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ABSTRACT

Allelopathy is the main cause of soil sickness of ginseng (Panax ginseng C. A. Mey.) crop,
but the source of very effective allelochemicals and their possible physiological damage have not
been determined. In this study, we used 5-types of soils viz., (i). Healthy soil (HS), (ii). Soil with
stems and leaves extracts (SEL), (iii). Soil + stems and leaves (BS), (iv). Rhizosphere soil (RS)
and (v). Continuous cropping problem soil (CCS) in pot culture. We simulated the different release
pathways of allelochemicals from ginseng plants and the contents of ginsenoside Rg;, Rb;, Re and
Rd were determined in these soils. We determined the activity of soluble protease and antioxidant
enzymes in ginseng soil and also monitored the growth and development of ginseng plants. The
results showed that the effects of the single allelochemicals release pathway of Panax ginseng
followed the order: (RS) > (BS) > (SEL). The ginsenosides Rg;, Rb;, Re and Rd were mainly
released as root exudates. The interactions occurred between these ginsenosides in soil, which
seemed to be one of the key inducements to cause the oxidative stress injury. This study may
provide a theoretical basis to explain the release pathways and accumulation patterns of
ginsenoside allelochemical in soil.
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INTRODUCTION

Ginseng (Panax ginseng C.A.Mey.) of Panax family is perennial herb. Modern
pharmacological research have shown that it resist & ageing, anti-depressant, anti-senile
dementia, anti-neoplastic and cure other diseases (7,8,13). Its long-term planting causes soil
sickness, which reduces the plants growth, increases plant diseases and decreases quality of
product. The soil sickness is the main problem prohibiting the sustainable development of
ginseng industry in China. Therefore, it is necessary to find the mechanism of soil sickness
to improve the ginseng quality and production.

The main pathways of plants to release the allelochemicals are plant leaching, root
exudation and decomposition of stem and leaf residues. The allelopathic autotoxicity is
recognized as one of the important inducements of continuous cropping problem (5,17).
Early studies on continuous cropping problem of ginseng mainly focused on soil-borne
diseases, physical and chemical properties of soil and nutrients imbalance. Recent studies
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have shown that allelochemicals secreted from ginseng inhibits its own seed germination
and seedlings growth, while promotes spore germination and mycelial growth of
Cylindrocarpon destructans pathogen of ginseng (2,10). Allelopathy plays an increasingly
prominent role in continuous cropping problem. However, the present research on Panax
ginseng mainly focus on the identification of allelochemicals and the mechanism of action,
but not on the pathways of release of ginseng allelochemicals.

The saponin allelochemicals viz., Rgi, Rbi, Re, and Rd causes autotoxicity and has
strong biological activity (9,19). Under environmental stress, plants produce more reactive
oxygen species (ROS), while the antioxidant enzymes system in plants resist ROS harmful
effects. Therefore, the antioxidant enzymes are the key to evaluate the autotoxicity of
allelochemicals (6). In this study, 5-soils were (i). Healthy soil (HS), (ii). Soil with stems
and leaves extracts (SEL), (iii). Soil + stems and leaves (BS), (iv). Rhizosphere soil (RS),
(v). Continuous cropping problem soil (CCS). Details of experimental soils used are shown
in Table 1. These treatments simulated 4-allelochemicals releasing pathways: (a). healthy
group, (b). Eluviation, (c). Decomposition, (d). Exudation, (e). Continuous cropping, to
monitor the growth and antioxidant indexes of Panax ginseng. The contents of four key
ginsenoside allelochemicals (Rg;, Rbi, Re and Rd) were detected in different soils.

MATERIALS AND METHODS

Chemicals and reagents

Acetonitrile and methanol (HPLC grade, Tedia) and formic acid (HPLC grade,
Sigma-Aldrich). Ultrapure water (18 MQ/cm, Milli-Q water system). Reference
ginsenosides Rb;, Rb,, Rd, Re, Rg; (= 98 %, Baoman Bio Ltd.). Coomassie brilliant blue
solution. Catalase (CAT), Superoxide dismutase (SOD), Peroxidase (POD) and
Malondialdehyde (MDA) assay kits (Shanghai Solarbio Bio Ltd.).

Pot Culture Experiment

The studies were done in our shaded greenhouse (4 m long, 3.5 m wide and 3 m
height), Changchun Agricultural Exposition Park, Jilin Province (43°8177" N, 125°4408" E.
The experiment was done in plastic pots (length 37 cm x width 37 cm x height 21 cm). All
the plastic pots were placed in the shaded greenhouse in natural sunlight, (temperature: 20 °C,
Relitive humidity: 70 - 75 %). The soil was sieved through 2 mm size to removed rocks and
other impurities. Each plastic pot contained 15 kg soil. Two years old ginseng seedlings of
similar size were transplanted into pots on November 11, 2019. Nine seedlings were planted
per pot, treatments were replicated thrice in complete randomized design. One litre distilled
water was added per pot every 3 days to maintain field capacity moisture. After 5S-months
growth, ginseng roots samples were harvested. Five point sampling method was used to
collect the soil around ginseng roots from 3-sites per pot and at 3-growth stages [leaf
spreading stage (November 21, 2019), flowering stage (December 3,2019) and harvest stage
(April 11, 2020)]. After natural air drying, the samples were powdered and sieved through
0.425 mm size for testing.
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Table 1. Details of Experimental soils.

Soil Type Details

HS Soil was collected from Baixi forest farm, Fusong County, Baishan City, Jilin
Province.

SEL Soil was collected from the same site of healthy soil site. The leaves and stem (washed

in water) of 6-years old greenhouse grown ginseng plants were washed in water to
simulate rain leachates. One liter of leachate was added every 3 days.

BS Soil was collected from the same site of healthy soil site. The whole plants (Leaf +
stem + roots) of 6-year-old greenhouse grown ginseng plants were washed, cut in
2 cm pieces, air dried and buried to decay in meshed bags for 90 days. The decayed
residue were mixed in soil in 1:30 ratio.

RS During the harvest period, soil was shook off around ginseng roots of 6-years old
continuous cropped ginseng.
CCs Soil was collected from 6- years old continuously cropped ginseng field, near the new

forest land.

Soil solution preparation

Reference solutions for 4-ginsenosides were prepared in 80 % methanol-water
(4:1 ratio) (HPLC grade) and the final concentration of each solution was 1 mg/mL. Each
reference sample was diluted with 80 % methanol-water (HPLC grade) to make
8-concentrations (0.01 0.05, 0.1, 0.5, 1, 2, 5, 10 ppm) for UPLC-QQQ-MS analysis.

Twenty g soil of each treatment was extracted overnight with 200 ml of 80 %
methanol-water. The samples were extracted twice with ultrasonic wave at 40 °C for 60 min
each time. The extracts were centrifuged at 10000 rpm at 4 °C for 10 min to get supernatant.
The methanol was volatilized at 50 °C on water bath, leaving the water phase, which was
extracted thrice with chloroform and water-saturated n-butanol (1:1). The n-butanol phase
was evaporated by dry nitrogen, then made volume to 200 pL with 80 % HPLC grade
methanol, filtered through 0.22 um membrane and analyzed by UPLC-QQQ-MS.

Determination of ginsenosides in soil by UPLC-QQQ-MS

Ginsenosides were separated on a Thermo Scientific Syncronis C;s column (50
mmx3 mm, 1.7 pm). The mobile phase was solvent A, containing 0.1 % formic acid aqueous
solution and acetonitrile was solvent B. The gradient elution program was set as under : 0-5
min at B; 5-29 min at 19 %- 25 % B; 29-72 min at 25 %-40 % B; 72-77 min at 40%-90% B;
77-80 min at 90 % B; 80-83 min at 90 %- 19% B; 83-88 min at 19 % B with a flow rate of
200 pL/min. The injection volume was 5 pL and the column temperature was set at 35 °C.
The sampler temperature was set at 4 °C.

Mass spectrometry was detected via electrospray ionization in negative ion mode and
multiple reaction monitoring (MRM), mass scanning range: m/z 100~1500, spray voltage:
2500 V, sheath gas pressure: 35 arb; auxiliary gas pressure: 10 arb; transmission capillary
tube temperature: 350 degrees; atomizer temperature: 300 °C.

Determination of ginseng growth and antioxidant enzymes

(i). Determination of soluble protease: The soluble protein was determined by Coomassie
brilliant blue method and was defined as 1g protein per L of plant tissue homogenate.
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(ii). Determination of antioxidant enzymes: Catalase (CAT), Superoxide dismutase (SOD),
Peroxidase (POD) and Malondialdehyde (MDA) activities were determined with the kit
produced by Shanghai Solarbio Biotechnology Co., Ltd. CAT activity was defined as the
amount of 1 mol H,O» decomposed per second per mg tissue protein; SOD was defined as
the amount of SOD corresponding to 50 % inhibition rate of SOD in the reaction system;
POD was defined as the amount of enzyme catalyzing 1 pug substrate per minute per mg
tissue protein at 37 °C; MDA content was defined as the amount of MDA produced in per
mg tissue protein.

(iii). Ginseng growth: Five plants were randomly selected from each treatment, the above
ground and underground growth of ginseng plants was recorded at harvest.

(iv). Allelopathic response index: The allelopathic response index (RI) was calculated by
Williamson's formula (17) :

— 1=¢ -
RI ===(T=C) or RI =—(T <C)

C: Control, T: Treatment, RI > 0: Stimulation, RI < 0: Inhibition.
Data processing

Xcalibur software (ThermoFisher Science) was used to process the UPLC-QQQ-MS
data. The processed data were imported into SPSS software 13.0 for statistical analysis.
Excel 2013, GraphPad Prism 7.0.4 were used for data recording, sorting and chart making.

RESULTS AND DISCUSSION

Ginsenoside content

The content of ginsenoside in different treatment groups was determined by UPLC-
QQQ-MS. The peak area of the quantitative ion pair was integrated and the content of
ginsenoside was calculated by the regression equation. The distribution of four ginsenosides
in different soils is represented by a line in three growth periods, i.e. leaf developing stage,
flower stage and harvest period (Fig. 1).

In the early stage of growth of ginseng, compared with HS group, the contents of
saponin Rg;, Rb;, Re and Rd in soil of SEL, BS and RS groups were significantly increased,
indicating that active saponins accumulated rapidly in different ways in the early growth
stage; compared with CCS group, the four saponins in RS group were significantly increased,
and Rgj, Re and Rd contents in BS group were significantly increased, indicating that the
secretion pathway had a great influence on the release of allelopathic substances, which
might affect the plant growth. It showed a negative regulatory effect on plant growth.

In the late growth stage of ginseng plants, the accumulation of saponins in the soil of
5 groups was consistent. Compared with HS group, the content of four saponins in SEL, BS,
RS and CCS groups increased gradually, and the differences between various treatment
groups were significant. The content of Rg; in the CCS group was 21.48 ng/kg, Rb; was
27.19 pg/kg, Re content was 41.10 pg/kg, and Rd content was as high as 10.76 ng/kg. In the
later stage of plant growth, the content of saponins in the release pathway of single
allelopathy decreased and the content of saponins in the compound pathway increased. It
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indicated that with the growth of plants, the microorganisms environment and soil structure
in soil changed constantly and there might be strong interactions between saponins.
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Figure 1. The content of Ginsenoside in different soil during the growth period of ginseng.
A: Leaf spreading stage, B: Flowering stage, C: Harvest stage.

HS: Healthy soil, SEL: Soil with stems and leaves extracts, BS: Soil + stems and leaves,
RS: Rhizosphere soil, CCS: Continuous cropping problem soil.

The accumulation analysis of four highly allelopathic active substances showed that
Rgi, Rbi, Re and Rd all originated from the secretory pathway, and Rg; content was easy to
accumulate in a single release pathway; Rb; content increased first and then decreased; the
content of Re and Rd was very high in the early stage and slowly degraded in the later stage.

Soluble protein content in Panax ginseng

Soluble protein plays an important role in protecting the bio-membrane of the plant
cell, it’s also indispensable in plant stress resistance (21). The content of soluble protein in
ginseng potted in different soil was analyzed (Fig. 2). The results showed that the soluble
protein content of the RS treatment group was the lowest (1.65 g/L), while the soluble
protein content of the SEL treatment group was the highest (2.45 g/L). There was no
significant difference between CCS and HS treatment groups (P >0.05, however, the levels
of soluble protein in BS and SEL were significantly higher than HS (P < 0.05).
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Figure 2. Effects of different kinds of soil on soluble protein content in Panax ginseng. Each value of
extract represents means +SE (standard errors) (n=5). Means with similar letters are not significantly
different at p <0.05.

HS: Healthy soil, SEL: Soil with stems and leaves extracts, BS: Soil + stems and leaves, RS:
Rhizosphere soil, CCS: Continuous cropping problem soil.

Ginseng enzymes activities

The activities of antioxidant enzymes are closely related to the plant resistance to
stress an important indicator for exploring the allelopathy of plants (6). The effects of
different cultivated soils on CAT, POD, MDA, SOD of ginseng were studied. CAT is a
monofunctional enzyme which contains heme tetrameric enzyme and mainly exists in the
intracellular peroxisome (3,6,16). It has the function of scavenging H>O, produced by
photorespiration, which is decomposed into H,O and O, and indirectly reduces the
production of OH™'. The results showed that CAT activity of CCS (1.11 U/mg protein)
treatment group was the lowest and that of the SEL treatment group was the highest. There
were significant differences between the HS treatment group and the CCS, SEL and BS
treatment groups (P < 0.05) (Fig. 3). MDA activity can reflect the degree of lipid
peroxidation, which indirectly reflects cell damage degree (15,16). Compared with the HS
treatments, the activity of MDA in the SEL treatment group was the lowest (13.55 nmol/mg
protein), the activity of MDA in (RS) treatment group was the highest (P < 0.05). POD
activity can reflect the metabolic changes of plants in a certain period (12). There were
significant differences in POD activity between different cultivation soils and the HS
treatment group (P < 0.05). The activity of POD of RS treatment group was highest (P <
0.05), and POD activity of CCS, SEL and BS treatment groups were significantly lower than
HS (P <0.05). There was no significant effect on SOD activity in different cultivated soil (P
<0.05) (Fig. 3).
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Ginseng growth

The growth of ginseng in different treatments was observed during harvesting time
(Fig. 4). The pictures showed that except for the HS treatment group, the others were all
involved in soil sickness, of which the rhizosphere soil RS treatment group was the most
serious. Meanwhile, the radical length, radical width, the number of lateral roots and fibrous
roots and seedling height of the ginseng plant were measured, the allelopathic effect index
(RI) was calculated as well (Table 2) (Fig. 5). The results showed that the radical length of
CCS, BS and RS groups was significantly inhibited, and RI of these groups were (-0.36), (-
0.41) and (-0.47) respectively. The radical length, radical width, number of transverse roots
and fibrous roots and seedling height of HS were significantly different between RS group
and control group (HS). The factors of radical width, lateral and fibrous roots amount and
seedling height in the CCS, SEL, BS and RS group were inhibited, while RS group caused
the most serious inhibition with allelopathic effect index (total) -2.71.
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Figure 3. The effects of different soils on CAT, MDA, POD and SOD activity. Each value of extract
represents means +SE (standard errors) (n=5). Means with similar letters are not significantly different
atp <0.05.

HS: Healthy soil, CCS: Continuous cropping problem soil, SEL: Soil with stems and leaves extracts,
BS: Soil + stems and leaves, RS: Rhizosphere soil



184 Meng et al.

Figure 4. The growth performance of ginseng in different soils.
HS: Healthy soil, CCS: Continuous cropping problem soil, SEL: Soil with stems and leaves extracts,
BS: Soil + stems and leaves, RS: Rhizosphere soil
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Figure 5. Allelopathic index (RI) of Radical length, Radical width, The number of lateral roots, The
number of fibrous roots, seedling height and Allelopathic effect index (Total) of Panax ginseng

HS: Healthy soil, CCS: Continuous cropping problem soil, SEL: Soil with stems and leaves extracts,
BS: Soil + stems and leaves, RS: Rhizosphere soil
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Table 2. The effects of different soils on the ginseng growth

Treated soil Radical Radical Number of Number of Seedling
Group Length (cm) Width (cm) lateral roots  fibrous roots  Height (cm)
HS 6.91£1.27a 1.95+0.05a 6*la 22+2a 45.64+1.19a
CCS 4.4440.94b 1.60+0.07bc 3+0bc 12+3b 39.15+1.43b
SEL 6.66+0.44a 1.75+0.23ab 4+0b 174¢5ab  40.78+2.02b
BS 3.73£0.42bc 1.50+0.19bc 3£lc 13£3b 37.67+1.37b
RS 3.37+0.48bc 1.40+0.07¢c 24+0d 442¢ 25.79+1.15¢

Different normal letters indicate significant difference at 0.05 level.
HS: Healthy soil, CCS: Continuous cropping problem soil, SEL: Soil with stems and leaves extracts,
BS: Soil + stems and leaves, RS: Rhizosphere soil

Allelopathy can significantly affect the soluble protein content, antioxidant enzyme
activity, growth and quality of plant (1,14,18). Soluble protein plays a role in protecting the
bio-membrane of the plant cell, it’s also indispensable in plant stress resistance. Reactive
oxygen species are produced in plant aerobic metabolism, which is an important signal
molecule involved in the regulation of physiological and abiotic stress responses in plants.
The high concentration of Reactive oxygen species ROS can inhibit plant growth and even
lead to death (6). To maintain their normal physiological metabolism, plants tend to
scavenge reactive oxygen species by antioxidant enzyme system. High concentration of
allelochemicals can damage the cell structure of plants, while promoting the degradation of
plant litter and organic compounds, which ended up in plant growth inhibition (4,11,20).
Different secretion pathways of ginseng allelochemicals were simulated to determine the
above factors and differences were found in soluble protein content, antioxidant enzyme
activity and growth of ginseng plants cultivated in different kinds of soil, water extracts from
stems and leaves SEL.

CONCLUSIONS

All treatments of soil significantly increased the content of soluble protease.
Compared with healthy soil (HS), rhizosphere soil (RS) reduced the CAT activity but
increased the POD activity. Ginseng growth was different in 5-kinds of soils. The
experimental soils: HS, RS, BS and SEL had negative allelopathic effects and the
allelopathic effects of RS soil were lowest (-2.71).

The accumulation analysis of four highly allelopathic active substances showed that
Rgl, Rbl, Re and Rd all originated from the secretory pathway, but Rgl content was easily
accumulated in single release pathway; Rb1 content increased first and then decreased; the
content of Re and Rd was very high in the early stage and decreased in later stage.
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