534174 16.4040.50" 15804103 173774193 66.8741.33"

Root irrigation con-  77.87+0.74 1533+035 1207+1.27 169.33+£2.05 64.934+0.90

trol

Spraying 81334064 16204012 14074024 178834327 67.00£2.16"

Spraying control 7047 £0.07 13.8740.18 12134007 163.77 £2.88 64.3341.70

Data are mean =+ SD; * indicates that there is a significant difference between the treatment and the control (P < 0.05).

Table 7 Effects of different treatments of EBS03 on cotton fiber quality

Treatment Upper half mean length/mm  Uniformity Specific strength to Micronaire Breaking elongation/%
index/% break
/(cN-tex™ ")
Root irrigation 30.00 86.30 30.50 5.00 6.80
Root irrigation control 29.00 84.20 27.90 5.30 6.70
Spraying 29.30 86.00 31.60 4.80 6.80
Spraying control 27.00 85.00 29.60 5.10 6.70

EBS03 promoted the yield and quality of cotton in the field
In the field experiment, compared with the control,
boll number per plant and 30 boll seed cotton weight
were significantly increased by 19.48% and 7.42%, 30.90%
and 2.62%, 15.99% and 9.20%, respectively, under the
treatments of seed soaking, root irrigation, and spray-
ing with EBS03 (Table 6). Both biological indicators were
important factors in cotton yield. Interestingly, fiber
quality of cotton treated with root irrigation and spray-
ing with EBS03 also increased (Table 7), but due to the
small sample size, no significant difference was analyzed.
Collectively, these results suggest that ESB03 promoted
cotton yield and fiber quality, and had a good application
prospect.

Resistance of cotton leaf to the infection of V. dahliae
induced by EBS03

After EBS03 root irrigation treatment, the true leaves of
cotton improved the resistance to infection of V. dahliae

Fig. 5 EBSO3 enhanced cotton leaves against V. dahliae. A control; B
treated with EBSO3

in vitro. After 7 days, it was observed that there was little
mycelium colonization of Vd080 on the leaf surface and
the necrotic area was small. Compared with the control,
there were a large number of mycelium colonization on
the leaf surface, and the necrotic area was larger (Fig. 5).
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cotton leaf. A control; B treated with EBS03

Fig. 7 EBS03 induced callose accumulation in cotton leaves.
A control; B treated with EBS03

The outbreak of reactive oxygen species in cotton leaf
induced by EBS03

Compared with the control, more brown precipitation
was observed in the leaf treated with EBS03 root irriga-
tion, indicating that EBSO3 triggered the outbreak of
reactive oxygen species (ROS) in cotton leaf (Fig. 6).

Callose accumulation in cotton leaf induced by EBS03

The determination of callose accumulation in cotton leaf
was detected after treated with EBS03 for 2 days. Com-
pared with the control, the accumulation of callose in
cotton leaves treated with EBS03 was higher, about twice
to the control, indicating that EBS03 induced the accu-
mulation of callose in cotton leaf (Fig. 7).

The expression level of defense-related genes in cotton
induced by EBS03

The expression level of defense-related genes POD, PPO,
PAL, and PRI0 in cotton leaf were detected by RT-qPCR.
The results showed that EBS03 significantly induced the
upregulation expression level of defense-related genes.
Among them, the expression of POD and PPO in EBS03
treatment reached the peak level at 72 hpi, which were
6.16 and 2.12 times than these of the control, respec-
tively. While the expression level of PAL at 48 hpi was
the highest, with 1.74 times than that of the control. At
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24 hpi, the expression level of PRI0 in EBS03 treatment
was 1.62 times of the control (Fig. 8).

EBSO03 reduced the colonization level of V. dahliae in cotton
The colonization level of V. dahliae in hypocotyl of cot-
ton was an important reason for cotton Verticillium wilt.
At 5 days after inoculation, compared with the control,
the colonization level of V. dahliae in hypocotyl of cot-
ton treated with EBS03 was significantly reduced, with
one-third of the control (Fig. 9). These results showed
that EBS03 reduced the colonization level of V. dahliae
in cotton.

Discussion

Up to now, B. subtilis had played an increasingly impor-
tant role in the controlling of plant diseases. How-
ever, due to different strains and sources, their control
effects varied greatly (Li et al. 2005; Zhao et al. 2014). As
an endophytic bacteria, B. subtilis EBS03 isolated from
cotton plant, with no negative effect on cotton, had a
promising application in the controlling of cotton Verti-
cillium wilt (Bai et al. 2021). Many studies on the antago-
nism of biocontrol microbial metabolites against plant
disease pathogens showed that volatile and nonvolatile
metabolite of biocontrol microbe directly inhibited the
growth of pathogenic fungal mycelium (Kai et al. 2007;
Sharifi et al. 2016). The volatile and nonvolatile metabo-
lite of EBS03 also inhibited the mycelium growth, spor-
ulation, and microsclerotia germination of V. dahliae.
However, the specific components of metabolite of EBS03
still needed to be further studied. The volatile metabolites
could only have an antagonistic effect on pathogens at a
certain concentration (Song and Ryu 2013), which may
be one of reasons why the controlling effect of ESB03 on
cotton Verticillium wilt in the greenhouse (relatively con-
fined space) was better than that in the field.

In the controlling of soil-borne diseases, biological
microbe have become the most environmentally friendly
method, which was also an important choice to sup-
plement the existing control measures (Sehrawat et al.
2022). Previous studies have shown that B. subtilis strains
NCD-2, HMB19198, and BS-2 were widely used in the
controlling of cotton Verticillium wilt (Li et al. 2005; Qu
et al. 2022), but there were few studies on the systematic
evaluation of the effect of B. subtilis on cotton growth
and yield both in the greenhouse and the field. In this
study, the treatment of seed soaking and root irrigation
of ESBO3 significantly promoted the root length, plant
height, aboveground fresh weight of plant, and total
fresh weight of plant in the greenhouse. Furthermore, as
important components of cotton yield, the boll number
per plant and boll weight in EBS03 fermentation broth
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*indicates a significant difference at the 0.05 probability level

seed soaking, root irrigation, and spraying treatments
also significantly increased in the field. In the greenhouse,
the controlling effect of ESB03 on cotton Verticillium wilt

was more than 70%, however, the controlling effect of
ESBO3 in the field was declined with approximately 20%—
40%. The reason may be that the biocontrol microbe was
alive, and field environment and some abiotic factors
affected the controlling effect of microbe (Li et al. 2005).
Bacillus subtilis controls plant disease mainly through
competition and antibacterial metabolites, and induc-
tion of systemic disease resistance of plant. In most cases,
multiple defense ways existed simultaneously (Henry
et al. 2011; Zhao et al. 2022). In this study, on one hand,
EBSO03 induced the resistance of cotton leaf against the
infection of V. dahliae and significantly decreased the
colonization level of V. dahliae in cotton hypocotyl; on
the other hand, ESB03 significantly increased the reactive
oxygen species (ROS) and the accumulation of callose in
cotton leaf. Furthermore, defense-related genes played an
important role in plant resistance to pathogen infection
(Yang et al. 2017). Phenylalanine aminolase (PAL) was a
key enzyme in the synthesis of lignin and phenols, which
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was important for the formation of plant disease resist-
ance system (Millet et al. 2010; Lv et al. 2017). Besides,
resistance-related protein gene PRI0 was a key disease-
resistance gene of plants under various biotic and abi-
otic stresses (Jannoey et al. 2017). In this study, EBS03
induced the significantly upregulation expression level
of defense-related genes POD, PPO, PAL, and PR10. Col-
lectively, the controlling of cotton Verticillium wilt with
ESBO3 involved multiple regulatory ways, however, its
control mechanism against cotton Verticillium wilt need
to be further studied.

Conclusion

In this study, B. subtilis EBS03 effectively inhibited myce-
lium growth, sporulation, and microsclerotia germination
of V. dahliae. In addition, ESB0O3 had a remarkable con-
trolling effect on cotton Verticillium wilt, and could pro-
mote cotton growth and increase cotton yield both in the
greenhouse and field. Furthermore, EBS03 induced cot-
ton leaf resistance against V. dahliae, and increased the
outbreak of reactive oxygen species and accumulation of
callose, and significantly upregulated expression level of
defense-related genes. Collectively, B. subtilis EBSO3 has
a good application prospect in the control of cotton Ver-
ticillium wilt.

Acknowledgements
We deeply appreciate the great support of all teachers and students in the
research team throughout the research period.

Authors’ contributions

Conceptualization: Zhang YL, Peng J and Zhu HQ; Test operation: Bai HY;
Writing-original draft: Bai HY, Feng ZL; Writing-review: Zhao LH, Feng HJ, Wei F,
Zhou JL and Gu AX. All authors read and approved the final manuscript.

Funding

This work was supported by the National Natural Science Foundation of China
(No. 32201752), the Central Public-interest Scientific Institution Basal Research
Fund (No. 1610162022018), Agricultural Science and Technology Innovation
Program of the Chinese Academy of Agricultural Sciences.

Data Availability
All data generated or analyzed during this study are included in this published
article and its additional files.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'State Key Laboratory of Cotton Biology/Institute of Cotton Research of Chi-
nese Academy of Agricultural Sciences, Anyang 455000, Henan, China. “Engi-
neering Research Centre of Cotton, Ministry of Education/College of Agricul-
ture, Xinjiang Agricultural University, Urumgi 830052, Xinjiang, China.

Page 10 of 11

Received: 12 July 2022 Accepted: 6 November 2022
Published online: 30 November 2022

References

Acharya B, Ingram TW, Oh 'Y, et al. Opportunities and challenges in studies of
host-pathogen interactions and management of Verticillium dahliae in
tomatoes. Plants. 2020;9(11):1622. https://doi.org/10.3390/plants9111622.

Bai HY, Feng ZL, Feng HJ, et al. Evaluation of the control effect of 48 strains of
Bacillus subtilis on cotton Verticillium wilt. China Cotton. 2021;48(12):13-9.
https://doi.org/10.11963/cc20210199.

Berg G, Fritze A, Roskot N, et al. Evaluation of potential biocontrol rhizobacteria
from different host plants of Verticillium dahliae Kleb. J Appl Microbiol.
2010,91(6):963-71. https://doi.org/10.1046/j.1365-2672.2001.01462 x.

Bubici G, Marsico AD, D’Amico M, et al. Evaluation of Streptomyces spp. for
the biological control of corky root of tomato and Verticillium wilt of
eggplant. Appl Soil Ecol. 2013;72:128-34. https://doi.org/10.1016/j.apsoil.
2013.07.001.

Chandrasekaran M, Belachew ST, Yoon E, et al. Expression of 3-1, 3-glucanase
(GLU) and phenylalanine ammonia-lyase (PAL) genes and their enzymes
in tomato plants induced after treatment with Bacillus subtilis CBRO5
against Xanthomonas campestris PV. vesicatoria. J Gen Plant Pathol.
2017;83(1):7-13. https://doi.org/10.1007/510327-016-0692-5.

Chi BJ, Zhang DM, Dong HZ, et al. Control of cotton pests and diseases by
intercropping: a review. J Integr Agric. 2021;20(12):3089-100. https://doi.
0rg/10.1016/52095-3119(20)63318-4.

Fradin EF, Thomma B. Physiology and molecular aspects of Verticillium wilt
diseases caused by V. dahliae and V. albo-atrium. Mol Plant Pathol.
2010;7(2):71-86. https://doi.org/10.1111/j.1364-3703.2006.00323 x.

Gutiérrez-Manero FJ, Ramos-Solano B, Probanza A, et al. The plant-growth-pro-
moting rhizobacteria Bacillus pumilus and Bacillus licheniformis produce
high amounts of physiologically active gibberellins. Physiol Plant.
2001;111(2):206-11. https://doi.org/10.1034/j.1399-3054.2001.1110211 x.

Henry G, Deleu M, Jourdan E, et al. The bacterial lipopeptide surfactin targets
the lipid fraction of the plant plasma membrane to trigger immune-
related defense responses. Cell Microbiol. 2011;13(11):1824-37. https://
doi.org/10.1111/j.1462-5822.2011.01664 x.

Ingram TW, Oh Y, Adhikari TB, et al. Comparative genome analyses of 18
Verticillium dahliae tomato isolates reveals phylogenetic and race specific
signatures. Front Microbiol. 2020;11:573755. https://doi.org/10.3389/
fmicb.2020.573755.

Jannoey P, Channei D, Kotcharerk J, et al. Expression analysis of genes related
to rice resistance against brown planthopper, Nilaparvata lugens. Rice Sci.
2017;3(24):163-72.

Kai M, Effmert U, Berg G, Piechulla B. Volatiles of bacterial antagonists inhibit
mycelial growth of the plant pathogen Rhizoctonia solani. Arch Microbiol.
2007;187(5):351-60. https://doi.org/10.1007/500203-006-0199-0.

Li SZ, Lu XY, Ma P, et al. Evaluation of biocontrol potential of a bacterial strain
NCD-2 against cotton Verticillium wilt in field trials. Acta Phytopathol Sin.
2005;5(35):451-5.

Li RZ, Zhao FT, Wang ZW, et al. Study on biological characteristics of Bt trans-
genic cotton SCRC 21 with high and stable yielding capacity. Cotton Sci.
2009;21(3):230-5.

Li HW, Wang H, Luo M, et al. Screening and identification of antagonistic
bacteria Bacillus pumilus against cotton Fusarium wilt and biocontrol
research. Chin J Biol Control. 2018;34(3):440. https://doi.org/10.16409/].
cnki.2095-039x.2018.03.016.

Lv M, Kong H, Liu H, et al. Induction of phenylalanine ammonia-lyase (PAL)
in insect-damaged and neighboring undamaged cotton and maize
seedlings. Int J Pest Manage. 2017,63(2):166-71. https://doi.org/10.1080/
09670874.2016.1255804.

Millet YA, Danna CH, Clay NK, et al. Innate immune responses activated in
Arabidopsis roots by microbe-associated molecular patterns. Plant Cell.
2010;22(3):973-90. https://doi.org/10.1105/tpc.109.069658.

Mitra D, Mondal R, Khoshru B, et al. Actinobacteria-enhanced plant growth,
nutrient acquisition, and crop protection: advances in soil, plant, and
microbial multifactorial interactions. Pedosphere. 2022,32(1):149-70.
https://doi.org/10.1016/51002-0160(21)60042-5.


https://doi.org/10.3390/plants9111622
https://doi.org/10.11963/cc20210199
https://doi.org/10.1046/j.1365-2672.2001.01462.x
https://doi.org/10.1016/j.apsoil.2013.07.001
https://doi.org/10.1016/j.apsoil.2013.07.001
https://doi.org/10.1007/s10327-016-0692-5
https://doi.org/10.1016/S2095-3119(20)63318-4
https://doi.org/10.1016/S2095-3119(20)63318-4
https://doi.org/10.1111/j.1364-3703.2006.00323.x
https://doi.org/10.1034/j.1399-3054.2001.1110211.x
https://doi.org/10.1111/j.1462-5822.2011.01664.x
https://doi.org/10.1111/j.1462-5822.2011.01664.x
https://doi.org/10.3389/fmicb.2020.573755
https://doi.org/10.3389/fmicb.2020.573755
https://doi.org/10.1007/s00203-006-0199-0
https://doi.org/10.16409/j.cnki.2095-039x.2018.03.016
https://doi.org/10.16409/j.cnki.2095-039x.2018.03.016
https://doi.org/10.1080/09670874.2016.1255804
https://doi.org/10.1080/09670874.2016.1255804
https://doi.org/10.1105/tpc.109.069658
https://doi.org/10.1016/S1002-0160(21)60042-5

Bai et al. Journal of Cotton Research (2022) 5:26

Pu DD, Zhang YL, Bai HY, et al. Control effect and mechanism of endophytic
fungus Penicillium simplicissimumCEF-818 on cotton Verticillium wilt. Cot-
ton Sci. 2022;34(4):173-86. https://doi.org/10.11963/cs20220003.

Qu YH, Guo QG, Li SZ, et al. Screening and optimization of Bacillus subtilis
HMB19198 fermentation medium. Chin J Pestic Sci. 2022;24(3):509-19.
https://doi.org/10.16801/j.issn.1008-7303.2022.0009.

Sehrawat A, Sindhu SS, Glick BR. Hydrogen cyanide production by soil
bacteria: biological control of pests and promotion of plant growth in
sustainable agriculture. Pedosphere. 2022;32(1):15-38. https://doi.org/10.
1016/51002-0160(21)60058-9.

Sharifi R, Ryu CM. Are bacterial volatile compounds poisonous odors to a fun-
gal pathogen Botrytis cinerea, alarm signals to Arabidopsis seedlings for
eliciting induced resistance, or both? Front Microbiol. 2016;7:196. https://
doi.org/10.3389/fmich.2016.00196.

Song GC, Ryu CM. Two volatile organic compounds trigger plant self-defense
against a bacterial pathogen and a sucking insect in cucumber under
open field conditions. Int J Mol Sci. 2013;14(5):9803-19. https://doi.org/
10.3390/ijms14059803.

Sun C, Shao YQ, Vahabi K, et al. The beneficial fungus Piriformospora indica
protects Arabidopsis from Verticillium dahliae infection by downregulation
plant defense responses. BMC Plant Biol. 2014;14:268. https://doi.org/10.
1186/512870-014-0268-5.

Varo A, Raya-Ortega MC, Trapero A. Selection and evaluation of micro-organ-
isms for biocontrol of Verticillium dahliae in olive. J Appl Microbiol.
2016;121(3):767-77. https://doi.org/10.1111/jam.13199.

Wang N, Tao W, Chen SL, et al. Colonization trends of endophytic bacteria in
cotton and their biological control effect on cotton Verticillium wilt. Acta
Phytophy Sin. 2016;43(2):207-14. https://doi.org/10.13802/j.cnki.zwbhxb.
2016.02.005.

Wei F, Feng H, Zhang D, et al. Composition of rhizosphere microbial communi-
ties associated with healthy and Verticillium wilt diseased cotton plants.
Front Microbiol. 2021;12:618169. https://doi.org/10.3389/fmicb.2021.
618169.

Yang YH, Lu Y, Wu YJ, et al. Relationship between resistance to Verticil-
lium wilt and immune response of cotton varieties. J Nucl Agric Sci.
2017;31(3):588-96. https://doi.org/10.11869/j.issn.100-8551.2017.03.0588.

YuanY, Feng H, Wang L, et al. Potential of endophytic fungi isolated from cot-
ton roots for biological control against Verticillium wilt disease. PLoS ONE.
2017;12(1):20170557. https://doi.org/10.1371/journal.pone.0170557.

Zhang YL, Li ZF, Feng ZL, et al. Isolation and functional analysis of the patho-
genicity-related gene VAPR3 from Verticillium dahliae on cotton. Current
Genetics. 2015;61(4):555-66. https://doi.org/10.1007/500294-015-0476-z.

Zhang P, Wang JM, Yuan XH, et al. Characters selection and assessment for
spathiphyllum DUS testing guideline. Agric Biotechnol. 2021;10(05):21—
5+ 48. https://doi.org/10.19759/j.cnki.2164-4993.2021.05.007.

Zhang YL, Zhou JL, Zhao LH, et al. A review of the pathogenicity mechanism of
Verticillium dahliae in cotton. J Cotton Res. 2022;5(1):1-13. https://doi.org/
10.1186/542397-021-00111-6.

Zhao'Y, Selvaraj JN, Xing F, et al. Antagonistic action of Bacillus subtilis strain
SG6 on Fusarium graminearum. PLoS ONE. 2014,9(3):€92486. https://doi.
0rg/10.1371/journal.pone.00924864.

Zhao LH, Feng ZL, Li ZF, et al. Development of an improved standard for iden-
tifying and evaluating Verticillium wilt resistance in cotton. Cotton Sci.
2017;29(1):50-8. https://doi.org/10.11963/issn.1002-7807.201701006.

Zhao SS, Zhang YY, Yan W, et al. Chaetomium globosum CDW?7, a potential
biological control strain, and its antifungal metabolites. Microbiol Lett.
2017;364(3):287. https://doi.org/10.1093/femsle/fnw287.

Zhao W, Guo Q, Li S, et al. Application of Bacillus subtilis NCD-2 can suppress
cotton Verticillium wilt and its effect on abundant and rare microbial
communities in rhizosphere. Biol Control. 2022;165:104812. https://doi.
0rg/10.1016/j.biocontrol.2021.104812.

Zhou JL. Biocontrol effect and mechanism of a cotton endophytic bacterium
Bacillus cereus against both Verticillium and Fusarium wilts of Gossypium
hirsutum. Jingzhou, Hubei, China: Yangtze University. 2017. https://doi.
org/cnki:CDMD:2.1017.213868.

Zhu HQ, Feng ZL, Li ZF, et al. Identification of cotton varieties (lines) resistance
to Verticillium wilt by quantitative dipping method of vermiculite sandy
bottomless paper pot. China Cotton. 2010;37(12):15-7. https://doi.org/10.
3969/j.issn.1000-632X.2010.12.006.

Page 11 of 11

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.11963/cs20220003
https://doi.org/10.16801/j.issn.1008-7303.2022.0009
https://doi.org/10.1016/S1002-0160(21)60058-9
https://doi.org/10.1016/S1002-0160(21)60058-9
https://doi.org/10.3389/fmicb.2016.00196
https://doi.org/10.3389/fmicb.2016.00196
https://doi.org/10.3390/ijms14059803
https://doi.org/10.3390/ijms14059803
https://doi.org/10.1186/s12870-014-0268-5
https://doi.org/10.1186/s12870-014-0268-5
https://doi.org/10.1111/jam.13199
https://doi.org/10.13802/j.cnki.zwbhxb.2016.02.005
https://doi.org/10.13802/j.cnki.zwbhxb.2016.02.005
https://doi.org/10.3389/fmicb.2021.618169
https://doi.org/10.3389/fmicb.2021.618169
https://doi.org/10.11869/j.issn.100-8551.2017.03.0588
https://doi.org/10.1371/journal.pone.0170557
https://doi.org/10.1007/s00294-015-0476-z
https://doi.org/10.19759/j.cnki.2164-4993.2021.05.007
https://doi.org/10.1186/s42397-021-00111-6
https://doi.org/10.1186/s42397-021-00111-6
https://doi.org/10.1371/journal.pone.00924864
https://doi.org/10.1371/journal.pone.00924864
https://doi.org/10.11963/issn.1002-7807.201701006
https://doi.org/10.1093/femsle/fnw287
https://doi.org/10.1016/j.biocontrol.2021.104812
https://doi.org/10.1016/j.biocontrol.2021.104812
https://doi.org/cnki:CDMD:2.1017.213868
https://doi.org/cnki:CDMD:2.1017.213868
https://doi.org/10.3969/j.issn.1000-632X.2010.12.006
https://doi.org/10.3969/j.issn.1000-632X.2010.12.006

	Efficacy evaluation and mechanism of Bacillus subtilis EBS03 against cotton Verticillium wilt
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Introduction
	Materials and methods
	Microbial strains and cotton varieties
	Detection of the antagonistic effect of EBS03 on V. dahliae
	Preparation of fermentation broth
	Nonvolatile metabolite inhibitory assay
	Volatile metabolite inhibitory assay
	Inhibition of EBS03 on sporulation of V. dahliae
	Inhibition of EBS03 on germination of microsclerotia of V. dahliae

	Controlling effect of EBS03 against cotton verticillium wilt
	Controlling effect of ESB03 on cotton verticillium wilt in the greenhouse
	Controlling effect of ESB03 on cotton verticillium wilt in the field

	Mechanism of EBS03 in controlling cotton Verticillium wilt
	Detection of resistance to V. dahliae in cotton leaf induced by EBS03
	Determination of reactive oxygen species burst
	Determination of callose accumulation
	Determination of defense-related genes expression
	Determination of V. dahliae colonization

	Statistical analyses

	Results
	Inhibitory effect of nonvolatile metabolite of EBS03 on V. dahliae
	Inhibitory effect of volatile metabolite of EBS03 on V. dahliae
	Inhibitory effect of EBS03 on sporulation of V. dahliae
	Inhibitory effect of EBS03 on microsclerotia germination of V. dahliae
	EBS03 had controlling effect against cotton Verticillium wilt in the greenhouse
	EBS03 promoted the growth of cotton in the greenhouse
	EBS03 had controlling effect against cotton Verticillium wilt in the field
	EBS03 promoted the growth of cotton in the field
	EBS03 promoted the yield and quality of cotton in the field
	Resistance of cotton leaf to the infection of V. dahliae induced by EBS03
	The outbreak of reactive oxygen species in cotton leaf induced by EBS03
	Callose accumulation in cotton leaf induced by EBS03
	The expression level of defense-related genes in cotton induced by EBS03
	EBS03 reduced the colonization level of V. dahliae in cotton

	Discussion
	Conclusion
	Acknowledgements
	References


