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Abstract: American ginseng (Panax quinquefolius L.) is an important cash crop, but long-term monocul-
ture often results in serious root rot disease and yield reduction. The dynamics of soil phenolic acids
perform an important function in soil microbe—plant interactions, but the extent to which changes in
phenolic acids that occur under the continuous monoculture of American ginseng influence growth
and the rhizosphere microbial community are unclear. In this study, American ginseng was planted
in soil that had been used for 3 years of continuous monoculture (3 yr) and into a soil with no history
of planting American ginseng (0 yr). Soil phenolic acids, rhizosphere microbiome characteristics, and
pathogen suppression were analyzed. In the findings, the diversity and structure of the rhizosphere
microbial community were affected by monoculture history, as the diversity of fungi and bacteria in
3 yr soil was higher than in 0 yr soil. The physiological performance of American ginseng in 3 yr soil
was significantly lower than that in 0 yr soil. Soil phenolic acid contents decreased with the longer
monoculture history, and high concentrations of phenolic acids suppressed the growth of American
ginseng-specific pathogens. Soil phenolic acids appeared to modulate the pathogen population and
the rhizosphere microbiome in American ginseng monocultures.

Keywords: American ginseng; phenolic acid; monoculture; microbial community

1. Introduction

American ginseng (Panax quinquefolius L.) is a perennial herb of the Araliaceae fam-
ily, commonly used in medicine and health products [1,2]. Due to the high economic
and medicinal value of American ginseng, the area of planting is significantly increasing,
and continuous monoculture systems are widely used, leading to outbreaks of soil-borne
diseases and a reduction in yield and quality (antioxidant and anti-inflammatory effects)
through several pathways. First, monocultures are usually accompanied by unstable soil
microbial communities [3], with increased abundances of pathogens and reduced beneficial
microorganisms, resulting in outbreaks of soil-borne diseases on a large scale for apple and
Panax plants [4]. In addition, the long-term continuous cropping of maize influences the
soil’s physical and chemical properties to inhibit plant growth, such as soil acidification and
salinization, organic matter degradation, and nutrient depletion [5]. Finally, yield reduc-
tions from monocultures are related to autotoxic substances in rhizosphere soil [6]. These
autotoxic substances promote the absorption and utilization of nutrients for pathogens
through the regulation of nutrition metabolism, and they aggravate the infection process
of pathogens by destroying the cell walls and defense systems of the host, resulting in an
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increase in pathogenic microorganisms in the rhizosphere soil [7]. Therefore, the growth
of American ginseng under monocultures is likely influenced by the interactions of root
exudation, soil properties, microbiome activities, and pathogen dynamics.

Phenolic acids, such as p-coumaric acid, vanillic acid and azelaic acid, are aromatic
compounds and important secondary metabolites from plant root exudates in a wide
range of horticultural species, including Cucumis sativus L. [8], Fragaria ananassa Duch. [9]
and Angelica sinensis (Oliv.) Diels [10]. Phenolic acids can promote the development and
growth of soil-borne pathogens. For example, p-hydroxybenzoic acid released from the
root exudates of cucumber can promote pathogen growth, increase rhizosphere bacterial
and fungal density, and inhibit seedling growth, and is therefore considered the cause
of autotoxicity in continuous cucumber monocrop systems [11]. Conversely, phenolic
acids were found to have stimulated the growth of Fusarium oxysporum f. sp. niveum
(a watermelon pathogen from long-term monoculture) at a low concentration, but strongly
suppressed pathogen growth at a high concentration [12], indicating that phenolic acids
can suppress pathogens at certain concentrations. Moreover, recent evidence suggests that
soil phenolic acids from root exudates influence the structure of the microbial community
because they can provide diverse C sources affecting soil C cycling, and they serve as
chemotactic signals for microbe—plant communications to enrich certain microbes in the
rhizosphere [13-15]. Therefore, our hypothesis is that phenolic compounds can occur at
high concentrations in the soil after the accumulation effect of long-term monocultures of
American ginseng, which may in turn modulate soil microbiomes, pathogen populations,
and plant growth, although this has not been verified.

In the present study, pot experiments were carried out using soils that had different
American ginseng cropping histories. The composition and concentration of phenolic acids
in the soils, growth of American ginseng planted in the soils, and microbiome characteristics
were determined. The objectives were to evaluate changes in soil phenolic acid content
and the rhizosphere microbial community of American ginseng grown in soil from long-
term monoculture, compared with the neighbored soil that had previously not been used
to grow American ginseng, to identify potential mechanisms for limiting the yield of
American ginseng in the interactions between soil metabolites, pathogen suppression, and
root-associated microbiome.

2. Materials and Methods
2.1. Soil Samples Collection

The field site for soil collection was at the American ginseng planting base in Rongcheng
(33°09" N; 122°25’ E), Weihai City, Shandong Province, China. The soil samples of neigh-
boring fields with different American ginseng growing histories were collected, identified
hereafter as soils with no American ginseng growing (0 yr) and 1-year (1 yr), 2-year (2 yr),
and 3-year (3 yr) monoculture.

An “S” pattern sampling method was used to collect soil in the fields. Bulk soils
(020 cm depth) were sampled using a core sampler (5 cm diameter). Then, the bulk
soil samples were thoroughly homogenized and packed in aseptic polyethylene sealed
packets [16]. All soil samples were transported in an icebox to the laboratory at 4 °C.

2.2. Soil Analysis

Total nitrogen (TN), total phosphorus (TP), total potassium (TK), alkali-hydrolyzable
nitrogen (AN), available phosphorus (AP), available potassium (AK), and organic matter
(OM) of the soil samples were measured. TN was determined using the Kjeldahl method
(ALVA, Shandong, China). TP and AP were measured by sodium bicarbonate extraction
and molybdenum-antimony colorimetry [17]. Flame photometry was used to determine
TK and AK (Shanghai Precision Instrument Co., Ltd., Shanghai, China) [18]. AN was
measured by the conductometric titration method [19]. OM was quantified by the dry
combustion method [20]. The work was completed by the Shandong Analysis and Test
Center, Jinan, Shandong Province.
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Phenolic acids were extracted from the soils using a modified method described by
Wau, et al. [21]. The soil samples were air-dried and screened through a 100-mesh sieve
(100 openings per inch) to remove plant residues; then, 20 g of each sample was placed in a
flask with a stopper, to which 150 mL of a 2 M NaOH solution was added. All flasks were
shaken at 120 rpm at 30 °C for 12 h. The soil extracts were centrifuged at 10,000 rpm for
5 min; then, 100 mL supernatant was collected, and the pH was adjusted to 2.5 witha 5 M
HCI solution. The supernatant was then extracted with ethyl acetate. All extracts were
combined and evaporated to dryness at 45 °C. The residue was dissolved in 2 mL of 80%
methanol and filtered with a 0.22 pm filter membrane to prepare for HPLC analysis.

Authentic samples of p-hydroxybenzoic acid, vanillin, vanillic acid, p-coumaric acid,
cinnamic acid, benzoic acid, syringic acid, ferulic acid, and salicylic acid (Sangon Biotech,
Shanghai, China) were prepared as 100 mg L~!, 50 mg L1, 25 mg L=}, 125 mg L™},
6.25 mg L~1, and 3.125 mg L~! standard solutions with 80% methanol as the solvent.
The phenolic acids in the soil extracts were detected using Agilent 1260 infinity I HPLC
(Agilent Technologies Inc., Palo Alto, CA, USA) with a Symmetry C-18 reversed column
(4.6 mm x 250 mm, 5 um). A 5 pL. sample was injected into the column at 35 °C, and the
chromatograms were monitored at 280 nm. The mobile phase was 0.5% acetic water (A) and
methanol (B) with a flow rate of 0.7 mL min~!. The chromatographic conditions were as
follows: 0-10 min, 95-80% A and 5-20% B; 10~13 min, 80-65% A and 20-35% B; 13-33 min,
65-50% A and 35 -50% B; 33—43 min, 50-5% A and 50-95% B; 43-53 min, 5-95% A and
95-5% B.

2.3. American Ginseng Pot Experiment

A pot experiment was undertaken using the soils with a 3-year monoculture of Ameri-
can ginseng (3 yr), the longest duration of monoculture in the collected field soil, and no
American ginseng growing history (0 yr). Four American ginseng seeds were sown in each
pot (250 mL) with 150 g of soil, and pots without plants were used to sample bulk soil.
Three pots per treatment were set up as the three replicates. The plants were cultivated for
2 months in the greenhouse with watering once a week. The germination rate, plant height,
chlorophyll content of leaves, incidence of root rot, root fresh weight, fibrous root numbers,
and root activity (indicated by respiration rate) were measured.

The chlorophyll content was measured by a modified acetone extraction method [22].
The specific method was as follows: 10 fresh and clean leaves were removed from each
pot; a uniform circular piece of leaf tissue was extracted from each leaf using a hole punch
and then cut into pieces with scissors, removing the midrib. The sample was put into
a mortar with quartz sand and 3 mL of 80% acetone solution. The mixture was ground
with a grinding rod until the leaf blade tissue became white. The homogenate was passed
through filter paper to remove leaf tissue, and the residual chlorophyll on the filter paper
was washed out with 80% acetone and transferred into a volumetric flask together with the
filtrate. Acetone solution (80%) was used as the control. After 10-fold dilution, absorbance
was measured at 470 nm, 649 nm, and 665 nm. The following formula was used to calculate
chlorophyll content:

Ca = 1221 A543 — 2.81Ag6 O

1000A 479 — 3.27C, — 104C
e = e : 3)
Chlorophyll content = C%;lo (mg-em™2) W

Ay70, Agas, and Aggs are the absorbances of chlorophyll extract at 470 nm, 646 nm, and
663 nm, respectively. C, is the concentration of chlorophyll a, Cy, is the concentration of
chlorophyll b, and Cxc is the concentration of carotenoids. C is chlorophyll concentration,
and V is extract volume.
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Root activity was measured by the triphenyl tetrazolium chloride (TTC) method [23],
which started by mixing 0.5 g root tip, 5 mL of 0.1 M phosphoric acid buffer solution, and
0.4% TTC solution in a beaker until the root sample was completely immersed. After dark
incubation at 37 °C for 1.5 h, 2 mL of 1 M sulfuric acid was added to stop the reaction. After
the reaction, each root sample was dried with sterile filter paper and transferred into a
mortar with quartz sand and 3 mL ethyl acetate for grinding. The mortar and grinding rod
were then washed with ethyl acetate, and the washed liquid was collected in a volumetric
flask and brought up to 10 mL with ethyl acetate. Absorbance was measured at 485 nm.
Ethyl acetate was used as control. According to the standard curve equation, reduction in
the amount of tetrazolium was calculated. The root activity was calculated as follows:

Reduction in amount of tetrazolium
Fresh weight of root x Dark processing time

Root activity = [mg/(g-h)] (5)

The incidence of root rot was calculated by the following formula [24]:

Nd
I=-— x100% 6
Nt < 100% (6)

where I was incidence of root rot (%); Nd was the number of American ginseng seedlings
with disease in each pot; and Nt was the total number of American ginseng seedlings in
each pot.

Rhizosphere soil was collected for high-throughput sequencing of the soil microbial
community. The topsoil of 0 to 2 cm was removed. For the whole root system of American
ginseng, the roots closely adhering soil (about 1-3 mm) were gently shaken off; the soil
was collected and defined as rhizosphere soil. Rhizosphere soils of the four plants in one
pot were pooled as one replicate. Soils from the pot with no plants were sampled as bulk
soil. All samples were categorized into four groups, i.e., bulk soil from the soils with
no American ginseng growing history (0 yr-bs); rhizosphere soil from the soils with no
American ginseng growing history (0 yr-rs); bulk soil from the soils with 3-year American
ginseng monoculture (3 yr-bs); and rhizosphere soil from the soils with 3-year American
ginseng monoculture (3 yr-rs).

The total metagenomic DNA of the soil was extracted from 0.3 g soil using DNeasy
PowerSoil DNA Isolation Kit (Qiagen, Germany) according to the manufacturer’s instruc-
tions. The quality and concentration of extracted DNA were estimated by 0.8% agarose gel
electrophoresis and stored at —20 °C for high-throughput sequencing.

The fungal ITS1 region was amplified by universal primers ITS3F: (5-GCATCGATGAA-
GAACGCAGC) and ITS4R: (5-TCCTCCGCTTATTGATATGC). The bacterial 16S region
was amplified by universal primers 341F: (5'-CCTACGGGNGGCWGCAG) and 805R:
(5’-GACTACHVGGGTATCTAATCC). Each of the 30 reactions contained Phusion Master
Mix (2x) (Thermo Fisher Scientific, Waltham, MA, USA) 15 pL, primer (2 pmol L3 uL,
template DNA (1 ng pL.=!) 10 uL, and ddH,O 2 uL. The PCR reaction procedure was as
follows: a pre-denaturation step at 98 °C for 1 min, followed by 30 cycles at 98 °C for 10 s,
50 °C for 30 s, and 72 °C for 30 s, and the last step at 72 °C for 5 min. High-throughput
sequencing used the Illumina Miseq platform, completed by Sangon Biotech (Shanghai)
Co., Ltd., Shanghai, China.

2.4. Effects of Exogenous Phenolic Acid Concentration and Extracts of Soils with Different
American Ginseng Growing History on Pathogen Suppression

American ginseng roots infected with soil-borne diseases were collected from the fields
to isolate pathogenic fungi, using the techniques and the pathogen list of Durairaj, et al. [25].
Infected roots were surface-sterilized with 70% ethanol for 5 min, washed with distilled
water, and then incubated on potato dextrose agar (PDA) at 25 °C for 7 days. The initial
isolation was based on colony morphology, followed by culture purification on PDA. The
primary identification of the purified isolates was based on morphological characteristics
under the microscope (Olympus Corporation, Tokyo, Japan). With the primary identifica-
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tion outcomes, the ITS sequence of the isolates to be identified were amplified by Sangon
Biotech. After blast sequence homology comparison, the isolates were finally identified as
strains of Fusarium solani, Fusarium oxysporum, and Rhizoctonia solani. These strains were
then inoculated to disease-free American ginseng to confirm their pathogenicity.

Four strains, including the three species isolated above, i.e., F. solani, F. oxysporum,
and R. solani, and one strain of Cylindrocarpon destructans (ACCC39132) purchased from
the Agricultural Culture Collection of China, were considered target pathogens in this
analysis. Based on the type and content of phenolic acid in the soil determined by HPLC in
this study, six different phenolic acids including p-coumaric acid, p-hydroxybenzoic acid,
vanillic acid, vanillin, benzoic acid, and cinnamic acid were used. The solutions containing
six phenolic acids were sterilized with a 0.22 um filter membrane (Sangon, China) and
added to PDA medium with a final concentration of 0, 2.5, 5, 10, and 50 mg L-L Mycelial
discs (5 mm diameter each) of pure cultures of the pathogens were incubated on PDA
plates with different concentrations of phenolic acid at 25 °C for 4 days. Colony growth
was assessed by measuring the diameters according to the “cross” method [26], and the
response index of each pathogen was calculated using following formula [27]:

RI = 100% — § x 100% (T >C) )
RI = £ x100% —100% (T < C)

where RI was response index (%); T was the colony diameter of the pathogen on plates
with added phenolic acid; C was the colony diameter of the pathogen on control plates;
RI > 0 indicates promotion to growth of the pathogen, and RI < 0 indicates inhibition of
growth of the pathogen.

To evaluate the effects of soil extracts on the inhibitory activity of four pathogens from
American ginseng, soils with 3-year monoculture history (3 yr) and no growing history
(0 yr) were extracted using methanol in methanol-to-soil ratios of 2:1 and 5:1 for both
treatments. The mixture of soil and methanol was shaken at 140 rpm at 30 °C for 12 h,
and treated with ultrasound at 26 °C for 1 h, then centrifuged at 6000 rpm for 2 min. The
supernatants were sterilized with a 0.22 pm filter membrane, then added to PDA at the
ratio of 15 mL soil extract per 540 mL PDA. The 5 mm mycelial discs were incubated on
the PDA plates supplemented with soil extracts at 25 °C for 4 days. An equivalent amount
of methanol was added to the control disks. The colony diameter was measured, and the
response index was calculated with 0 yr soil extract as control.

2.5. Bioinformatics

All raw data were uploaded and saved in the Genome Sequence Archive (GSA)
database (accession number: CRA005813). The paired-end sequence data were obtained by
sequencing. According to the overlap relationship between the PE reads, the paired reads
were merged into one sequence. Then, each sample’s data were identified and differentiated
according to the barcode label sequence, and finally, the quality of each sample’s data was
filtered by quality control. Low-quality bases were removed, sequences smaller than 100 bp
were discarded by splicing, specific amplified sequences and chimeras were removed, and
the sequences were classified as operational taxonomic units (OTUs) at a 97% similarity
level. Representative sequences of OTUs were annotated using the mothur method [28].
For ITS sequences, we used Blast to compare with the UNITE database [29], and for 16S
sequences we used Blast to compare with the GTDB database. Finally, the community
composition of each sample was determined at each classification level: domain, phylum,
class, order, family, genus, and species. Plant-associated OTUs in the fungal microbiome
were removed (Table A2).

2.6. Statistical Analysis

The significance of the differences between treatments was evaluated by analysis
of variance (ANOVA) using SPSS 19.0 (IBM Corporation, Armonk, NY, USA); Duncan’s
multiple range test was used for comparison. Fungal and bacterial OTUs shared among
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compartments were analyzed using the “VennDiagram” package in R (v3.6.0). Similarity
and difference analysis of fungal and bacterial communities in 0 yr and 3 yr monoculture
soils was performed using Principal Coordinate Analysis (PCoA) based on Bray—Curtis
distance on the “Vegan” package in R. Linear discriminant analysis effect size (LEfSe)
was used to find the microbial lineages that could best explain the differences between
groups in different soil samples. The Kruskal-Wallis (KW) rank-sum test was used to detect
significant differences in abundance between groups, and the (unpaired) Wilcoxon rank-
sum test was used to check the consistency of differences. Linear discriminant analysis effect
size (LEfSe) was used to identify the microbial taxonomic groups most likely to explain the
difference between two treatments (http:/ /huttenhower.sph.harvard.edu/lefse/, accessed
on 28 April 2022).

3. Results
3.1. Physical and Chemical Properties, and Phenolic Acid Content of Soils with Different American
Ginseng Cropping Histories

There was no significant difference in OM, TN, and TK in soils with different American
ginseng cropping histories (Table 1). In addition, the content of AN in the 1 yr and 2 yr
soils was significantly lower than that in 0 yr and 3 yr, and the content of TP and AK in
the 2 yr soil was lower than that in other soils. There was no significant difference in any
physical or chemical properties between the 3 yr and 0 yr soils.

Table 1. The physical and chemical properties of the soils with different monoculture history of

American ginseng.

Characteristics Oyr 1yr 2yr 3yr
OM (gkg™1) 2277 £ 2.88 a 21.50 £ 0.92 a 21.60 £0a 1933 £095a
TN (g kg’l) 1.63 £0.08a 1.57 £ 0.08 a 148 £ 0.05a 149 £ 0.07 a

AN (mg kg’l) 189.33 + 0.58 b 177.67 4+ 2.52 ba 184.00 + 1.73 ba 191.67 =153 a
TP (g kgfl) 0.60 £ 0.07 a 051 £0.34a 0.49 £0.01b 0.57 £0.03 a
AP (mg kg_l) 11567 +1.15a 96.40 +0.82b 11533 + 154 a 114.33 =252 a
TK (g kg’l) 19.20 £ 0.79 a 19.63 £ 0.76 a 19.03 £0.29 a 20.50 £ 0.75a
AK (g kgfl) 0.14 £0.01 a 0.16 = 0.01 a 0.11 £0.01b 0.15+0.01a
Organic matter: OM, total nitrogen: TN, alkali-hydrolyzable nitrogen: AN, total phosphorus: TP, available
phosphorus: AP, total potassium: TK, available potassium: AK. Data are presented as mean =+ standard error

(n = 3); different letters in each row indicate statistically significant differences according to one-way ANOVA
analysis (p < 0.05). The detailed information of the ANOVA results are shown in Table Al.

The six phenolic acids with the highest content in the soils were p-coumaric acid,
p-hydroxybenzoic acid, vanillic acid, vanillin, benzoic acid, and cinnamic acid when as-
sessed using HPLC (Figure 1). The content of total phenolic acid in the soils significantly
decreased from 0 yr to the 2 yr monocultures but did not differ between the 2 yr and 3 yr
soils. The relative amount of p-coumaric acid was highest among the six phenolic acids,
and it significantly decreased with the increase in monoculture years, which declined from
19.64 ng g~ in 0 yr soil to 5.60 ug g~ ! in 2 yr soil and 6.12 pg g~ ! in 3 yr soil. The content
of the other five phenolic acids showed no significant differences between different soil
samples (Figure 1).

3.2. Effects of Soils with Different Monoculture Histories on the Growth of American Ginseng

Soils with 0 yr and 3 yr monoculture had no significant effect on the germination rate
of American ginseng (Figure 2a). In terms of aboveground growth, the plant height of
American ginseng grown in soil with 3 yr monoculture was 4.96 cm, which was significantly
lower than 5.98 cm in 0 yr soil (Figure 2b). The chlorophyll content of plants grown in
soil with no American ginseng growing history was higher than that of plants grown in
soil after 3-year monoculture (Figure 2c). The effects of soils with different monoculture
histories on the morphological and physiological traits of American ginseng roots were
more obvious. The 3 yr monoculture soil led to morphological disorders of the roots
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(Figure 2d). Root rot incidence in 3 yr soil was 25% higher than in 0 yr soil (Figure 2e). The
average fresh weight of American ginseng roots grown in soil with no American ginseng
planting history was 0.26 g, which was significantly higher than in the 3 yr monoculture
soil (0.15 g) (Figure 2f). Monocultured soil significantly reduced the root activity (Figure 2g)
and fibrous root numbers (Figure 2h) of American ginseng.
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Times for continuous cropping

Figure 1. Content of phenolic acids extracted from soils with different monoculture history of Ameri-
can ginseng. 0 yr: no growing history, 1 yr: 1-year monoculture, 2 yr: 2-year monoculture, 3 yr: 3-year
monoculture. Bars: standard error of the mean (n = 3); different letters and the asterisk indicate
significant differences in total concentration according to one-way ANOVA analysis (p < 0.05). The
detailed information of the ANOVA results are shown in Table Al.

3.3. Rhizosphere Microbial Community of American Ginseng Influenced by Soils with Different
Monoculture Histories

Richness and the Shannon index were used to describe the diversity of the microbial
community. The fungal OTU richness of the bulk soil and rhizosphere soil with 3 yr mono-
culture was greater than in soils with no ginseng growing history (Figure 3a). The Shannon
index of the fungal community in 0 yr-rs was higher than that of 3 yr-rs (Figure 3b), but
there was no significant change between 0 yr-bs and 3 yr-bs. For the bacterial community,
the OTU richness in the rhizosphere soil was higher than in the bulk soil, and 3 yr-rs
was higher than 0 yr-rs; however, there was no significant difference between 0 yr-bs and
3 yr-bs (Figure 3c). The bacterial Shannon index of 3 yr-bs was significantly lower than that
of 0 yr-bs, but the Shannon index of 3 yr-rs was significantly higher than that of 3 yr-bs
(Figure 3d).

PCoA analysis based on Bray—Curtis distance was used to further evaluate the differ-
ences between fungal communities in the bulk soil and rhizosphere of American ginseng
grown in 0 yr and 3 yr monoculture soils (Figure 4a). The interpretation degrees of the first
and second principal coordinates of the differences in soil fungal communities were 46.02%
and 19.35%. The rhizosphere fungal communities of the two soils (0 yr-rs and 3 yr-rs) were
clustered and were closer than for bulk soils (0 yr-bs and 3 yr-bs). For bacterial communities,
the interpretation degrees of the first and second principal coordinates of the differences in
soil bacterial communities were 56.68% and 42.01%. The bulk soil from the two soil types
were grouped closely and differed from the rhizosphere bacterial microbiome (Figure 4b).
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Figure 2. The effects of soil with different monoculture history on the growth of American ginseng;:

germination rate (a); plant height (b); leaf chlorophyll content (c); root morphology (d); incidence

of root rot (e); root fresh weight (f); root activity (g); numbers of fibrous root (h); 0 yr: no growing

history; 3 yr: 3-year monoculture. Bar: standard error of the mean (n = 3); different letters represent
significant differences according to one-way ANOVA analysis (p < 0.05). The detailed information of

the ANOVA results are shown in Table Al.
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Figure 3. Fungal and bacterial OTU richness and Shannon index of American ginseng rhizosphere
when grown in soils with different monoculture history: fungal OTU richness (a); fungal Shannon
index (b); bacterial OTU richness (c); bacterial Shannon index (d); 0 yr-bs: bulk soil with no American
ginseng growing history; 3 yr-bs: bulk soil with 3-year monoculture; 0 yr-rs: rhizosphere in the soil
with no American ginseng growing history; 3 yr-rs: rhizosphere in the soil with 3-year monoculture.
The detailed information of the ANOVA results are shown in Table Al.
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Figure 4. Principal component analysis of American ginseng rhizosphere when grown in soils with
different monoculture history for fungi (a) and bacteria (b); 0 yr-bs: bulk soil with no American
ginseng growing history; 3 yr-bs: bulk soil with 3-year monoculture; 0 yr-rs: rhizosphere in the soil
with no American ginseng growing history; 3 yr-rs: rhizosphere in the soil with 3-year monoculture.

Changes in the relative abundance of the top ten phyla and genera were studied. The
results showed that the dominant fungal phylum in the four soil treatments belonged to
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the Ascomycota. The relative abundance of Ascomycota in the bulk soil was higher in
the monoculture soils than in the soil with no growing history, but in the rhizosphere,
Ascomycota abundance was higher in 0 yr-rs than in 3 yr-rs. Mortierellomycota, Basid-
iomycota, and Mucoromycota showed no significant difference between 0 yr-bs and 3 yr-bs
(Figure 5a).

100
Genus
W aernans
. Ascobolus
s B chastomium
B cisters
Phylum W ctadosporium
Wl i Exophiala
comyco
B Fusarum
Basidiomycota .
Humicola
B votieretiomycota 5 L
Mortierelia
B vucoromycota B o
or
Other
| I Fiectoschacreiia
B uncsssiied Fungi Tl
seudslsutia
B Fseucogmaoescus
5 . Saitozyma

. B wncassines Funi
. . . 0
Oyr-bs 3yr-bs Oyr-s

unclassified_Herpotrichiellaceae
oyr-bs 3yr-ds yrs s 3 miE

W verciium
Sample Samgle

(a) (b)

Relative Abundance (%)
Relative Abundance (%)

Phylum

Genus
B sraoymizobium
B surholderia
B caiena
75 Acidobacteria
75 I cemmatmanas
B scinovacteria .
o Badsroidstes
; n _
£ B carcisste_diision_wes-1 £ M
»
o B 3
= . Chlorofiexi H . Other
2 B cvenctactera_crioropiast 2 B Favivacuium
350 3 %
Z B Fiicues 2 B ~renvorscerum
2 B cermatimonadetes 2 B rnomicrotium
= Other &3 Rhodanabacler
L4 I Franctomycetes B ssccsrivacteria_genera_incerize_sedis
B Froeovaceria M singomonas
25
25 B vrciassitiea_sactenia = I svepiopnya
2 B suosisions_genera_inceriae_sedis
Vermucomicrobia
W rciassres
. WPS-1_genera_incenss_sedis
M vvps-2_cenera_incenas_sedis
0
0
Oyroos ros oyras
oy bs s Sample
Samp\e

Figure 5. The relative abundance of the main fungal and bacterial groups present in the American
ginseng rhizosphere when grown in soils with different monoculture history, at the phylum level
and the genus level: (a,b) are fungi, (c,d) are bacteria. Only the top ten phyla and genera in relative
abundance are displayed. 0 yr-bs: bulk soil with no American ginseng growing history; 3 yr-bs: bulk
soil with 3-year monoculture; 0 yr-rs: rhizosphere in the soil with no American ginseng growing
history; 3 yr-rs: rhizosphere in the soil with 3-year monoculture.

A further classification at the genus level showed that the dominant fungi in 0 yr-bs
belonged to Humicola, Mortierella, and Pseudolaria (Figure 5b). The dominant fungi in 3 yr-bs
belonged to Alternaria, Mortierella, Fusarium, and Cladosporium. The relative abundance of
Fusarium, Alternaria, and Cladosporium in 3 yr-bs were 1.8%, 13%, and 7.6% higher than
that in 0 yr-bs, respectively. In addition, the dominant fungi in the rhizosphere (0 yr-rs and
3 yr-rs) belonged to Fusarium. The relative abundance of Fusarium in 0 yr-bs and 3 yr-bs
increased by 3.9% and 10.4%, respectively. In contrast, the relative abundance of Alternaria
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(a)

in 0 yr-rs decreased by 16% compared to that in 0 yr-bs, and in 3 yr-rs decreased by 4.3%
compared to that in 0 yr-bs.

The dominant bacterial phyla in all the samples were Proteobacteria and Acidobacteria,
with no significant difference between 0 yr-bs and 3 yr-bs. In the rhizosphere for soils
with 0 yr and 3 yr growing history, the relative abundance of Proteobacteria significantly
increased. However, the relative abundance of Acidobacteria significantly decreased
(Figure 5c).

For bacterial genera, GP2 was dominant in 0 yr-bs and 3 yr-bs with 8% and 8.7%,
respectively, and there was no significant difference between them. GP1 increased in the
rhizosphere of 0 yr-rs and 3 yr-rs, with relative abundance of 7.2% and 7.5%, respectively.
In rhizosphere soil, the relative abundance of Burkholderia significantly increased, 5.3% and
5% in 0 yr-rs and 3 yr-rs, respectively, while its relative abundance in 0 yr-bs and 3 yr-bs
was less than 1% (Figure 5d).

The differences between fungal communities in different soil samples were studied
at multiple taxonomic levels. LEfSe analysis was performed to identify the fungal taxa
contributing the most to the difference in fungal communities between 0 yr-bs and 3 yr-bs
and between 0 yr-rs and 3 yr-rs. LEfSe results showed that the fungal genera that played an
important role in 3 yr-bs soil samples included Cladosporium, Calycina, and Plectosphaerella
(Figure 6a). Representative taxa in 0 yr-bs included lineage from Humicola, Pseudoleuria,
and Ascobolus (Figure 6a).
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Figure 6. Phylogenetic dendrogram of biomarkers of the American ginseng rhizosphere when grown
in soils with different monoculture history including bulk soil (a) and rhizosphere (b). 0 yr-bs: bulk
soil with no American ginseng growing history; 3 yr-bs: bulk soil with 3-year monoculture; 0 yr-rs:
rhizosphere in the soil with no American ginseng growing history; 3 yr-rs: rhizosphere in the soil
with 3-year monoculture. Only biomarkers with LDA > 3.8 are displayed (Kruskal-Wallis rank-sum
test, p < 0.05).

In the rhizosphere, the representative fungal genera of 3 yr-rs included lineage from
Helicoma, Cyberlinkera, Saitozyma, and unclassified Capnodiales (Figure 6b). The repre-
sentative genera in 0 yr-rs were Pseudolaria, unclassified Auriculariales, and unclassified
Aordariaceae (Figure 6b). These results showed that pathogenic fungi played a leading role
in differing the soil fungal community under continuous cropping from the soil with no
American ginseng cropping history.
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3.4. Effects of Exogenous Phenolic Acids and Soil Extracts on Suppression of American Ginseng
Root Pathogens

Compared with the control group, the mycelial growth of F. solani, C. destructans, and
R. solani was significantly promoted by phenolic acids at low concentration (2.5-10 mg L)
but was inhibited at 50 mg L1 with response indexes of —12.7%, —13.9%, and —11.1%,
respectively (Table 2). The mycelial growth of F. oxysporum was inhibited at all given
concentrations (2.5, 5, 10, 50 mg L1 of phenolic acid, and the inhibitory effect was directly
related to the concentration of phenolic acid (Table 2). Compared with non-American-
ginseng soil (0 yr), soil extracts from 3-year monoculture (3 yr) increased the mycelial
growth of the four pathogens of American ginseng, indicated by the positive Rl values in
both methanol:soil ratios (2:1 and 5:1, Table 3).

Table 2. The effect of phenolic acid concentrations on the growth of American ginseng pathogens.

. Fusarium Cylindrocarpon Rhizoctonia Fusarium
Co?cen]tralt;on Solani Destructans Solani Oxysporum
me L—

& RI% RI% RI% RI%

2.5 9.75+0.06 a 523+0.02a 479+ 0.02a —345+0a

5.0 8.58 £ 0.04a 2.67+0.02a 551+ 0.05a —345+0a

10 731+0.02a 390 £0.04a 10.68 +0.04 a —6.90+0.03a

50 —-1270+0.07b  —-13.89 £0.02b  —-11.11+£0.05b  —22.994+0.02b

Data are presented as mean + standard error (n = 3); different letters in each row indicate statistically significant
differences according to one-way ANOVA analysis (p < 0.05). Rl is response index, and RI < 0 indicates suppressing
pathogen growth. The detailed information of the ANOVA results are shown in Table Al.

Table 3. The effect of soil extracts on the growth of American ginseng pathogens.

. Fusarium Cylindrocarpon Rhizoctonia Fusarium
Ratio Solani Destructans Solani Oxysporum
(Methanol:Soil)
R1% RI1% RI% R1%
2:1 1194 +0.04 a 13.72 £ 0.03 b 28.97 £0.02a 535+ 0.03a
5:1 730+ 0.04b 2258 £0.05a 26.17 £0.02a 542 +£0.03a

Data are presented as mean =+ standard error (n = 3); different letters in each column indicate statistically significant
differences according to one-way ANOVA analysis (p < 0.05). Rl is response index between the soils with 3-year
monoculture and no growing history, and RI > 0 indicates promoting pathogen growth in the 3-year monoculture
soil compared with soils with no American ginseng growing history. The detailed information of the ANOVA
results are shown in Table A1.

4. Discussion

This study illustrated significant mechanisms for inhibiting the growth of American
ginseng in long-term monocultures. Growth reduction in American ginseng was detected
in monocultured soils. The structure and diversity of the rhizosphere microbiome were
distinct compared with soils that had not been used to grow American ginseng, even though
there was no difference in the physical properties and elemental contents between the soils.
We found that monoculture duration decreased the phenolic acid contents in the soil,
which was contrary to our original hypothesis, and confirmed that high concentrations of
phenolic acids were able to suppress the in vitro growth of pathogens infecting American
ginseng. Therefore, the interactions of soil phenolic acids, pathogen population, and
rhizosphere microbiome could lead to the inhibition of American ginseng growth after
long-term monoculture.

4.1. Monoculture Changed the Rhizosphere Soil Microbial Community of American Ginseng

The soil microbial community is an important factor affecting crop growth and qual-
ity [30]. PCoA analysis showed that the change of fungal and bacterial community struc-
tures from bulk soil to rhizosphere was similar in 0 yr and 3 yr cultivated soils, which may
be driven by the same factor in the two soils, such as root exudation by American ginseng.
The diversity of fungi and bacteria was significantly higher in 3 yr cultivated soil than 0 yr
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soil, which is similar to a report on the increase in fungal diversity during Panax notoginseng
continuous cropping [4]. The diversity of soil microorganisms is related to soil quality and
health [31]. In addition, we found that the relative abundance of Fusarium and Burkholderia
increased after monoculture of American ginseng, and the accumulation of pathogens in
the soil may lead to the outbreak of soil-borne diseases [32]. LEfSe analysis showed that the
dominant fungal community in the rhizosphere had changed from the bulk soil, possibly
due to the rapid enrichment of certain fungi in the rhizosphere soil.

4.2. Phenolic Acids Promote the Succession of the Rhizosphere Microbial Community of
American Ginseng

Many factors affect the structure of the soil microbial community, among which
root exudates are some of the most important [33]. Through bioassay, we found that
phenolic acids at lower concentration levels promoted the growth of Fusarium solani,
Cylindrocarpon destructans, and Rhizoctonia solani in vitro. Saponins exuded from the roots
of American ginseng were reported to promote the growth of pythiaceous fungi [34]. More
importantly, the 3 yr soil extract had a greater stimulating effect on American ginseng
pathogens than the 0 yr soil extract, possibly due to the lower phenolic acid content in the
3 yr soil. Given the differences in the soil microbial community between the 0 yr and 3 yr
soil after monoculture of American ginseng, we speculate that changes in the phenolic
acid concentration promote the succession of the rhizosphere soil microbial community in
the process of monoculture with American ginseng. This can in turn enrich pathogens at
specific low concentrations and may be a key mechanism leading to the outbreak of root
rot in American ginseng in 3 yr monoculture soil.

4.3. Phenolic Acids Hinder the Growth of American Ginseng

A seedling bioassay based on shoot and root growth is an effective method to evaluate
plant growth [35]. In a pot experiment, monoculture soil seriously hindered the growth of
American ginseng, leading to lower leaf chlorophyll content, fresh root weight, and root
metabolic activity by causing root deformity compared to plants grown in 0 yr soil. Root
deformity will impede the normal function of roots and can limit growth [36]. Studies have
shown that in the process of continuous monoculture, many perennial and annual crop
species have problems, such as the reduction in growth vitality and a decline in crop yield
and quality. The reasons for this phenomenon are complex and can be accompanied by
changes in the soil’s physical and chemical properties, as well as changes in the microbial
community [37,38]. Since there were no significant differences in the physical and chemical
properties between the two soils in this study, we infer that the decrease in soil phenolic
acids probably hinder the growth of American ginseng in monocultures. The reduced
soil phenolic acids observed with the increased duration of monoculture with American
ginseng was possibly a result of the fact that maize had been planted for a long term in the
same field before growing American ginseng, and it has been demonstrated that maize
root secretes a high concentration of phenolic acids [39]. Previous studies reported that
phenolic acids were a key variety of secondary metabolites in ginseng root [40], but they
may not be released into the soils as root exudates.

5. Conclusions

The results showed that the abundance of pathogenic microflora gradually increased,
and the microbial community structure changed to a greater extent during the monoculture
of American ginseng for up to 3 years. Moreover, microbial community diversity was
different in non-American-ginseng soil and three years after sowing. American ginseng
under the monoculture had lower physiological indexes (root activity and leaf chlorophyll
content), which can possibly be attributed to the effects of soil phenolic acids on suppressing
pathogens at certain levels. Soil phenolic acid concentrations were highly associated with
the monoculture systems. The mechanisms identified in this study provide potential
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solutions, such as improving soil phenolic acid concentrations, to overcome obstacles in
monoculture American ginseng.
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Appendix A

Table Al. The degrees of freedom, F value, and p value for the ANOVA used in the present study.

DF F p-Value

Table 1. The physical and chemical properties of the soils
with different monoculture history of American ginseng.

OM 11 2.458 0.137
N 11 3.536 0.068
AN 11 38.741 <0.01
TP 11 5.285 0.027
AP 11 109.014 <0.01
TK 11 2.768 0.111
AK 11 33.944 <0.01

Table 2. The effect of phenolic acid concentrations on the
growth of American ginseng pathogens.

Fusarium solani 11 12.634 <0.01
Cylindrocarpon destructans 11 31.704 <0.01
Rhizoctonia solani 11 15.271 <0.01
Fusarium oxysporum 11 66 <0.01

Table 3. The effect of soil extracts on the growth of
American ginseng pathogens.

Fusarium solani 5 3.245 0.015
Cylindrocarpon destructans 5 7.539 <0.01
Rhizoctonia solani 5 2.498 0.189
Fusarium oxysporum 5 0.001 0.98

Figure 1. The effect of monoculture history of American
ginseng on soil phenolic acid.
Total phenolic acid 11 80.527 <0.01
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Table Al. Cont.

DF F p-Value

Figure 2. The effect of soil with different monoculture
history on the growth of American ginseng.

Germination rate 5 1 0.374
Plant height 5 4.568 0.099
Chlorophyll content 5 3.185 0.015
Root rot incidence 5 1.373 <0.01
Root fresh weight 5 14.608 0.019
Root activity 5 5.064 <0.01
Fibrous root numbers 5 54.226 0.018

Figure 3. Microbiome diversity in bulk soil and American
ginseng rhizosphere when grown in soils with different monoculture history.

Fungal OTUs 11 4.441 0.041
Fungal Shannon 11 0.432 0.736
Bacterial OTUs 11 42.157 <0.01
Bacterial Shannon 11 5.75 0.023

Table A2. The number of reads filtered from the ITS gene.

Sample ID Raw After Quality Annotated as Fungi
Control

0 yr-bsl 61,233 61,141 55,637
0 yr-bs2 23,963 23,707 21,277
0 yr-bs3 45,562 45,421 38,851
3 yr-bsl 47,819 47,753 43,188
3 yr-bs2 63,154 63,097 56,345
3 yr-bs3 50,591 50,499 44,698
0 yr-rsl 61,843 61,835 28,026
0 yr-rs2 42,746 42,741 21,609
0 yr-rs3 57,472 57,471 9697

3 yrrsl 61,940 61,926 41,707
3 yr-rs2 57,768 57,754 38,278
3 yr-rs3 47,378 47,371 14,066
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