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potential of Bacillus velezensis
NT35 on Panax ginseng based on
the multifunctional effect
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Lingxin Kong?, Yu Song?, Wanpeng Hou?, Jie Gao?, Yun Jiang?®*
and Changqing Chen®™

!College of Plant Protection, Jilin Agricultural University, Changchun, China, ?College of Life Science,
Jilin Agricultural University, Changchun, China, *Jilin Shenwang Plant Protection Co., Ltd., Fusong,
China

The Bacillus velezensis strain NT35, which has strong biocontrol ability, was
isolated from the rhizosphere soil of Panax ginseng. The antifungal effects of
the NT35 strain against the mycelium and spore growth of llyonectria robusta,
which causes ginseng rusty root rot, were determined. The inhibitory rate of /.
robusta mycelial growth was 94.12% when the concentration of the NT35 strain
was 107 CFU-mL™, and the inhibitory rates of /. robusta sporulation and spore
germination reached 100 and 90.31%, respectively, when the concentration
of the NT35 strain was 10* and 108 CFU-mL™, respectively. Strain NT35 had
good prevention effects against ginseng rust rot indoors and in the field with
the control effect 51.99%, which was similar to that of commercial chemical
and biocontrol agents. The labeled strain NT35-Rif!*°-Stre*®® was obtained
and colonized ginseng roots, leaves, stems and rhizosphere soil after 90 days.
Bacillus velezensis NT35 can induce a significant increase in the expression
of five defensive enzyme-encoding genes and ginsenoside biosynthesis-
related genes in ginseng. In the rhizosphere soil, the four soil enzymes and
the microbial community improved during different periods of ginseng growth
in response to the biocontrol strain NT35. The NT35 strain can recruit several
beneficial bacteria, such as Luteimonas, Nocardioides, Sphingomonas, and
Gemmatimonas, from the rhizosphere soil and reduce the relative abundance
of Illyonectria, Fusarium, Neonectria and Dactylonectria, which cause root
rot and rusty root rot in ginseng plants. The disease indices were significantly
negatively correlated with the abundances of Sphingomonas and Trichoderma.
Additionally, Sphingomonadales, Sphingomonadaceae and actinomycetes were
significantly enriched under the NT35 treatment according to LEfSe analysis.
These results lay the foundation for the development of a biological agent
based on strain NT35.
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o The strain NT35 has ability to control rusty root rot and promote growth of ginseng.

« Increasing gene expression of defense enzymes and ginsenoside biosynthesis of ginseng.

o To colonize and significantly improve microbial community in rhizosphere soil

of ginseng.

1 Introduction

Panax ginseng, one of the most well-known Chinese herbal
medicinal plants, is now grown in the northeastern region of China
(You et al., 2022). Rusty root rot disease caused by Ilyonectria
robusta is the most common and serious root disease that occurs
during B, ginseng cultivation in China (Lee et al., 2015; Farh et al,,
2018). At present the general incidence of ginseng rusty root rot in
China is 20%-30%, and more seriously, some more than 70%. The
quality and yield of ginseng were severely affected, resulting in huge
property losses (Wang et al., 2019; Guan et al., 2020). For a long
time, this disease has been controlled mainly by chemical fungicides.
However, chemical control is not ideal for treating soil-borne
diseases in perennial plants. Additionally, prolonged use of chemical
fungicides results in pathogen resistance, residue risk, soil
microecological imbalance and environmental pollution (Wolejko
et al., 2020).

Biocontrol can reduce or prevent the occurrence of plant diseases
and has the benefits of being environmentally friendly, safe, and
highly efficient (Sharma and Manhas, 2022). For instance, Bacillus
amyloliquefaciens was reported to be effective at controlling
Phytophthora capsica (Bhusal and Mmbaga, 2020). Fu et al. (2010)
reported the biocontrol potential of B. subtilis against banana leaf spot
caused by Pseudocercospora musae and postharvest anthracnose
caused by Colletotrichum musae. The B. velezensis strain B19 can
control Fusarium root rot in Panax notoginseng (Wang C. X. et al.,
2023). Thus, biocontrol by beneficial microorganisms may be chosen
as an alternative means of reducing ginseng rusty root rot without
negatively impacting the environment compared to chemical control
with fungicides. Previous studies have shown that the rhizosphere
acts as an important bridge between plants and soil for the exchange
of substances through plant roots and helps establish mutual
relationships (Ahkami et al., 2017). The bacteria in rhizospheric soil
are responsible for many important ecological functions, such as
disease control (Linden et al., 2022) and resistance induction (Zhang
etal., 2022). System induction resistance is an important mechanism
for plants to fight pathogens. Bacillus velezensis effective against
Botrytis cinerea by inducing systemic resistance in tomato (Stoll et al.,
2021). And biocontrol bacteria have been reported to improve
rhizosphere soil microecology by recruiting beneficial
microorganisms, reducing the abundance of harmful communities,
and increasing microbial communities diversity (Zhao et al., 2022).
Using rhizospheric soil bacteria has been a good strategy for the
efficient biocontrol of soil-borne diseases. The objective of this study
was to determine the ability of the B. velezensis strain NT35 to inhibit
I. robusta growth and control ginseng rusty root rot via in vitro and
field experiments. The expression of defense enzyme-encoding genes
in ginseng induced by the biocontrol bacterium was also analyzed.
The high-throughput sequence technique was used to study the
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microbial community structure, which may improve rhizosphere soil
microecology through the strain NT35. The results lay a foundation
for the development and application of the biocontrol bacterium
NT35 on ginseng plants.

2 Materials and methods
2.1 Strains and culture

The B. velezensis strain NT35 was previously isolated from the
rhizosphere soil of P. ginseng in Ji‘an, Jilin Province, China, and the
eight pathogens causing ginseng diseases including I. robusta,
Sclerotinia schinseng, Phytophthora cactorum, Rhizoctonia solani,
Alternaria panax, Botrytis cinerea, Colletotrichum panacicola, Fusarium
solani were obtained was obtained from the Laboratory of Integrated
Management of Plant Diseases, Jilin Agricultural University,
Changchun, Jilin Province, China, and stored at —80°C. The plant
pathogens were incubated on potato dextrose agar (PDA) at 25°C for
5days. Bacillus velezensis N'T35 was cultured on lysogeny broth agar
medium (LB) and incubated at 28°C for 2 days in dark.

2.2 Inhibition of llyonectria robusta
mycelial growth by strain NT35

A dual culture assay was used to evaluate the ability of B. velezensis
NT35 against I robusta CBLJ-3 (Wang J. et al., 2023). The
concentrations of B. velezensis NT35 were 10°, 10%, 107, 10°, 10°, 10%,
10°, 10% and 10' CFU-mL™". In the control, only the I. robusta CBL]J-3
mycelium plug was inoculated, and sterile agar was added to the Petri
dishes; three replicates were used for each treatment. Then, the plates
were incubated at 25°C for 7 days. Measurements were calculated by
the formula I (%) =[(C—T)/C] x 100 (I: percentage of inhibition, C:
growth of pathogen in control plate, T: growth of pathogen in
treatment plate). Additionally, the antifungal efficacy of the NT35
strain against 14 other plant pathogens was determined by the
confrontation culture method.

The effect of B. velezensis NT35 on the mycelial weight of I. robusta
was evaluated as described below (Wang C. X. et al., 2023). An 8 mm
diameter of the fungal agar plug of I. robusta CBL]J-3 was inoculated
into 90mL of PD fluid in a 250 mL flask and cultured at 150 rpm and
28°C for 2days, after which 10mL of 1x10°CFU/mL NT35
fermentation broth was added. The mixture was further cultured with
shaking at 25°C, and the mycelia of I. robusta were sampled at 1, 2, 3,
4,5,6,and 7 dpi after inoculation with B. velezensis NT35. The mycelial
samples were filtered and washed three times with sterile water. The
mycelial dry weight of each treatment was determined after drying at
80°C for 24 h. Three replicates were performed for each group.
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2.3 Inhibition of llyonectria robusta spore
production and germination by the NT35
strain

The hemocytometer method was used to determine the inhibitory
effect of the N'T35 strain on the spore production and germination of
I robusta (Wang J. et al., 2023). The strain CBL]J-3 was inoculated on
plates mixed with serially diluted fermentation broth as described
above and cultured at 25°C. The conidia were flushed with 5mL of
sterile water after the colonies reached more than 60 mm in diameter,
and the plates were mixed with sterile water as a control. The conidia
yield was determined using a hemocytometer, and the inhibition rate
was calculated as follows: inhibition rate (%) =100 X (control conidia
production — treatment conidia production)/control conidia
production. When the CBLJ-3 spore germination rate of the control
group reached greater than 90%, the germinated conidia were counted
using a hemocytometer, and the inhibition rate was calculated as
follows: inhibition rate (%)=100x (control germination rate —
treatment germination rate)/control germination rate. Each treatment
was replicated three times.

2.4 In vivo effect of the NT35 strain on
inhibiting llyonectria robusta growth in
ginseng roots

An in vitro inhibition test was also performed in ginseng roots
according to Wang C. X. et al. (2023). The three-year-old healthy
ginseng roots were disinfected with 2% sodium hypochlorite solution
for 90s, rinsed twice with sterile distilled water and dried at room
temperature for 2h. A total of 10uL of 1x10*CFU-mL™" NT35
fermentation broth was inoculated at each site, at which three wound
sites with a depth of 3mm were generated on each ginseng root by
using a sterile pipette tip with a diameter of 2 mm. The four treatments
included the following: (A) water as a negative control; (B) I. robusta
as a positive control; (C) Prevention treatment: inoculation with NT35
for 1 day and then with I. robusta; and (D) Therapeutic treatment:
inoculation with I. robusta for 1 day and then with NT35. All the
inoculated plants were incubated at 25°C.

2.5 Growth-promoting effect of strain
NT35 on ginseng plants

The Salkowski method was used to screen for high IAA
production by the strain NT35 (Ait Bessai et al., 2022). The phosphate
solubilization ability of the strains was determined by cultivation on
Pikovskaya’s agar medium and by the Mo-Sb colorimetric method
(Liu et al, 2021). Potassium solubilization was tested by using
Aleksandrow’s agar medium and a flame atomic absorption
spectrometer (Iyer et al., 2017). The nitrogen fixation potency was
determined after the strain NT35 was inoculated in ASHBY nitrogen-
free agar medium and incubated at 30°C for 24h (Xu et al., 2001).
Siderophore production was determined by the CAS method
(Delaporte-Quintana et al., 2020), and ACC deaminase activity was
determined by the Honma method (Tiwari et al., 2016).

The NT35 strain was inoculated in LB liquid, cultured at 160 rpm
at 28°C for 12h and subsequently centrifuged at 10,000 x g for 5min.
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The collected cells were dissolved in distilled water, and the original
cells were diluted to 1x10°CFU-mL™". Ginseng seeds were first
sterilized by soaking in 70% ethanol for 5min and then in 0.5%
sodium hypochlorite for 3min and rinsed three times with distilled
water. These disinfected seeds were immersed in the above bacterial
suspension of strain NT35 for 4h. Seeds treated with distilled water
served as the control. All the seeds were then transferred to plates
containing wetted sand (10 seeds per plate) and incubated at 25°C for
10-15days (Jiang et al., 2022).

2.6 Colonization ability of strain NT35 in
Panax ginseng and rhizosphere soil

Preparation of rifampicin solutions (2x10*pg-mL™") and
streptomycin solutions (5x10*pg-mL™"), The NT35 strain was
activated by LB medium and incubated at 28°C and 160 rpm for 12h.
Rifampicin was uniformly mixed into the LB solid medium to make
a plate containing rifampicin at a concentration of 40 pg-mL™", and
0.1 mL of NT35 bacterial solution was coated on the plate, and the
plate was incubated at 28°C for 3-4 days. Single colonies with the
same or similar morphology as that of the original NT35 were picked
for streaking and incubation. After incubation for 2-3 days, the single
colonies were streaked and inoculated onto LB medium containing
rifampicin at a concentration of 80 pg-mL™", and antibiotic-resistant
mutant strains with good growth and the same colony morphology as
that of the original bacterium were always selected to obtain the
mutant NT35-Rif'®, which was able to tolerate rifampicin at a
concentration of 160 pg-mL~". The concentration of streptomycin of
NT35 was increased step by step according to the same method from
50 pg-mL~" to 400 pg-mL™" to obtain the double-resistant strain NT35-
Rif'®-Stre*™, which has the same colony characteristics as the original
strain and stable drug resistance (Cohen et al., 1989). Ginseng roots
were inoculated with the NT35-Rif'*’-Stre’® strain at 10*CFU/mL,
and 50 mL of liquid was added to each root. The ginseng roots, stems,
leaves and rhizosphere soil were sampled after inoculation for 3, 7, 15,
30, 45, 60, or 90 days, and each treatment was repeated three times.
The colonization of various parts of ginseng and soil by the NT35-
Rif'-Stre*™ strain was determined via the plate colony counting
method. Each treatment was repeated three times.

2.7 qRT-PCR analysis of defense
enzyme-encoding gene expression

After leaf spreading, three-year-old healthy ginseng plants were
inoculated with a bacterial suspension of B. velezensis NT35 at a
concentration of 1x10°CFU-mL™ in pots in the greenhouse, and
water was inoculated as the control. The ginseng roots were sampled
at 1, 3, 5,7,9 and 11 days after treatment and were soaked in liquid
nitrogen. The total RNA of ginseng roots was extracted using the
RNAiso Plus method. Reverse transcription was conducted using
M-MLV reverse transcriptase (TaKaRa Biotechnology Co., Ltd.,
Dalian, China). The qRT-PCR assay was performed on a fluorescent
quantitative PCR instrument LC96 (Roche) using Fast SYBR Mixture
(Company) for qRT-PCR reactions. The 10 pL PCR mixture contained
1 pL of cDNA, 0.2 uL each of 10 pmol/L upstream and downstream
primers, 5uL of 2 x Fast SYBR mixture, 0.2 pL of 50 x Low ROX and
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3.4pL of ddH,0. The qRT-PCR conditions were 95°C predenaturation
for 10min, 95°C denaturation for 10s, 60°C annealing and extension
for 30s, for a total of 40 cycles. Five genes, phenylalanine ammonia-
lyase (PAL), p-1.3 glucanase (f-1,3-GLU), chitinase (CHI), superoxide
dismutase (SOD) and peroxidase (POD), of NT35-treated ginseng
plants were analyzed by using QRT-PCR (Jiang et al., 2022). Each gene
was conducted with three biological and technical replicates. The
relative gene expression was analyzed using the 2-2A% method (Livak
and Schmittgen, 2001; Kim et al., 2019).

2.8 Efficacy of strain NT35 for controlling
rusty root rot in ginseng in the field

The field experiment was carried out in 2021 in Choushui
township, Fusong county, Jilin Province, China. The control effect of
1x10°cfu/g NT35 WP (Jilin Agricultural University) was evaluated in
a field where ginseng rusty root rot occurs frequently. The ginseng
field was divided into different plots of 1.5 m? following a completely
random design on 25th April. The soil of all plots was treated by
mixing 8 g/m? NT35 WP with commercial agents, including 8 g/m?
3x 10" cfu/g YIWEI WP (Shandong Jingqing Agriculture Science and
Technology Co., China), 8 g/m*2x 10" cfu/g ZNLK WP (Zhongnong
Lvkang Biotechnology Co., China) and 5g/m? 50% carbendazim WP
(Jiangsu Wansheng International Chemical Group, China), with no
agent serving as a control. Two-year-old ginseng plants of uniform
size were planted at a 7cm depth in the soil and treated consistently.
The row spacing was 20 cm, the plant spacing was 10 cm, and there
were approximately 60 plants in each plot and the three random plots
were sampled. All ginseng roots were harvested at the maturity stage,
and disease severity was investigated (Rahman and Punja, 2005).

2.9 Effect of strain NT35 on soil enzyme
activity

After the ginseng roots were inoculated with the NT35 bacterial
suspension at a concentration of 1x 10* CFU-mL"', rhizosphere soil
samples were collected at four different periods of ginseng growth: leaf
spread stage (13 June), fruit stage (15 July), root expansion stage (16
August), and mature stage (15 September). The soil urease activity was
determined by using the method described by Kandeler and Gerber
(1988). The catalase activity was tested according to Liicia et al. (2016).
The alkaline phosphatase activity was determined using the protocol
described by Rahul and Anita (2016). The invertase activity was
measured using the method described by Sun et al. (2021). Three
replicates were carried out for each treatment.

2.10 gRT-PCR analysis of ginsenoside
synthesis-related gene expression

Three-year-old healthy ginseng roots were inoculated with an NT35
bacterial suspension at a concentration of 1x 10* CFU-mL™", and water
was used as a control. Total RNA was extracted from ginseng roots using
the RNAiso Plus method. Reverse transcription was conducted using
M-MLYV reverse transcriptase (TaKaRa Biotechnology Co., Ltd., Dalian,
China). The three genes encoding squalene synthase, squalene epoxidase,
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and dammarediol synthase were analyzed by qRT-PCR as described
above, and the f-actin gene was used as the internal reference. The
primers used were synthesized by Sangon Biotech (Shanghai) Co., Ltd.,
in China (Supplementary Table S1). Each gene was conducted with three
biological and technical replicates.

2.11 Effects of strain NT35 on the
rhizosphere microbial community of
ginseng

2.11.1 Soil samples

The rhizosphere soil samples and sampling method for this
experiment were consistent with those described in section 2.8 above.
The soil microbial community was analyzed during three periods: leaf
spreading, fruiting and root expansion. Three samples were taken as
one replicate, and a total of 18 soil samples were obtained. Soil samples
with no added agent were used as a control group.

2.11.2 DNA extraction, sequencing, and data
analysis

The total DNA of the soil samples was extracted by the CTAB
method (Niemi et al., 2001). The V3-V4 regions of the bacterial 16S
rRNA gene (Zhang et al., 2018) and the fungal ITS2 gene (Huang
J. et al., 2022) were amplified. Library construction and sequence
analysis were performed on an Illumina NovaSeq 6000 platform by
Novogene Co., Ltd. (Beijing, China). Spearman correlation was used
to analyze the relationships between soil enzymes, disease indices and
the microbial community.

2.11.3 Sequence processing and data analysis

After the chimeric sequences were removed, the operational
taxonomic units (OTUs) were clustered at 97% sequence identity
using UPARSE (Uparse v7.0.1001, http://www.drive5.com/uparse/;
Edgar, 2013). The taxonomic identities of the microbiome were
determined using the SSUrRNA database of Silval38' (Quast et al.,
2013). The alpha diversity and abundances of the OTUs were
calculated between the different treatments. PCoA dimensionality
reduction was performed to analyze the differences in community
structure between the groups at different stages. Spearman correlation
was used to study the relationships among soil enzymes, disease
indices and microbial communities. Pairwise correlation and
significance p-values were obtained.

2.12 Statistical analysis

Three replicates were analyzed for each treatment. The significant
differences between means were calculated using Tukey’s multiple
range test, followed by one-way ANOVA (*p<0.05, **p<0.01,
***p <0.001). For each trial, the results were subjected to analysis of
variance (ANOVA), and treatment means were compared by Fisher’s
protected least significant difference (LSD) test at 5% probability.
Before the ANOVA, the normality of the distribution of residuals and

1 http://www.arb-silva.de

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1447488
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://www.drive5.com/uparse/
http://www.arb-silva.de

Lietal.

homogeneity of variance were verified. The statistical analyzes were
performed with SPSS 26.0 (Ning et al., 2022).

3 Results

3.1 Effects of strain NT35 on the growth of
Illyonectria robusta and other pathogens in
Panax ginseng

All nine concentrations of B. velezensis NT35 inhibited the hyphal
growth of I robusta with different efficacies. Among the
concentrations, the inhibition rate of the treatment with a
concentration greater than 10’ CFU-mL™! was more than 94.12%,
which was significantly greater than that of the other treatments, and
the highest inhibition rate was observed for the treatment with
10° CFU-mL™", which reached 99.51% (Supplementary Table S2).

The NT35 strain not only inhibited I. robusta but also had a
broad-spectrum inhibitory effect on seven other plant pathogens,
including Sclerotinia sclerotiorum, Phytophthora cactorum, Alternaria
panax, Rhizoctonia solani, Fusarium solani, Botrytis cinerea, and
Colletotrichum panacicola (Figure 1).

The weight of I robusta mycelia also decreased 7 days after
inoculation with NT35 (Supplementary Figure S1). At 3 dpi and 4 dpi,
there were significantly greater inhibition rates against I. robusta than at
the other time points, and the highest rate reached 77.21% at 4 dpi. The
NT35 strain was found to have a good inhibitory effect on the amount
of sporulation of I robusta (Supplementary Table S3). The inhibition
rates exceeded 90% at all concentrations greater than 10' CFU-mL™.
When the concentration of B. velezensis NT35 was greater than
10*CFU-mL"", the sporulation inhibition rate was 100%. Moreover,
when the spore germination rate of the control group reached 91.4%, the
spore germination rates of I. robusta treated with different concentrations
of NT35 decreased. With increasing concentration, the inhibition rate

10.3389/fmicb.2024.1447488

increased, and the highest inhibition rate reached 93.28% at
10°CFU-mL™, indicating that B. velezensis NT35 has a good inhibitory
effect on I robusta sporulation and spore germination.

3.2 In vivo effect of the NT35 strain on
inhibiting llyonectria robusta growth in
ginseng roots

The positive control with only pathogen inoculation (Figure 2B)
showed typical discolouration around the inoculation site on the fifth
day after inoculation with I. robusta. No significant discolouration was
observed in the preventive treatment (Figure 2C) or the therapeutic
treatment (Figure 2D) with strain NT35. The ginseng in water treatment
(Figure 2A) showed only slight oxidation of the wound and its interior
after inoculation, with no ginseng rusty root rot symptoms, which proves
that the ginseng lesions in this experiment could only be caused by
inoculation with CBLJ-3. With increasing days after inoculation, the
disease spots in the pathogen-positive control gradually became larger,
darker and more decomposed. However, there was no obvious
deterioration in the ginseng roots after the NT35 treatment. On the 11th
day after inoculation, the ginseng roots were dissected lengthwise, and
the extent and area invaded by the pathogen I. robusta inside the roots
were significantly lower than those of the control plants. The preventive
treatment (Figure 2C) had the greatest effect.

3.3 Growth-promoting effect of strain
NT35 on ginseng plants

The four indicators of growth-promoting abilities of strain NT35
were determined in this study (Supplementary Figure S2). The NT35
strain has the potential for nitrogen fixation and siderophore activity,
but it cannot solubilize phosphorus or potassium. The levels of IAA

Sclerotinia schinseng

Ilyonectria robusta Botrytis cinerea

FIGURE 1
Inhibitory effect of NT35 on eight pathogenic fungi of Panax ginseng.

Phytophthora cactorum

Colletotrichum panacicola

Rhizoctonia solani Alternaria panax

Fusarium solani
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FIGURE 2

then with NT35.

Sdpi

7dpi  9dpi  11dpi LS

In vivo effect of strain NT35 inhibiting /lyonectria robusta on ginseng root. LS, Longitudinal section; (A) Water treatment; (B) /. robusta CBLJ-3;
(C) Prevention treatment: inoculation with NT35 for 1 day and then with /. robusta; (D) Therapeutic treatment: inoculation with /. robusta for 1 day and

FIGURE 3

replicates). p-values were indicated by * symbol: **p <0.01; *p <0.05

L LYEETR

I8 DL AR

bud length (cm)

NT35 CK

The promoting effect of strain NT35 on ginseng seed germination. (A) Water control; (B) NT35 treatment; (C) Seed bud length (n = 3 independent

and ACC deaminase produced by strain NT35 were 1.392 and 0.0197
pmoL/mg-h, respectively. After 15 days, the average bud length of the
ginseng plants soaked in water was 1.56 cm, while that of the plants
in the NT35 treatment was 2.25cm, which was significantly (1.44
times) greater than that of the water control. The results showed that
the bacterium NT35 could promote ginseng seed germination

( ).
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3.4 Colonization of strain NT35 in ginseng
and its rhizosphere soil

The labeled strain NT35-Rif'*-Stre'® was obtained, and its ability
to colonize ginseng roots, leaves, stems and rhizosphere soil was
maintained for 90 days ( ). In the ginseng roots and leaves, the

trend first increased and then decreased, while it gradually decreased
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Colonization of strain NT35 in ginseng and rhizosphere soil. (A) rhizosphere soil; (B) ginseng root; (C) ginseng stem; (D) ginseng leave. n = 3; different
values (a, b, ¢, d, e, f, g) between different dpi are significantly different (p <0.05).

40+

}/k
30 be
[S

204

10

Number of colonies in root (x10° CFU-g"")

.
\f
—
0 T T T T 1
0 20 40 60 80 100
dpi
‘o0 50 =
2
=
o
S 40
x
=
=
8 30
g
7
v
‘E 204
<
[=]
‘U
E 10
g d
20 T ——= 1

T T T
0 20 40 60 80 100

dpi

in the rhizosphere soil and stems. The colonization of NT35 in
rhizosphere soil was greater than that in the roots, stems and leaves
of ginseng. On the 3rd day after inoculation, the colonization level of
the NT35-Rif'-Stre*® population was 4.20x10° CFU/g in
rhizosphere soil, 2.64 x 10* CFU/g in roots, 7.20 x 10* CFU/g in stems,
and 1.77x10° CFU/g in leaves. At 15days after inoculation, the
colonization population in the ginseng roots and leaves peaked. Up
to 90days after inoculation, the colonization amounts in the
rhizosphere soil, roots, stems and leaves were 3.7x 10%, 2.46 x 10°,
0.67x 107 and 1.29x 10* CFU/g, respectively.

3.5 Expression of the defense
enzyme-encoding gene induced by
Bacillus velezensis NT35

Similarly, the expression of all five defense genes (-1.3-GA,
CHI, PAL, SOD and CAT) in ginseng roots inoculated with
B. velezensis NT35 tended to increase compared to that in the
control (Figure 5). The transcript expression of the #-1.3-GA and
CAT genes significantly increased in response to treatment with
strain NT35 from 1 to 9 dpi and peaked at 3 and 7 dpi, respectively
(Figures 5C,D). CHI and SOD were significantly expressed from
3 to 9 dpi, with peaks occurring at 7 and 5 dpi, respectively
(Figures 5B,E). The PAL genes were significantly upregulated
throughout the sampling period and peaked at 9 dpi (Figure 5A).
In addition, the expression of all five genes showed a decreasing
trend from 9 to 11 dpi.
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3.6 Control effect of strain NT35 on rusty
root rot in ginseng in the field

In the field experiment, the disease index of the NT35 WP
treatment (2.333) was lower than that of the negative control (4.859),
and the control effect reached 51.99% in the NT35 WP treatment,
which was not significant different from the control effects of the
YIWEI WP and ZNLK biological agents and carbendazim chemical
fungicide (Supplementary Figure S3). For yield, the weight of ginseng
roots (191.16 g) treated with NT35 WP was significantly greater than
that of those treated with the ZNLK agent or water control.

3.7 Effect of strain NT35 on ginseng soil
enzyme activity

In general, the soil enzyme activity in ginseng plants treated with
strain NT35 increased to some degree during different growth stages
compared with that in plants treated with water. However, the change
trend of the activity of each enzyme was different. The change in
invertase activity showed a trend of increasing first and then
decreasing overall, with the maximum value occurring at the fruit
stage (Supplementary Figure S4A). The phosphatase activity increased
continuously and peaked during the mature period of ginseng. The
maximum phosphatase activity after NT35 treatment was 1988.94 ug
g~', which was significantly greater than that in the water control and
YIWEI treatment groups (Supplementary Figure S4B). After the NT35
treatment, the soil urease activity first increased and then decreased.
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During the fruiting period, a maximum value of 572.26 pg/g was
reached, which was almost twice as high as that of the Yiwei treatment
(Supplementary Figure S4C). The maximum value of catalase activity
was reached during the root expansion period and was significantly
greater than that in the YIWEI treatment and water control groups
(Supplementary Figure $4D).

3.8 Effect of NT35 on the expression of
ginsenoside biosynthesis-related genes

After NT35 treatment, the expression of ginsenoside biosynthesis-
related genes was upregulated. The relative expression levels of the
squalene synthase gene (PgSS), squalene epoxidase gene (PgSE) and
dammarenediol synthase gene (PgDDS) in response to treatment with
strain NT35 were 25.11, 12.82, and 2.85 times greater than those in
response to treatment with water, respectively. The relative expression
of PgDDS and PgSS in the NT35 treatment group was extremely
significantly greater than that in the water control group, and the
relative expression of PgSE was significantly greater than that in the
water control group (Figure 6).

3.9 Effect of strain NT35 on the
rhizosphere microbial community of Panax
ginseng

3.9.1 Alpha diversity and PCoA analysis

During the four stages of ginseng growth, the Shannon, Simpson,
Chaol and ACE indices of the bacterial and fungal communities
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changed to different degrees. The Simpson and Shannon indices of the
soil bacterial and fungal communities treated with strain NT35 were
significantly greater than those of the control at the flowering and
root-expanding stages and significantly lower than those of the control
at the leaf-spreading stage (Supplementary Figures S5A,B,E,F). The
Chaol and ACE indices of the bacterial and fungal communities were
not significantly different among the three stages throughout the
growth cycles (Supplementary Figures S5C,D,G,H).

According to the PCoA analysis based on the Bray-Curtis
distance, the diversity of the soil microbial communities changed in
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response to the antagonistic bacteria NT35 treatment, as reflected by
the coordinate axes. The bacterial communities produced by the
B. velezensis NT35 treatment and the water control treatment were
significantly different on the horizontal axis at the fruiting and root
expansion stages, and the fungal communities at the fruiting stage
were significantly different on both the horizontal and vertical axes
(Supplementary Figures S6A,B).

3.9.2 Phylum- and genus-level composition of
the microbial community

The dominant bacterial phyla were Myxococcota, Crenarchaeota,
Chloroflexi, Actinobacteria, Verrucomicrobiota, and Proteobacteria,
and the dominant fungal phyla were Ascomycota, Basidiomycota and
Mortierellomycota. During the three stages of ginseng growth, there
were differences in the proportions of the dominant microbial groups
at the phylum level between the treatment with strain NT35 and the
negative control and between the different growth stages under the
same treatment (Figure 7).

In terms of the genus-level composition of the bacterial microbial
communities (Figure 7A), Mycobacterium, Luteimonas, Ellin6055,
Nocardioides, Sphingomonas, Galella and Gemmatimonas were the
dominant genera in the rhizosphere soil treated with B. velezensis
NT35 during the three stages of ginseng growth. For the control, the
Candidatus
C. xiphinematobacter, C. nitrosotalea, C. udaeobacter, RB41,
Rhodanobacter,
Luteibacter, Pseudolabrys, Luteibacter and Massillia. However, the

dominant  genera  consisted of solibacter,

Aeromicrobium,  Bradyrhizobium,  Massilia,
abundances of some microorganisms also decreased. Without the
NT35 treatment, the abundances of Sphingomonas, Nocardioides,
Ellin6055, Luteimonas, Galella, Mycobacterium and Jatrophihabitans
were always low. Additionally, the abundances of Candidatus
Solibacter, C. xiphinematobacter, C. nitrosotalea, C. udaeobacter,
Bradyrhizobium, Pseudolabrys and Rhodanobacter in the rhizosphere
soil decreased significantly after treatment with the biocontrol
bacterial strain NT35. For the genus composition of the fungal
microbial community (Figure 7B), the fungal community treated
without NT35 was composed mainly of Fusarium, Neonectria,
Thelonectria, Geomyces, Ilyonectria, Dactylonectria, Chaetomiun,
Trichoderma, and Botryotrichum. After treatment with B. velezensis
NT35, Penicillium, Pseudogymnoascus, Epicoccum, unidentified
Sodariales sp., Cercophora, Cephalotrichum, Mortierella, Aspergillus,
Apodus, Saitozyma and Trichoderma became the dominant genera.

3.9.3 Correlation analysis between the microbial
community, soil enzymes and ginseng growth

The correlation between the bacterial community composition
and the four soil enzymes activity was shown in Figure 8A. There was
a significant negative correlation between the abundance of the genus
Massilia and catalase activity. The alkaline phosphatase activity was
significantly negatively related to the abundances of Aeromicrobium,
Candidatus_xiphinematobacter and Luteimonas and was significantly
positively related to the abundances of Gemmatimonas, C. solibacter,
C. nitrosotalea, Bryobacter, and Pseudolabrys. The invertase activity
was significantly negatively related to the abundance of RB41 but
significantly positively related to the abundances of Gemmatimonas
and Sphigomonas.

On the other hand, the correlations between fungal community
composition at the genus level and the activities of the four soil
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enzymes are shown in Figure 8C. The abundance of the genus
Cercophora was significantly negatively correlated with catalase
activity, and that of Neonectria was significantly positively correlated
with catalase activity. Alkaline phosphatase activity was significantly
negatively related to the abundances of Fusarium and Epicoccum and
significantly positively related to the abundances of Botryotrichia,
Trichoderma, Saitozyma, Apodus and Chaetomium. The abundances
of Neonectria and Pseudogymnoascus were significantly negatively
related to urease activity. Invertase activity was extremely significantly
negatively related to the abundances of Dacylonectria, Ilyonectria and
Neonectria; significantly negatively related to the abundances of
Geomyces and Pseudogymnoascus; and significantly positively related
to the abundance of the genus Cercophora.

The correlations between the microbial community at the genus
level and the disease indices of rusty root rot and root growth in
ginseng and bacterial composition are shown in Figure 8B. The
abundances of Acidothermus, Nocardioides, Bradyrhizobium,
Sphingominas, and Psedolabrys were significantly negatively related to
the disease index of ginseng and were extremely significantly
negatively related to Gaiella, Jatrophihabitans and Luteimonas, while
the abundances of RB41 and Candidatus udaeobacter were
significantly positively related to the disease index of ginseng rusty
root rot. In terms of abundance, the length of the roots of the ginseng
plants was strongly negatively related to Acidothermus, Mycobacterium
and Psedolabrys; significantly negatively related to Jatrophihabitans
and Gaiella; and significantly positively related to C. nitrosotalea,
Bryobacter and C. xiphinematobacter. For the fungal community
(Figures 8C,D), the disease index associated with ginseng rusty root
rot was significantly negatively related to the abundance of
Geminibasidium and Trichoderma. In terms of abundance, the ginseng
root length was strongly negatively related to Trichosporiella and
significantly negatively related to Pleotrichocladium but was extremely
significantly positively related to Botryotrichum. The ginseng taproot
diameter was strongly negatively related to the abundance of Torula
and significantly negatively related to the abundances of Tetracladium
and Thelonectria.

3.9.4 LEfSe analysis of rhizosphere soil

The analysis of the bacterial community LEfSe in rhizosphere soil
showed that Acidobacteriota was enriched in the soil without NT35
treatment, and Alphaproteobacteria, Actinobacteria, Sphingomonadales
and Sphingomonadaceae were enriched in the NT35 treatment during
the leaf-spreading period (Figure 9A). During the fruiting period,
Proteobacteria and Acidobacteria were enriched in the control group,
and in the N'T35 treatment, Actinobacteriota, Nitrososphaeraceae and
Nitrososphaerales were enriched (Figure 9B). During the root
expansion stage, Acidobacteria and Acidobacteriota were enriched in
the control group, and Actinobacteriota, Actinobacteria and
Thermoleophilia were enriched in the NT35 treatment (Figure 9C).

According to the results of the fungal community LEfSe analysis,
the soil not subjected to biocontrol bacterial treatment was enriched
in Fusarium, Dactylonectria, Dactylonectria_estremocensis, Geomyces,
Geomyces_luteus, Thelonectria, Ilyonectria, Neonectria,
Neonectria_lugdunensis, Nectriaceae_sp., Nectriaceae, Hypocreales and
However,
Thelebolales,

Pseudeurotiaceae and Ascomycota were enriched after the NT35

Sordariomycetes. Leotiomycetes,

Pseudogymnoascus_pannorum, Psedugymnascus,

treatment during the leaf-spreading stage (Figure 9E). There was
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enrichment of Sordariales, Chaetomium, Chaetomium_sp., and
Chaetomiaceae in the control treatment at the fruiting stage, while the
fungi Microascales, Cephalotrichum_stemonitis, Cephalotrichum,
Microascaceae, Lasiosphaeriaceae, Cercophora, Epicoccum_nigrum,
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Epicoccum, Mortierellaceae,

Mortierellomycota, Mortierellomycetes,

Mortierella,

Mortierellales,
Eurotiales, Aspergillaceae,

Aspergillus, Eurotiomycetes and Aspergillus_capsici were enriched in

the N'T35 treatment (Figure 9F). During the root expansion stage, the
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FIGURE 8

Associations between bacterial and fungal communities and relative factors. Correlation among bacterial microbial community and soil enzyme
activity (A), and disease index and root growth of ginseng (B); Correlation among fungal microbial community and soil enzyme activity (C); Disease
index and root growth of ginseng (D). CAT, catalase; ALP, alkaline phosphatase; URE, urease; INV, invertase. DI, disease index of ginseng rusty root rot;
RL, root length of ginseng; RD, root diameter of ginseng. p-values were indicated by * symbol: **p <0.01; *p <0.05.

control group was enriched in Chaetomium_sp., Chaetomiaceae,
Sordariales and Chaetomium, and Basidiomycota was enriched in the
NT35 treatment (Figure 9D).

4 Discussion

In nature, Bacillus species exist widely and can be isolated from
plant stems, leaves, roots and soil (Dinesh et al., 2015; Ali et al., 2020).
Many articles have reported that B. velezensis can inhibit plant
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pathogens and be used as a biocontrol agent (Peng et al., 2019; Chen
etal., 2020; Mta et al., 2020). In the field of biological control, research
on screening antagonistic strains and control mechanisms is ongoing
(Dimki¢ et al., 2022). The biocontrol bacterium B. velezensis strain
NT35 was isolated from the rhizosphere soil of P. ginseng. In this study,
the mechanism by which the B. velezensis strain N'T35 controls
ginseng rusty root rot was clarified by determining antagonistic effects
and improvements in soil enzymes and microbial communities;
however, these effects have rarely been described before in the field of
controlling ginseng disease. Disease biocontrol mechanisms can
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be summarized as competition, antagonism and induction of plant
resistance (Marquez et al., 2020; Ribeiro et al., 2021). The NT35 strain
had a significant antagonistic effect on the mycelial growth,
sporulation and spore germination of I. robusta, which causes ginseng
rusty root rot.

The defense enzymes can increase plant resistance to biological
stress and abiotic stress. PAL can prevent pathogen infection in the cell
walls of host plants, and CHI combined with $-1,3-GA can induce a
plant defense response to inhibit the growth of filamentous pathogenic
fungi. SOD and CAT can eliminate endogenous free radicals to prevent
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cell death, which results in free radicals maintaining a normal dynamic
level in plants to improve plant stress resistance (Manikandan et al.,
2021; Wang Q. et al., 2023). For example, B. velezensis YYC induces an
increase in the enzyme activity of PAL, POD, and SOD in tomato
plants, resulting in resistance to bacterial wilt (Yan et al., 2022).

Strawberry and grape plants can also obtain systemic resistance to
external pathogens by increasing defense enzyme activity (Apaliya
etal., 2017; Tang et al., 2022). Ginseng can also resist the invasion of
pathogens by increasing the expression of defense-related enzyme-
encoding genes (Em et al., 2020). The NT35 strain could significantly
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increase the expression of the PAL, f-1,3-GA, CHI, SOD and CAT
genes in ginseng roots to increase systemic resistance to ginseng rusty
root rot, and the control effect reached 51.99%.

In recent years, research on the rhizospheric soil microbial
community structure has become a popular topic in the research of
biological control mechanisms. The role of biocontrol bacteria in the
early stage of microecology was mainly to cause microbial community
changes in plant rhizosphere soil. The B. velezensis strain NT35 can
change the alpha and beta diversity of the microbial community in
ginseng rhizosphere soil, especially the Shannon and Simpson
indices, according to PCoA. Notably, the NT35 strain can recruit
several beneficial bacteria, such as Luteimonas, Nocardioides,
Sphingomonas, and Gemmatimonas, from the rhizosphere soil.
Gemmatimonas contains chlorophyll phototrophic species that can
support plant life processes (Chen et al., 2022). Isolates of Luteimonas
are associated with plant growth promotion and plant resistance to
pathogens and have shown antifungal activity against wheat scab,
wood brown rot and ash seedling pathogens (Xiao et al., 2017; Ulrich
et al., 2022). Nocardioides can repair pesticides or other chemically
contaminated soils (Benedek et al, 2022). Sphingomonas can
metabolize prothioconazole and has a soil remediation function
(Huang Z. et al.,, 2022). However, in the soil not treated with strain
NT35, the enriched fungal community included Fusarium,
Neonectria, Ilyonectria, and Dactylonectria, which cause ginseng root
rot and rusty root rot (Farh et al., 2020; Fang et al., 2022; Walsh et al.,
2022). Ilyonectria robusta is the main pathogenic fungus of ginseng
studied in this paper. The relative abundance of Ilyonectria
significantly decreased in the rhizosphere soil after the NT35
treatment. We also found that NT35 not only reduced the abundance
of Ilyonectria in ginseng rhizosphere soil but also reduced the
abundance of Fusarium, which causes root rot in ginseng plants.
These results suggested that the N'T35 strain has a strong biocontrol
effect on ginseng rusty root rot. There is evidence that the
introduction of biocontrol agents can increased soil enzyme activity
and improved soil nutrient, provide a suitable environment for
microorganisms in soil, generate a signature microbial composition
(Tian et al., 2022). In addition, it has been reported that plants alter
the rhizosphere microbial composition through root secretions (Lu
et al., 2018). Here we also speculate that the strain NT35 improved
soil nutritional conditions and might stimulate the formation of a
special secretion pattern from ginseng root which recruit the
beneficial microbes to affect the composition and structure of the
rhizospheric soil microbial community.

The microbial community structure is affected by biological or
abiotic factors, such as the seasonal climate, soil physical and chemical
properties, microtopography, and plant activities, which affect the
production of enzymes and enzyme reaction kinetics in soil (Bell
et al.,, 2014). There was a close relationship between the microbial
community and soil enzyme activity and plant roots (Bell et al., 2014).
However, there have been few reports about the relationships among
the disease indices of ginseng rusty root rot, root growth, soil enzyme
activity and the microbial community after treatment with biocontrol
agent. Among the four soil enzyme activities in this study, the bacterial
community was strongly correlated with ALP activity, and the fungal
community was highly correlated with both ALP and INV activity.
However, the abundances of Ilyonectria and Fusarium were
significantly negatively correlated with INV activity, indicating that
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INV activity could significantly affect the abundance of pathogenic
fungi in ginseng rhizosphere soil (Figure 8C).

The effects on the disease index and root length were influenced
mainly by the bacterial community. For example, the disease index was
significantly negatively correlated with the abundance of Sphingomonas,
which increased after the addition of strain NT35 (Figure 8B). The
fungal community represented by Trichoderma was similar to that
represented by Sphingomonas (Figure 8D). Therefore, the treatment with
the B. velezensis strain NT35 can affect the rhizosphere microbial
community, thereby reducing the disease index of ginseng rusty root rot.
The effects of the biocontrol agent NT35 on ginseng rhizosphere soil are
summarized as follows. First, strain N'T35 can recruit beneficial bacteria
and fungi, which not only have biocontrol functions but also degrade
pesticides or even improve soil. Second, NT35 treatment can directly
reduce the relative abundance of target pathogens in soil and control
soil-borne diseases. Finally, the N'T35 strain increased the correlations
among soil enzyme activity, disease indices and microbial communities.
LEfSe analysis revealed that the bacteria beneficial to plants, such as
Sphingomonadales and Sphingomonadaceae, were enriched in the
rhizosphere soil (Levy et al., 2018). Additionally, the NT35 treatment
significantly enriched some actinomycetes that can secrete secondary
metabolites to inhibit pathogens. The abundance of pathogenic fungi in
the treatment inoculated with NT35 was significantly lower than that in
the noninoculated NT35 treatment (Figure 9E).
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