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Abstract: Panax notoginseng is an important medicinal crop in China. The high incidence of root
rot in P. notoginseng during the rainy season has restricted the development of the industry. It is
believed that frequent rainfall and a warm soil environment are important factors that promote root
rot incidence. However, there is still a significant knowledge gap in the relationship between rainfall
and root rot incidence. To understand the effects of rainfall and fertilizer on root exudates, the soil
bacterial structure, and root rot in P. notoginseng, four treatments were chosen for both field and pot
experiments. These treatments included DW (rain shelter and no fertilizer), RW (no rain shelter
and no fertilizer), DWF (rain shelter and fertilizer), and RWF (no rain shelter and fertilizer). The
results showed that both factors (rain shelter and fertilizer) significantly affected root rot incidence
and several other parameters. Among them, the effect of a rain shelter is more significant than that
of fertilizer, and the combination of the two further improves the effect. DW and DWF treatments
significantly reduced the soil moisture, phenolic acid, and root rot incidence, while significantly
increasing the soil temperature and enzyme activities compared to RW or RWF. Seven phenolic acids
secreted by P. notoginseng roots were all positively correlated with root rot incidence. Root rot was
also positively correlated with Planctomycetota, Acidobacteriota, and Gemmatimonadota and negatively
correlated with Firmicutes, Proteobacteria, Patescibacteria, and Nitrospirota. DWF treatment decreased
the soil moisture and the concentration of p-hydroxybenzoic acid, syringic acid, phthalic acid, and
vanillic acid and promoted the growth of Firmicutes and Proteobacteria, leading to the lowest incidence
of root rot.

Keywords: Panax notoginseng; root exudates; root rot; soil moisture

1. Introduction

Panax notoginseng, (Burk) F. H. Chen, is a traditional precious medicine in China.
The root of P. notoginseng contains a high amount of saponins, which have a substantial
therapeutic effect on cardiovascular diseases. Therefore, the root of P. notoginseng and
its products are widely used in medicine, health supplements, food, etc. [1,2]. However,
root rot has restricted the development of the P. notoginseng industry, which has led to a
decrease in the production of P. notoginseng by more than 70% [3]. P. notoginseng planting
requires strict constraints on the soil environment, and high-quality P. notoginseng roots are
mainly grown in shade and humid environments [4]. Long-term P. notoginseng planting in
a warm and humid environment, however, leads to the accumulation of allelochemicals
and the imbalance of microbial communities, eventually leading to the frequent occurrence
of P. notoginseng root rot [5]. At present, the prevention of root rot is mainly achieved by
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spraying pesticides. However, the application of pesticides leads to pesticide residue in the
root, reducing its medicinal value [6]. Therefore, green P. notoginseng root rot protection
measures are of great significance to the development of the P. notoginseng planting industry.

Root rot is typically a soil-borne disease, and is greatly influenced by the activity
and quantity of soil pathogens (Fusarium oxysporum, Gemmatimonadota et al.) [7]. Root
exudates have been identified as major drivers of the rhizosphere soil microbial community
dynamics, assembly, and functional capacity [8]. Root exudates play a significant role in
the nutrient substance cycle and signal transduction between the root system, soil, and
microorganisms. On one hand, plants can attract or inhibit some microorganisms by
altering the pattern of released compounds, affecting the assembly of rhizosphere microbial
communities and thus enhancing their ability to adapt to the environment [8]. On the
other hand, changes in the soil environment and soil microorganisms can stimulate the
plant root to secrete allelochemicals [9,10]. The content of organic acids secreted by roots
and the diversity of microbial communities are not uniform or static and change with the
environment [11–13]. Soil moisture and nutrients are two essential factors that affect plant
growth and soil microbial communities [14]. Inappropriate water and fertilizer supply can
lead to inhibited plant growth [15] and increased root exudates [13,16] and promote the
growth of pathogenic microorganisms [16]. The primary growing area for P. notoginseng in
China (Wenshan, Yunnan province) experiences frequent rainfall during the rainy season,
which makes it more difficult to adjust the soil moisture accurately and results in frequent
root rot occurrence. Studies have shown that proper rain shelter treatment during the rainy
season can effectively reduce the adverse effects of natural rainfall on crops and attenuate
some external factors of crop diseases [17,18]. However, the mechanism of reducing the
incidence of the crop by rain shelter cultivation is unclear. Whether rain shelter cultivation
affects the root exudates and/or root microorganisms of P. notoginseng, or reduces the root
rot of P. notoginseng needs to be studied. Therefore, field experiments and pot experiments
were conducted to explore the effects of rain shelter or no rain shelter cultivation on the
soil’s physicochemical properties, the response relationship among root exudates, microbial
communities, and root rot incidence in P. notoginseng.

2. Materials and Methods
2.1. Experimental Site Descriptions

The field experiment was conducted in the P. notoginseng key technology research
and demonstration base for water control, emission reductions, quality, and efficiency im-
provement (24◦29′57′′ N, 103◦34′22′′ E, with an altitude of 1790 m) in Luxi County, Yunnan
Province, China. The area where the field experiment was conducted has a subtropical
low-latitude plateau monsoon climate with an average annual temperature of 16.48 ◦C and
an annual rainfall of 895.6 mm. In 2021, the rainfall in the whole year was 856 mm and
the average annual temperature was 20.23 ◦C (SI: Figure S1). The pot experiment was con-
ducted in the greenhouse of Kunming University of Science and Technology (24◦50′40′′ N,
102◦51′49′′ E, with an altitude of 1835 m). The soil used in the field experiment was red
soil (Ferric Acrisols according to IUSS Working Group WRB, 2015), with a pH of 6.7, an
alkali-hydrolyzed nitrogen of 29.12 mg·kg−1, an available phosphorus of 31.25 mg·kg−1, an
available potassium of 168.35 mg·kg−1, a soil capacity of 1.18 g/cm3, a field water holding
capacity (FC) of 40.26%, a catalase activity of 8.13 mg·g−1 24 h−1, a sucrase activity of
11.32 mg·g−1 24 h−1, a urease activity of 0.23 mg·g−1 24 h−1, and a phosphatase activity of
0.15 mg·g−1 24 h−1 in 0–20 cm soil.

The soil in the pot experiment was red soil (Ferric Acrisols according to IUSS Working
Group WRB, 2015) with a pH of 8.04, an alkali-hydrolyzed nitrogen of 47.19 mg·kg−1,
an available phosphorus of 85.91 mg·kg−1, an available potassium of 267.56 mg·kg−1, a
soil capacity of 1.08 g/cm3, a field water holding capacity of 49.82%, a catalase activity
of 15.62 mg·g−1·24 h−1, a sucrase activity of 11.39 mg·g−1·24 h−1, a urease activity of
2.12 mg·g−1·24 h−1, and a phosphatase activity of 0.15 mg·g−1·24 h−1. Additionally,
the P-hydroxybenzoic acid, para-coumaric acid, vanillin acid, syringic acid, ferric acid,
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3-indoleacetic acid, and phthalic acid levels initially in the soil in the pot experiment
were 1.84 µg·g−1, 3.53 µg·g−1, 2.21 µg·g−1, 3.90 µg·g−1, 1.96 µg·g−1, 1.04 µg·g−1, and
2.14 µg·g−1, respectively.

2.2. Experimental Design

The trial crops for the field and pot experiment were 5-year-old P. notoginseng crops.
The field experiment was conducted from March 2021 to October 2021 and the pot experi-
ment was conducted from March 2022 to October 2022. Stages of the experiments included
the stage of seedling, rapid growth, and flowering of P. notoginseng. The field and pot
experiments consisted of two experimental factors, rain shelter and fertilization, with a
total of four treatments, which were DW (rain shelter and no fertilizer), RW (no rain shelter
and no fertilizer), DWF (rain shelter and fertilizer), and RWF (no rain shelter and fertilizer)
(Figure 1).

In the field experiment, each plot was cultivated by ridge farming and separated
by a 0.3 m ditch. The area of each plot was 32 m2 (length: 16 m and width: 2 m), with
1200 of P. notoginsengs planted in each plot. Each treatment was conducted in three replicate
plots. Shade nets were used to protect all plots from sunlight, while transparent plastic
film was used to protect the DWF and DW treatments from rainfall (Figure 1a,b). All plots
were irrigated with an independent micro-sprinkler irrigation system, which consisted of a
main pipe, a water valve, a water meter, and three micro-sprinkler irrigation nozzles. A
water valve and a water meter installed on the main water pipe of each plot were used
to control the amount of irrigation. The spray area of each nozzle was circular and the
diameter of the spray area was about 1.5 m. The irrigation (Table 1) was deficit irrigation
with an upper~lower limit (85~70%) θFC. Each treatment was replicated three times. The
irrigation and fertilization schedule for the field experiment is shown in Table 1.

The pot experiment was designed based on Liao’s study [4], with 800 g of soil placed
in a PVC box with an upper and lower diameter of 18 cm and 13 cm and a height of 15 cm
(Figure 1c,d). Each pot was planted with one P. notoginseng, and 20 pots were used for each
treatment. Due to the pot experiment being conducted in greenhouse, a rainfall simulator
was used to simulate rainfall in RWF and RW treatments. The rainfall simulation period
was the rainy season (June to October 2022), according to the meteorological data in the
field experiment (Figure S1). Artificial rainfall simulations were performed every afternoon
for 1 h, and the rainfall intensity was set to 5 mm/h according to the rainfall records from
the P. notoginseng key technology research and demonstration base. The rain pattern from
the rainfall simulation was drop-shaped and the rainfall uniformity was greater than 80%.
The pots were weighed daily to record the mass of water loss by evapotranspiration, and
properly watered to keep the soil water constant. Each treatment was performed in twenty
replicates. The irrigation and fertilization schedule for the field experiment is shown in
Table 1.

A water-soluble organic compound fertilizer (21%N-21%P2O5–21%K2O + 6% humic
acid + trace elements) was used for fertilization in both the field and pot experiments. In
the field experiment, MixRite2502 was selected as a comprehensive water and fertilizer
equipment with a flow rate of 2.5 m3·h−1 and a fertilizer/water ratio of 1:500. In the pot
experiment, the ratio of fertilizer to water was 1:500, which was manually added through
a spray bottle. The amount of fertilizer in each treatment is shown in Table 1. A total of
25% of this fertilizer was applied in seedling stage, 30% in rapid growth stage, and 45% in
flowering stage of P. notoginseng. No pesticides were applied throughout the crop growth
period, and weeds were manually removed in all plots.
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Table 1. The irrigation and fertilization gradient of the experiment schedule for P. notoginseng.

Irrigation Regimes Irrigation
(mm)

Fertilizer
(kg ha−1)

Rainfall
(mm)

Drainage
(mm)

Total Water
Volume (mm)

Field
experiment

DW 512 0 0 0 512
DWF 512 1680 0 0 512
RW 424 0 856 768 512

RWF 424 1680 856 768 512

Pot
experiment

DW
DWF

672 0 0 0 672
672 1680 0 0 672

RW 432 0 856 613 672
RWF 432 1680 856 613 672
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2.3. Sampling and Determination

Soil samples were collected following the late flowering period, which was October
2021 in the field experiments and October 2022 in the pot experiment.

In the field experiment, a five-core composite soil sample was collected from each
plot at 0–20 cm using a sample probe. Each fresh soil sample was approximately 250 g.
Each soil sample was air-dried and then passed through a 100-mesh sieve for determining
the alkali-hydrolyzed nitrogen, available phosphorus, available potassium, and soil pH. A
portion of the soil that had passed through the 100-mesh sieve was then ground through a
<60-mesh sieve for determination of catalase, phosphatase, urease, and sucrase activity.

In the pot experiment, three evenly growing and representative pots of each treatment
were selected before using the root shaking method. The roots of P. notoginseng were
carefully moved from the pot with the adhering soil. Additionally, the roots were then
carefully shaken to remove the loosely adhering soil, and the remaining attached soil was
carefully collected using sterile brushes and considered as rhizosphere soil (approximately
150 g). The soil sample was divided into two parts. After being refrigerated with liquid
nitrogen, a portion of soil was quickly transported into the lab and stored in a −80 ◦C
refrigerator for the determination of soil microorganisms; the rest of the soil samples were
air-dried and the indicators mentioned above in the field experiment were determined.
Additionally, to determine the organic acids, 5 g air-dried soil was taken and passed through
a <60-mesh sieve. The soil sample treatment before soil microbial detection was as follows:
three duplicate soil samples for each treatment were evenly mixed as one DNA sample of
mixed soil to be tested.



Agronomy 2023, 13, 1257 5 of 18

The pH of the soil samples was measured using a pH electrode at a soil/water ratio
of 1:2.5 [19]. The alkali-hydrolyzed nitrogen, available phosphorus, and available potassium
were analyzed by the diffusion method [20], the Olsen method [21], and the ammonium acetate
extraction flame photometry method [22], respectively. The soil enzyme activities of urease,
catalase, phosphatase, and sucrase were determined by the indophenol-blue colorimetry
method, the potassium permanganate titration method, the phosphate sodium method, and
the nitrophenol colorimetry method, respectively [23]. The soil moisture was measured using
the weight method [4]. The soil temperature was measured using a soil thermograph. Each
sample was measured three independent times for all the above indicators.

2.4. DNA Extraction and Illumina MiSeq Sequencing

DNA was extracted from 0.3–0.4 g of the four experimental mixed soil samples from
the pots and one control soil mixed sample (the soil before the experiment) using an
EZNATM Soil DNA Kit (Omega, Norcross, GA, USA). The eluted DNA samples were ana-
lyzed by 1% (m/v) agarose gel electrophoresis, and the DNA concentration was determined
using a NanoDrop2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
The V3–V4 regions of the bacterial 16S rRNA gene were amplified using the primers 338F
(5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′).
Amplification was performed with pre-denaturation for 3 min at 95 ◦C, followed by
26 cycles of 30 s at 95 ◦C, 30 s at 55 ◦C, and 45 s at 72 ◦C and a final extension for 10 min at
72 ◦C. PCR amplicons were detected by electrophoresis on 2% (w/v) gels, and the Axygen®

AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) was used to
recover the target fragments. The purified amplicons were sequenced on an Illumina MiSeq
platform (Majorbio Bio-Pharm Technology Company, Shanghai, China). The measurement
was repeated three times for each soil DNA sample to be tested.

2.5. Analysis of the Sequencing Data

The high-throughput data were preliminarily processed. USEARCH (v10.0.240, http:
//www.drive5.com/usearch/download.html, accessed on 1 November 2022) was used
to align the overlapping regions with complementary base pairing. The barcode and
primer sequences were excised, followed by quality control, filtering, and chimera removal.
Unoise3 was used to separate the operational taxonomic units (OTUs) at a similarity thresh-
old of 97%. A representative sequence for each OTU was randomly selected and compared
against the SILVA database v1.3.2 (https://www.arb-silva.de/documentation/release-13
2/, accessed on 1 November 2022) using the RDP classifier with a similarity threshold
of 0.8. A total of 740,055 high-quality sequences were obtained from five mixed soil samples
after quality control and filtration, and 4749 OTUs were obtained after clustering.

2.6. Extraction and Determination of Soil Organic Acids

Soil phenolic acids were extracted according to the procedure described by Wang [3].
Briefly, 5 g of air-dried soil samples from 12 pot experimental soil samples and 3 control
soil samples (the soil before the experiment) was suspended in 50 mL of 1 M NaOH and
shaken on a rotary shaker at 150 rpm at 30 ◦C for 24 h. After centrifugation at 10,000 rpm
for 10 min, the supernatant was acidified to 2.5 with 9 M HCl and then extracted three
times with ethyl acetate. The resultant extracts were pooled and evaporated to dryness at
35 ◦C. The obtained residue was dissolved in 5 mL of 100% methanol, filtered (0.22 µm),
and stored at 4 ◦C for further analyses.

Based on the results of our preliminary experiment, seven authentic phenolic acids
(including p-hydroxybenzoic acid, vanillic acid, syringic acid, vanillin, p-coumaric acid,
ferulic acid, and salicylic acid, purity ≥ 98%, Shanghai Aladdin Biochemical Technology Co.,
Ltd., Shanghai, China) were selected to establish the standard curves. The phenolic acids
in the soil extracts were identified and quantified using HPLC (Milford, MA, USA) with
a SunFire-C18 column (250 mm × 4.6 mm, 5 µm; Waters Technologies (China) Co., Ltd.,
Shanghai, China). The mobile phase consisted of methanol (A) and 0.16% acetic acid (B) with

http://www.drive5.com/usearch/download.html
http://www.drive5.com/usearch/download.html
https://www.arb-silva.de/documentation/release-132/
https://www.arb-silva.de/documentation/release-132/
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gradient elution. The gradient flow program was set as follows: 0 min, 5% A and 95% B;
5 min, 20% A and 80% B; 10 min, 35% A and 65% B; 21 min, 45% A and 55% B; 30 min,
60% A and 40% B; and 33 min, 5% A and 95% B. The chromatogram was monitored at 280 nm.
The injective volume was 10 µL and the column temperature was kept constant at 40 ◦C.
Phenolic acids were identified by comparing their retention times with standard compounds,
and the concentrations of phenolic acids were calculated based on their peak areas.

2.7. Statistics of the Incidence Rate of Root Rot

Diseased and wilted P. notoginseng plants were gently pulled out to record the number
of root-rotted plants every 7 days. The incidence rate was calculated according to the
following formula:

IR = DI/T × 100%

where IR represents the incidence rate, %; DI represents the number of diseased plants;
and T represents the total number of plants per unit area.

2.8. Statistical Analysis

The effects of a rain shelter with irrigation and fertilization on the soil available
nutrients, soil temperature, soil moisture, and root exudates were assessed using a 2-factor
ANOVA with interactions. The means were separated using a Duncan’s multiple range test
at p < 0.05 in SPSS 25.0. A heatmap was used to analyze the effects of the rain shelter with
irrigation and fertilization on the soil bacterial structure with the vegan package in R. A
redundancy analysis (RDA) was used in Canoco 5.0 to analyze the effects of root exudates
and soil physicochemical properties on soil bacterial microorganisms, as well as the effects
of root exudates and bacterial microorganism on root rot. All other figures were drawn in
Origin 2018 (OriginLab, Northampton, MA, USA).

3. Results
3.1. Soil Physical and Chemical Properties

Both factors, rain shelter and fertilization, significantly affected multiple soil properties,
with some interaction between the two factors. The highest alkaline hydrolyzed nitrogen,
available phosphorus, and available potassium in both the field and pot experiments were
observed in the DWF treatment (p < 0.05), and the lowest was observed in the RW treatment
(Table 2). In the field experiment, the contents of available potassium, alkali hydrolyzed
nitrogen, and available phosphorus in the soil of rain shelter treatments (DWF and DW)
were 22.67–37.42%, 13.48–16.67%, and 5.52–20.30% higher than those in non-rain shelter
treatments (RWF and RW), respectively. Similarly, the contents of available potassium,
alkali hydrolyzed nitrogen, and available phosphorus in the soil of rain shelter treatments
(DWF and DW) were 66.39–93.92%, 21.20–27.98%, and 18.00–21.90% higher thsn non rain
shelter treatments (RWF and RW), respectively. This suggested that rainfall leads to a
decrease in the available nutrients in 0–20 cm soil.

The soil pH in the field and pot experiments was significantly higher in DWF than
all other treatments. In both the field and pot experiments, the soil temperature in rain
shelter treatments (DW and DWF) was significantly higher than that in the corresponding
non rain shelter treatments (RW and RWF), and the soil moisture was the opposite. This
suggested that frequent rainfall indeed led to an increase in the soil moisture and a decrease
in soil temperature.
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Table 2. The physicochemical properties of P. notoginseng soil in (no) rain shelter and fertilizer treatments.

Treatments
Soil pH Available

Potassium
Alkali-Hydrolyzed

Nitrogen
Available

Phosphorus
Soil

Temperature
Soil

Moisture

mg·kg−1 mg·kg−1 mg·kg−1 ◦C %

Field
experiment

DW 6.61 ± 0.1 bb 158.64 ± 16.11 ab 20.2 ± 0.26 b 25.25 ± 0.88 b 26.01 ± 0.12 b 24.16 ± 0.35 b
DWF 6.83 ± 0.05 a 186.29 ± 21.32 a 22.4 ± 0.23 a 29.45 ± 0.56 a 26.28 ± 0.1 a 23.6 ± 0.22 b
RW 6.49 ± 0.05 c 129.32 ± 8.88 b 17.8 ± 0.25 c 23.93 ± 0.79 c 24.19 ± 0.11 d 30.25 ± 0.33 a

RWF 6.67 ± 0.06 b 135.56 ± 10.84 b 19.2 ± 0.31 b 24.48 ± 1.12 b 24.69 ± 0.13 c 30.41 ± 0.26 a

Pot
experiment

DW 7.86 ± 0.1 B 198.36 ± 15.16 B 30.41 ± 3.56 C 59.07 ± 2.22 C 24.86 ± 0.29 A 33.15 ± 0.22 B
DWF 8.02 ± 0.09 A 287.34 ± 21.32 A 52.74 ± 1.56 A 81.32 ± 3.56 A 25.3 ± 0.26 A 32.10 ± 0.11 C
RW 7.76 ± 0.12 B 119.26 ± 8.68 D 25.09 ± 1.23 D 50.4 ± 1.79 D 23.74 ± 0.33 B 42.76 ± 0.56 A

RWF 7.72 ± 0.07 B 148.92 ± 10.13 C 41.21 ± 2.12 B 66.71 ± 2.12 B 23.65 ± 0.11 B 42.43 ± 0.63 A

DW: rain shelter and no fertilizer; RW: no rain shelter and no fertilizer; DWF: rain shelter and fertilizer;
RWF: no rain shelter and fertilizer. Different lowercase letters in the same column indicate a significant dif-
ference in the field experiment at p < 0.05 using ANOVA with a Duncan’s test. Different capital letters in the same
column indicate a significant difference in the pot experiment at p < 0.05 using ANOVA with a Duncan’s test. The
soil temperature and soil moisture present the average soil temperature and moisture during the rainy season
(June–October), which were detected every 7 days.

3.2. Soil Enzyme Activities

The activities of catalase, phosphatase, urease, and sucrase in the field were in the
range of 7.8–12.4 mg·g−1·24 h−1, 0.09–0.29 mg·g−1·24 h−1, 0.1–0.19 mg·g−1·24 h−1, and
8.23–18.26 mg·g−1·24 h−1, respectively, and in the pot experiment were in
16.63–17.72 mg·g−1·24 h−1, 0.11–0.43 mg·g−1·24 h−1, 0.85–1.61 mg·g−1·24 h−1, and
8.05–25.11 mg·g−1·24 h−1, respectively. Except for the phosphatase activities in DW, the
enzyme activities in the pot experiment were higher than those in the field experiment.
The four detected enzyme activities in the pot experiment were significantly affected by
rain shelter, fertilizer, and their interaction (p < 0.05; SI: Table S1). However, in the field,
only catalase was significantly affected by rain shelter, fertilizer, and their interaction
(p < 0.05; SI: Table S1). The rest of the enzymes detected were mainly affected by rain shelter
or fertilizer (p < 0.05; SI: Table S1). At the same fertilizer level, the four detected enzyme
activities in rain shelters (DW or DWF) were higher than those in corresponding non rain
shelter treatments (RW or RWF) (Figure 2). In particular, the catalase activities in DWF and
DW in the field experiment were 15.38–34.78% higher than those in RWF or RW in the field
experiment, sucrase was 35.36–50.43% higher, phosphatase was 87.58–100% higher, and
urease was 45.03–50% higher. In the pot experiment, the catalase activities in DWF and
DW in the field experiment were 3.99–5.91% higher than those in RWF or RW in the field
experiment, sucrase was 84.43–86.22% higher, phosphatase was 73.56–204% higher, and
urease was 15.19–38.67% higher.

3.3. Root Exudates

Seven phenolic acids, including p-hydroxybenzoic acid, vanillin acid, syringic acid,
para-coumaric acid, ferulic acid, 3-indoleacetic acid, and phthalic acid, were detected and
saponins were not detected in P. notoginseng root soil in the pot experiment (Figure 3).
The concentrations of p-hydroxybenzoic acid were in the range of 2.22–3.03 µg·g−1,
vanillin acid concentrations were 4.13–5.22 µg·g−1, syringic acid concentrations were
2.45–3.38 µg·g−1, para-coumaric acid concentrations were 5.48–9.69 µg·g−1, ferulic
acid concentrations were 2.03–2.61 µg·g−1, 3-indoleacetic acid concentrations were
1.55–2.39 µg·g−1, and phthalic acid concentrations were 2.39–2.58 µg·g−1. The concen-
trations of para-coumaric acid and vanillin acid in root soil were significantly higher than
the other detected phenolic acids, suggesting that para-coumaric acid and vanillin acid
were the main phenolic acids secreted by the roots of P. notoginseng. Of these phenolic acids
(Table S2), p-hydroxybenzoic acid, vanillin acid, syringic acid, and para-coumaric acid were
significantly affected by rain shelter, fertilizer, and their interaction (p < 0.05). Ferulic acid
and phthalic acid were mainly significantly affected by rain shelter or fertilizer (p < 0.05),
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and not significantly affected by their interaction (p > 0.05). 3-indoleacetic acid was only
significantly affected by fertilizer (p < 0.05).
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Figure 2. Effects of (no) rain shelter and fertilizer on soil enzyme activity: catalase (a,b), sucrase (c,d),
phosphatase (e,f), and urease (g,h). DW: rain shelter and no fertilizer; RW: no rain shelter and no
fertilizer; DWF: rain shelter and fertilizer; RWF: no rain shelter and fertilizer. Different lowercase
letters in the same enzyme activity indicate a significant difference in the field experiment at p < 0.05
using ANOVA with a Duncan’s test. Different capital letters in the same enzyme activity indicate a
significant difference in the pot experiment at p < 0.05 using ANOVA with a Duncan’s test.

The concentration of seven phenolic acids in the root soil from field and pot exper-
iments significantly increased in each treatment, compared with that in the initial soil
before the experiments (p-hydroxybenzoic acid increased by 21.01–64.49%, vanillin acid
by 17.15–47.79%, syringic acid by 12.60–53.18%, para-coumaric acid by 40.69–148.45%,
ferulic acid by 3.83–32.82%, 3-indoleacetic acid by 49.87–130.34%, and phthalic acid by
9.82–20.51%). Of the treatments, the RWF treatment resulted in the highest concentration
of ferulic acid, syringic, para-coumaric acid, vanillin acid, and p-hydroxybenzoic acid. The
ferulic acid, para-coumaric acid, and 3-indoleacetic acid concentrations in DWF and RWF
were significantly higher than those in DW or RW. This suggested the fertilizer promotes
the secretion of these three phenolic acids from the roots of P. notoginseng. Interestingly,
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in rain shelter treatments, the concentrations of syringic acid and vanillin acid in the DW
treatment was higher than in DWF; however, in non-rain shelter, those in RWF were higher
than RW. This suggested that rainfall causes differences in the response of plant roots to
excrete syringic acid and vanillin acid.
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Figure 3. Effects of (no) rain shelter and fertilizer on syringic acid (a), para-coumaric acid (b), ferulic
acid (c), 3-indoleacetic acid (d), vanillin acid (e), phthalic acid (f), and p-hydroxybenzoic acid (g)
secreted from roots of P. notoginseng. DW: rain shelter and no fertilizer; RW: no rain shelter and no
fertilizer; DWF: rain shelter and fertilizer; RWF: no rain shelter and fertilizer. Different capital letters
in the same phenolic acid indicate a significant difference in the pot experiment at p < 0.05 using
ANOVA with a Duncan’s test.

3.4. Root Rot Incidence of P. notoginseng

The incidence of P. notoginseng root rot was in the range of 11.52–22.12% in the field
experiment and 6.81–15.35% in the pot experiment (Figure 4). The incidence of root rot in
both field and pot experiments was mainly affected by rain shelter (p < 0.01, SI: Table S3).
Fertilizer also significantly affected the incidence of root rot (p < 0.05), while the interaction
of fertilizer and rain shelter did not exert a significant effect on the incidence. Both the field
and pot experiments showed that RW treatment (22.12% in the field and 15.35% in the pot
experiment) resulted in the highest incidence of root rot, followed by RWF (21.15% in the
field and 14.78% in the pot experiment). The incidence of root rot in these two treatments
was significantly higher than that in DW and DWF, at 83.59~92.01% higher in the field and
87.88~117.03% higher in the pot experiment. Additionally, the incidence of root rot in DWF
treatment was 13.06–24.36% lower than that in DW treatment.

3.5. Bacterial Community in Rhizosphere Soil of P. notoginseng

A total of 2714 OTUs of bacteria were determined in DW, 2577 OTUs in DWF, 2605
OTUs in RW, and 2145 in RWF; among which, the detected OTUs in DW, DWF, and RW
were higher than the OTUs before P. notoginseng was transplanted (2510 OTUs in con-
trol). The bacteria were mainly distributed in Actinobacteriota (18.70–44.98%), Proteobacteria
(15.91–35.62%), Chloroflexi (8.98–22.98%), Acidobacteriota (3.81–29.39%), and Bacteroidota
(2.37–4.65%). The Shannon indexes of DW (6.50), DWF (6.35), and RWF (6.23) were signifi-
cantly higher than that of the control (6.09), while the Shannon indexes of RW (5.96) were
lower than that of the control. The Chao 1 indexes of DW (3459) and DWF (3284) were also
significantly higher than that of the control (3036). However, the Chao 1 index of RW (3296)
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was higher than that of the control and RWF (2709) was lower than the control (Table 3).
These data suggested that rain shelter treatment promotes the diversity and quantity
of bacteria.
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Figure 4. Effects of moisture management and fertilizer on root rot incidence of P. notoginseng.
DW: rain shelter and no fertilizer; RW: no rain shelter and no fertilizer; DWF: rain shelter and fertilizer;
RWF: no rain shelter and fertilizer. Different lowercase letters indicate a significant difference in root
rot incidence in the field experiment at p < 0.05 using ANOVA with a Duncan’s test. Different capital
letters indicate a significant difference in root rot incidence in the pot experiment at p < 0.05 using
ANOVA with a Duncan’s test.

Table 3. Effects of moisture management and fertilizer on the diversity of the bacterial community in
P. notoginseng soil.

Treatments Shannon Chao1

Control 6.09 ± 0.02 C 3036 ± 50 C
DW 6.50 ± 0.09 A 3459 ± 70 A

DWF 6.35 ± 0.03 B 3284 ± 85 B
RW 5.96 ± 0.04 D 3296 ± 77 B

RWF 6.23 ± 0.06 B 2709 ± 62 D
Different capital letters in the same column indicate significant differences in the pot experiment at p < 0.05 using
ANOVA with a Duncan’s test. DW: rain shelter and no fertilizer; RW: no rain shelter and no fertilizer; DWF: rain
shelter and fertilizer; RWF: no rain shelter and fertilizer; control: the soil before the experiment.

A cluster analysis of bacterial phyla among the rain shelter or fertilizer and control
showed the bacterial community structure under DW conditions was similar to RW, and
DWF was similar to the control (Figure 5a). The bacterial community structure under
RWF conditions was largely different from the control and the other treatments. Specif-
ically, the relative abundance of Actinobacteria in RWF was significantly (15.11–19.80%)
lower than that of other treatments. The relative abundance of Acidobacteriota, however,
was 19.1–25.58% higher than that of other treatments. Additionally, RWF conditions also
resulted in a significant increase in the relative abundance of Planctomycetota and Verrucomi-
crobiota, both of which exceeded 1%. The heat map further revealed the classification of
each treatment (Figure 5b). RWF and control were located on both sides. RWF conditions
significantly promoted the relative abundance of Firmicutes, Bacteroidota, Planctomycetota,
Verrucomicrobiota, and Acidobacteriota and suppressed the relative abundance of Actinobacte-
riota and Patescibacteria. DWF conditions promoted the relative abundance of Nitrospirota,
Proteobacteria, Cyanobacteria, Methylomirabilota, and Bacteroidota.
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Figure 5. Effects of rain shelter fertilization on the microbial community of P. notoginseng: (a) sample
level cluster analysis + portal accumulation of dominant bacteria in phylum (relative abundance
> 1%, clustering algorithm is Weighted_UniFrac); (b) heatmap of rhizosphere soil bacteria drawn
using the R vegan package. Legend represents relative richness. DW: rain shelter and no fertilizer;
RW: no rain shelter and no fertilizer; DWF: rain shelter and fertilizer; RWF: no rain shelter and
fertilizer; control: the soil before the experiment.

Additionally, an OTU abundance co-occurrence network analysis (Figure 6) showed
that the root exudates in the soil significantly affected the network connectivity (L: 125 in RW,
129 in DW, 187 in RWF, and 174 in DWF), while the network size did not change much
(node number). The ratio of positive correlation to negative correlation in RW (5.58) and
RWF (6.79) was higher than that in DW (1.11) and DWF (1.56).
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Figure 6. OTU abundance co-occurrence network analysis (top 50 relative abundance of our data).
The circle size represents the relative abundance size. The color represents the nodes at the level of
the gate. N, node. L, side. The edges represent significant Spearman correlations ($ > |0.8|, p < 0.01).
Light blue lines represent negative correlations and light red lines represent positive correlations.

3.6. Correlation Studies

The relative abundance of bacteria and phenolic acid were used for a redundancy
analysis (RDA). The RDA1 and RDA2 could explain 67.19% of differences in the bac-
teria structure among all the samples. Seven detected phenolic acids were negatively
correlated with the relative abundance of Patescibacteria, Cyanobacteria, Actinobacteria, and
Chloroflexi (Figure 7a). Of those phenolic acids, phthalic acid and 3-indoleacetic acid were
positively correlated with Gemmatimonadetes and vanillin acid, ferulic acid, syringic acid,
p-hydroxybenzoic acid, and para-coumaric acid were positively correlated with Firmicutes,
Verrucomicrobiota, Bacteroidota, Acidobacteriota, Myxococcota, Planctomycetota, and the other
bacteria. Additionally, para-coumaric acid was also negatively correlated with Proteobacteria
and Nitrospirota.

The bacterial community structure was also affected by the physiochemical properties
of the soil. As shown in Figure 7b, the RDA1 and RDA2 could explain 88.97% of differ-
ences in the bacteria structure among all the samples affected by the detected soil enzyme
activities and soil physiochemical properties. Chloroflexi, Actinobacteria, Firmicutes, and
Patescibacteria were positively correlated with urease activity, available phosphorus, soil pH,
available potassium, soil temperature, and alkali-hydrolyzed nitrogen and negatively cor-
related with soil moisture. Interestingly, the remaining bacteria were negatively correlated
with urease activity, available phosphorus, soil pH, available potassium, soil temperature,
and alkali-hydrolyzed N and positively correlated with soil moisture.

The root rot incidence and phenolic acid content were used for a redundancy analysis
(Figure 8a). RDA1 and RDA2 could explain the structural differences in 89.00% of phenolic
acids in all samples. Seven detected phenolic acids were negatively correlated with the
incidence rate of root rot. Among these phenolic acids, the effects of ferric acid, symmetric
acid, and p-hydroxybenzoic acid on root rot disease were more significant.
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Figure 7. Relationship between organic acids secreted by roots and the rhizosphere microbial com-
munity (a). Relationship between the rhizosphere soil environment and the microbial community (b).
The red arrows in (a,b) represent the phylum of bacteria; the light gray arrows in Figure 6a represent
the secretion of organic acids by the root system; the black arrows in (b) represent the detected
environmental factors of the soil (including nutrients, enzyme activity, soil temperature, and mois-
ture). DW: rain shelter and no fertilizer; RW: no rain shelter and no fertilizer; DWF: rain shelter and
fertilizer; RWF: no rain shelter and fertilizer; control: the soil before the experiment.
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Figure 8. Relationship between organic acids secreted by roots and incidence of root rot (a). Relation-
ship between the rhizosphere microbial community and root rot incidence (b). The red arrows in
(a,b) represent the incidence rate of root rot; the blue arrows in (a) represent the secretion of organic
acids by the root system; the black arrows in (b) represent the phylum of bacteria. DW: rain shelter
and no fertilizer; RW: no rain shelter and no fertilizer; DWF: rain shelter and fertilizer; RWF: no rain
shelter and fertilizer.
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The bacteria and the root rot incidence were used for a redundancy analysis (Figure 8b).
The RDA1 and RDA2 explained 85.42% of the differences in the root rot incidence among
all the samples. The root rot incidence of P. notoginseng was correlated with Planctomycetota,
Acidobacteriota, Gemmatimonadota, Acidobacteriota, Myxococcota, and Verrucomicrobiota and
negatively correlated with Firmicutes, Proteobacteria, Patescibacteria, Nitrospirota, Actinobacteria,
Chloroflexi, and Cyanobacteria. Of these bacteria, Planctomy-cetota, Acidobacteriota,
Gemmatimonadota, Firmicutes, Proteobacteria, Patescibacteria, and Nitrospirota had more signifi-
cant effects on root rot.

4. Discussion
4.1. Effects of Root Exudates and Soil Physical and Chemical Properties on the Microbial
Community of P. notoginseng

Root exudates have been identified as a major driver of rhizosphere soil microbial
community dynamics or assembly and functional capacity in multiple existing lines of
evidence [24–26]. Some bioactive molecules specifically attract or inhibit microorganisms
in soil communities, forming host-specific rhizosphere microbial communities [7,8,25].
Those biologically active molecules will also serve as signaling molecules for some specific
microorganisms and play a key role in plant–microbe interactions [12]. Long-chain organic
acids are the main bioactive components of P. notoginseng plants, which can be secreted
into the rhizosphere soil through the roots to exert autotoxicity or promote the growth
of pathogens [8]. Studies have shown that metabolite conditioning weakens the func-
tion of autotoxin degradation undertaken by Bradyrhizobium, Variovorax, Pseudomonas, and
Sphingomonas in the Proteobacteria phylum, and Streptomyces in the Acticnobacteriota
phylum, while promoting the metabolism of small-molecule acids initiated from
Anaeromyxobacter (which belong to Myxococcota), Flavobacterium (which belong Bacteroidota),
and Gemmatimonas (which belong Gemmatimonadota) [8,27]. This was supported by our
data. An RDA showed that vanillin acid, ferric acid, systolic acid, p-hydroxybenzoic acid,
and para-coumaric acid promote the growth of pathogenic bacteria such as Myxococcota
and Gemmatimonadota (Figure 7a).

The bacterial community structure was also affected by the physiochemical properties
of the soil. Soil moisture is an important driving factor for microbial activity [28]. The
excessive soil moisture will fill the soil pores, affecting the soil redox environment and
causing changes in the soil microbial community. Studies have shown that a high soil mois-
ture promotes the relative abundance of Planctomytota, Myxococcota, Verrumicrobiota, and
Acidobacteria and restrains the relative abundance of Actinobacteriota, Firmicutes, Patescibactera,
and Chloroflexi [29,30]. Interestingly, the urease activity was negatively correlated with
Planctomytota, Myxococcota, Verrumicrobiota, and Acidobacteria and positively with
Actinobacteriota, Firmicutes, Patescibactera, and Chloroflexi. Studies have pointed out that
soil enzymes are mainly secreted by soil microorganisms, animals, plants, and their residues,
of which bacteria were one of the main sources of soil enzymes [31]. This might be the
reason that a high soil moisture leads to changes in the soil microbial community and the
concentration of soil alkali-hydrolyzed N, limiting the soil urease activity. Studies have
shown that the increases in the activities of catalase activity, phosphatase activity, and
sucrase activity reduce the relative abundance of Acidobacteria and Actinobacteria [14] and
increase the relative abundance of proteobacteria [32]. However, our data showed that only
catalase activity was negatively correlated with Actinobacteria and positively correlated with
Proteobacteria. The phosphatase activity and sucrase activity were not significantly correlated
with soil bacterial phylum. Soil enzymes were central to soil nutrient cycling, which was
caused by the synergistic effect of multiple factors. This might be because the sucrase is
related to carbon cycling, promoting the growth of fungi [33], and phosphatase activity is
affected by various environmental factors [34]. The soil pH was significantly negatively
correlated with Acidobacteriota, which might be caused by the phenolic acid secreted from the
root of P. notoginseng, decreasing the soil pH to promote the growth of Acidobacteriota [30,35].
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4.2. Effects of Bacterial Communities on Root Rot in P. notoginseng

The diversity of the microbial community is key to maintaining soil and plant health
and quality [36]. The abundance of microorganisms in soils with a high prevalence of
P. notoginseng root rot is much lower than that in healthy soils [3]. In this study, the Shannon
indexes of bacteria in the non rain shelter conditions (RW and RWF) were lower than those
in the corresponding rain shelter conditions (DW and DWF, Table 3). This led to significantly
lower root rot incidences in P. notoginseng in DW- and DWF-treated fields or pots than
those in RW and RWF conditions (Figure 4). However, the soil microbial diversity in the
fertilization treatment (DWF) was slightly lower than that in the non-fertilization treatment
(DW) under the rain shelter. This may be because the microbial community in the soil
is more consistent under a long-term fertilization environment, resulting in decreases in
diversity and abundance [37].

Additionally, the structure of the microbial community was also one of the important
factors that determined the health of the plants. Studies have shown that the imbalance
in the soil microbial community structure caused by long-term cultivation was an im-
portant reason for the high incidence of soil-borne diseases of P. notoginseng [38]. Our
data showed that fertilization and the rain shelter had significant effects on the bacterial
structure (Figure 5), which resulted in different root rot incidences. Of those bacteria,
Planctomycetota, Acidobacteriota, Gemmatimonadota, Firmicutes, Proteobacteria, Patescibacteria,
and Nitrospirota had more significant effects on root rot (Figure 8b). A study has shown
that soil contains a large number of Proteobacteria in healthy plant roots and a large number
of Bacteroidetes and Verrucomicrobia in root rot plants [39]. Proteobacteria and Firmicutes
can produce high levels of anti-pathogen secondary metabolites, such as chitinase and
protease, to induce plant defenses against plant fungal diseases [40–42]. The high relative
abundance of Proteobacteria and Firmicutes leads to a decrease in root rot [43]. Additionally,
Nitrospirota has been associated with the suppression of various soil-borne diseases such
as Fusarium oxysporum in strawberries, bananas, and Panax ginseng, as well as bacterial
wilt in Panax ginseng [44,45]. On the contrary, the increase in the relative abundance
of Bacteroidetes may cause a decrease in soil environmental resistance and increase the
incidence of plant diseases [46].

4.3. Rain Shelter with Irrigation and Fertilization Could Effectively Reduce the Secretion of
Organic Acids of P. notoginseng and Reduce the Incidence of Root Rot

The soil moisture was an important factor affecting soil microbial communities and
physicochemical properties. As the soil moisture increases, soil pores become filled with
water and anaerobic, leading to a decrease in the activities of soil enzymes and microbiome
diversity [30]. This was supported by our data. Frequent rainfall during the rainy season
led to a significantly higher soil moisture and lower soil temperature in RW and RWF
compared to DW or DWF (Table 2). This further led to significantly lower activities of
catalase, phosphatase, urease, and sucrase and a lower microbial community diversity
index in RW compared to DW and in RWF compared to DWF (Figure 2 and Table 3). The
decline in soil enzyme activity hinders the absorption of nutrients by P. notoginseng, which
intensifyies the accumulation of autotoxic substances in the soil and induce root rot in
P. notoginseng [47]. Additionally, studies have shown that a high soil moisture promotes
the growth of Planctomytota, Myxococcota, and Verrumicrobiota [30], which were positively
correlated with root rot incidence of P. notoginseng (Figure 8b).

Studies have pointed out that the pathogenesis of P. notoginseng root rot caused
allelochemical substances in the root exudates, leading to imbalance in the microbial
community [48], among which the decrease in fungal-to-bacterial ratios was an important
indicator [49]. The concentrations of ferulic acid, syringic acid, and p-hydroxybenzoic
acid, which were more significant contributing factors to root rot (Figure 8a), in RWF were
significantly higher than in DWF. Studies have shown that plants’ roots might increase
their inputs to the ground to alleviate soil nutrient availability or environmental stress [50].
Our data showed that the available N, P, and K in non-rain shelter treatments (RW and
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RWF) was lower than that in corresponding rain shelter treatments (DW or DWF). This
might be one of the reasons why the phenolic acid in no rain-shelter treatments was higher
than in rain shelter treatments. Moreover, it can be seen from the symbiotic relationship
of the microbial network (Figure 6) that local aggregation occurred between RWF- and
RW-treated microorganisms, while there were more associations between DW- and DWF-
treated microorganisms. This suggested the rain shelter treatments (DW and DWF) were
conducive to the stability of the bacterial community, while the non rain shelter conditions
were not conducive to the stable development of the community [51]. Therefore, reducing
the root rot of P. notoginseng could be achieved through a rain shelter with irrigation.

5. Conclusions

Our results from field and pot experiments showed that DW and DWF treatments
significantly reduced the soil moisture and root rot incidence, while significantly increasing
the soil temperature and enzyme activities compared to RW or RWF conditions. Addition-
ally, RWF led to significantly higher p-hydroxybenzoic acid, syringic acid, para-coumaric
acid, ferulic acid, 3-indoleacetic acid, and vanillic acid concentrations compared to the
other treatments. The root rot incidence was positively correlated with all seven pheno-
lic acids secreted by P. notoginseng roots, as well as Planctomycetota, Acidobacteriota, and
Gemmatimonadota, and negatively correlated with Firmicutes, Proteobacteria, Patescibacteria, and
Nitrospirota. Considering the lowest soil moisture, the lowest incidence of root rot, and the
highest soil nutrients, as well as an appropriate soil phenolic acid concentration and bacterial
community structure, DWF conditions were recommended for P. notoginseng planting.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13051257/s1, Figure S1: The cumulative rainfall and air
temperature in field experiments (2021); Table S1: Effects of rain shelters and fertilizer on soil enzyme
activity; Table S2: Effects of rain shelters and fertilizer on syringic acid (a), para-coumaric acid (b),
ferulic acid (c), 3-indoleacetic acid (d), vanillin acid (e), phthalic acid (f), and p-hydroxybenzoic
acid (g) secreted from roots of P. notoginseng; Table S3: Effects of rain shelters and fertilizer on
incidence of root rot.
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30. Yao, M.; Rui, J.; Niu, H.; Heděnec, P.; Li, J.; He, Z.; Wang, J.; Cao, W.; Li, X. The differentiation of soil bacterial communities along
a precipitation and temperature gradient in the eastern Inner Mongolia steppe. Catena 2017, 152, 47–56. [CrossRef]

31. Wang, X.; Song, D.; Liang, G.; Zhang, Q.; Ai, C.; Zhou, W. Maize biochar addition rate influences soil enzyme activity and
microbial community composition in a fluvo-aquic soil. Appl. Soil Ecol. 2015, 96, 265–272. [CrossRef]

https://doi.org/10.1016/j.indcrop.2017.05.052
https://doi.org/10.1016/j.micres.2016.09.009
https://doi.org/10.1016/j.fshw.2021.02.014
https://doi.org/10.1038/s41564-018-0129-3
https://doi.org/10.1186/s40168-018-0537-x
https://doi.org/10.1007/s10886-012-0133-7
https://doi.org/10.1016/j.soilbio.2021.108384
https://doi.org/10.1055/s-2001-12905
https://doi.org/10.1074/jbc.M112.433300
https://www.ncbi.nlm.nih.gov/pubmed/23293028
https://doi.org/10.1111/j.1365-3040.2009.01926.x
https://www.ncbi.nlm.nih.gov/pubmed/19143988
https://doi.org/10.1016/j.geoderma.2021.115287
https://doi.org/10.1016/j.agwat.2021.107056
https://doi.org/10.1186/s40168-022-01375-z
https://doi.org/10.3390/molecules18010381
https://doi.org/10.3389/fmicb.2021.757719
https://doi.org/10.23986/afsci.71624
https://doi.org/10.2136/sssaj1989.03615995005300060016x
https://doi.org/10.2136/sssaj1965.03615995002900060025x
https://doi.org/10.1021/ac00284a062
https://doi.org/10.1371/journal.pone.0050868
https://www.ncbi.nlm.nih.gov/pubmed/23226411
https://doi.org/10.1126/science.aaa8764
https://www.ncbi.nlm.nih.gov/pubmed/26184915
https://doi.org/10.1038/s41579-020-0412-1
https://www.ncbi.nlm.nih.gov/pubmed/32788714
https://doi.org/10.1016/j.fmre.2021.12.016
https://doi.org/10.1007/s11104-021-05136-z
https://doi.org/10.1016/j.soilbio.2011.09.003
https://doi.org/10.1038/s41396-019-0409-9
https://doi.org/10.1016/j.catena.2017.01.007
https://doi.org/10.1016/j.apsoil.2015.08.018


Agronomy 2023, 13, 1257 18 of 18

32. Woo, H.L.; Hazen, T.C.; Simmons, B.A.; DeAngelis, K.M. Enzyme activities of aerobic lignocellulolytic bacteria isolated from wet
tropical forest soils. Syst. Appl. Microbiol. 2014, 37, 60–67. [CrossRef] [PubMed]

33. Xu, S.; Li, P.; Sayer, E.J.; Zhang, B.; Wang, J.; Qiao, C.; Peng, Z.; Diao, L.; Chi, Y.; Liu, W. Initial soil organic matter content
influences the storage and turnover of litter, root and soil carbon in grasslands. Ecosystems 2018, 21, 1377–1389. [CrossRef]

34. Li, P.; Zhang, X.; Hao, M. Effects of vegetation restoration on soil physicochemical properties, enzyme activities, and fungal
community of reconstructed soil in a mining area on Loess Plateau. Bull. Soil Water Conserv. 2019, 11, 2295.

35. Liu, S.; Wang, Z.; Niu, J.; Dang, K.; Zhang, S.; Wang, S.; Wang, Z. Changes in physicochemical properties, enzymatic activities,
and the microbial community of soil significantly influence the continuous cropping of Panax quinquefolius L. (American ginseng).
Plant Soil 2021, 463, 427–446. [CrossRef]

36. Zhang, J.; Wei, L.; Yang, J.; Ahmed, W.; Wang, Y.; Fu, L.; Ji, G. Probiotic consortia: Reshaping the rhizospheric microbiome and its
role in suppressing root-rot disease of Panax notoginseng. Front. Microbiol. 2020, 11, 701. [CrossRef] [PubMed]

37. Xiong, W.; Jousset, A.; Guo, S.; Karlsson, I.; Zhao, Q.; Wu, H.; Kowalchuk, G.A.; Shen, Q.; Li, R.; Geisen, S. Soil protist communities
form a dynamic hub in the soil microbiome. ISME J. 2018, 12, 634–638. [CrossRef]

38. Getzke, F.; Thiergart, T.; Hacquard, S. Contribution of bacterial-fungal balance to plant and animal health. Curr. Opin. Microbiol.
2019, 49, 66–72. [CrossRef]

39. Gu, Y.; Banerjee, S.; Dini-Andreote, F.; Xu, Y.; Shen, Q.; Jousset, A.; Wei, Z. Small changes in rhizosphere microbiome composition
predict disease outcomes earlier than pathogen density variations. ISME J. 2022, 16, 2448–2456. [CrossRef]

40. Crits-Christoph, A.; Diamond, S.; Butterfield, C.N.; Thomas, B.C.; Banfield, J.F. Novel soil bacteria possess diverse genes for
secondary metabolite biosynthesis. Nature 2018, 558, 440–444. [CrossRef]

41. Mendes, R.; Kruijt, M.; De Bruijn, I.; Dekkers, E.; Van Der Voort, M.; Schneider, J.H.; Piceno, Y.M.; DeSantis, T.Z.; Andersen, G.L.;
Bakker, P.A. Deciphering the rhizosphere microbiome for disease-suppressive bacteria. Science 2011, 332, 1097–1100. [CrossRef]
[PubMed]

42. Rosenzweig, N.; Tiedje, J.M.; Quensen III, J.F.; Meng, Q.; Hao, J.J. Microbial communities associated with potato common
scab-suppressive soil determined by pyrosequencing analyses. Plant Dis. 2012, 96, 718–725. [CrossRef] [PubMed]

43. Han, L.; Wang, Z.; Li, N.; Wang, Y.; Feng, J.; Zhang, X. Bacillus amyloliquefaciens B1408 suppresses Fusarium wilt in cucumber by
regulating the rhizosphere microbial community. Appl. Soil Ecol. 2019, 136, 55–66. [CrossRef]

44. Cha, J.-Y.; Han, S.; Hong, H.-J.; Cho, H.; Kim, D.; Kwon, Y.; Kwon, S.-K.; Crüsemann, M.; Bok Lee, Y.; Kim, J.F. Microbial and
biochemical basis of a Fusarium wilt-suppressive soil. ISME J. 2016, 10, 119–129. [CrossRef]

45. Goh, Y.K.; Zoqratt, M.Z.H.M.; Goh, Y.K.; Ayub, Q.; Ting, A.S.Y. Discovering naturally-occurring microbiota in disease suppressive
soil: Potential role of biological elements in suppressing Ganoderma boninense. Biol. Control 2022, 165, 104787. [CrossRef]

46. Kappell, A.D.; Wei, Y.; Newton, R.J.; Van Nostrand, J.D.; Zhou, J.; McLellan, S.L.; Hristova, K.R. The polycyclic aromatic
hydrocarbon degradation potential of Gulf of Mexico native coastal microbial communities after the Deepwater Horizon oil spill.
Front. Microbiol. 2014, 5, 205. [CrossRef]

47. Liu, J.; Li, Y.; Jiang, G.; Bian, X.; Li, F.; Geng, W. Allelopathic effects of cotton in continuous cropping. Allelopath. J. 2008, 21,
299–305.

48. Liu, L.; Liu, D.; Jin, H.; Feng, G.; Zhang, J.; Wei, M.; Zhao, Z. Overview on the mechanisms and control methods of sequential
cropping obstacle of Panax notoginseng FH Chen. J Mt. Agric. Biol 2011, 30, 70–75.

49. Wu, Z.; Hao, Z.; Sun, Y.; Guo, L.; Huang, L.; Zeng, Y.; Wang, Y.; Yang, L.; Chen, B. Comparison on the structure and function of the
rhizosphere microbial community between healthy and root-rot Panax notoginseng. Appl. Soil Ecol. 2016, 107, 99–107. [CrossRef]

50. Degryse, F.; Verma, V.; Smolders, E. Mobilization of Cu and Zn by root exudates of dicotyledonous plants in resin-buffered
solutions and in soil. Plant Soil 2008, 306, 69–84. [CrossRef]

51. He, D.; Shen, W.; Eberwein, J.; Zhao, Q.; Ren, L.; Wu, Q.L. Diversity and co-occurrence network of soil fungi are more responsive
than those of bacteria to shifts in precipitation seasonality in a subtropical forest. Soil Biol. Biochem. 2017, 115, 499–510. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.syapm.2013.10.001
https://www.ncbi.nlm.nih.gov/pubmed/24238986
https://doi.org/10.1007/s10021-018-0227-3
https://doi.org/10.1007/s11104-021-04911-2
https://doi.org/10.3389/fmicb.2020.00701
https://www.ncbi.nlm.nih.gov/pubmed/32425904
https://doi.org/10.1038/ismej.2017.171
https://doi.org/10.1016/j.mib.2019.10.009
https://doi.org/10.1038/s41396-022-01290-z
https://doi.org/10.1038/s41586-018-0207-y
https://doi.org/10.1126/science.1203980
https://www.ncbi.nlm.nih.gov/pubmed/21551032
https://doi.org/10.1094/PDIS-07-11-0571
https://www.ncbi.nlm.nih.gov/pubmed/30727523
https://doi.org/10.1016/j.apsoil.2018.12.011
https://doi.org/10.1038/ismej.2015.95
https://doi.org/10.1016/j.biocontrol.2021.104787
https://doi.org/10.3389/fmicb.2014.00205
https://doi.org/10.1016/j.apsoil.2016.05.017
https://doi.org/10.1007/s11104-007-9449-4
https://doi.org/10.1016/j.soilbio.2017.09.023

	Introduction 
	Materials and Methods 
	Experimental Site Descriptions 
	Experimental Design 
	Sampling and Determination 
	DNA Extraction and Illumina MiSeq Sequencing 
	Analysis of the Sequencing Data 
	Extraction and Determination of Soil Organic Acids 
	Statistics of the Incidence Rate of Root Rot 
	Statistical Analysis 

	Results 
	Soil Physical and Chemical Properties 
	Soil Enzyme Activities 
	Root Exudates 
	Root Rot Incidence of P. notoginseng 
	Bacterial Community in Rhizosphere Soil of P. notoginseng 
	Correlation Studies 

	Discussion 
	Effects of Root Exudates and Soil Physical and Chemical Properties on the Microbial Community of P. notoginseng 
	Effects of Bacterial Communities on Root Rot in P. notoginseng 
	Rain Shelter with Irrigation and Fertilization Could Effectively Reduce the Secretion of Organic Acids of P. notoginseng and Reduce the Incidence of Root Rot 

	Conclusions 
	References

