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ABSTRACT

Soil sickness of ginseng (Panax ginseng C. A. Mey.) has become a major limiting factor
in ginseng cultivation. We found that the in rhizosphere soil of 5-year-old ginseng mainly
contained ginsenosides viz., Rb1 (2.69 mg L?), Rgl (1.94 mg L™), Re (1.84 mg L™), Rb2 (1.56
mg L) and Rc (1.12 mg L™). High concentration of Rgl (2.00 mg L) inhibited the seed
germination and seedling growth, but wax stimulatory at low concentrations (0.25 mg L™). The
Rg1l at 1.00 mg. L™ concentration stimulated the superoxide dismutase, peroxidase and ascorbic
peroxidase activities of seedlings but the 2.00 mg L™ concentration decreased their activities. The
Rgl at low conc (0.25 mg L™) increased but high concentration (2.00 mg L™) reduced the
contents of gibberellic acid and indole acetic acid. However, the content of abscissic acid was
increased by all concentrations of Rgl.

Keywords : Allelopathic effects, antioxidant enzyme, autotoxicity, enzyme activities, gibberellic
acid, ginseng, ginsenoside Rgl, indole acetic acid, Panax ginseng, phytohormones,
seed germination, seedling growth, soil sickness.

INTRODUCTION

Ginseng has ancient cultivation history in China, Korea and Japan (9). However,
soil sickness of Ginseng reduces the seed germination, seedling growth, ginseng root
quality and also causes serious diseases infestation (20). Soil sickness reduces the ginseng
yields, besides causes the major problems of restoring the plants in old cultivated land.
This problem is due to many factors viz., (i). deterioration of soil physical and chemical
properties, (ii). nutrients imbalance, (iii). soil-borne diseases and (iv). autotoxicity (31).
Autotoxicity refers to condition where plant releases certain compounds (autotoxins) into
the environment, which inhibits or suppresses the growth of their own plants (4,10,36).
The autotoxicity has been observed in Jacobaea vulgaris (21), Cucumis sativus L. (5,42),
Radix, Panax quinquefolii (17). The secondary metabolites of herbaceous perennial plants,
particularly the glycitein (11), 3,4-dihydroxy-acetophenon (35), veratric acid (41) have
been identified in sick soil. Among these ginsenoside Rgl has been consistently found in
the root exudates of ginseng or in the rhizosphere soil growing ginseng (23). Ginsenoside
is the main bioactive compound produced by ginseng plants (3,16). There are at least 20
different ginsenosides in ginseng, accounting for > 6 % of plant dry biomass. These
compounds are released into the rhizosphere soil by root exudates, or in the environment
by leaching and volatilization (33). The autotoxin Rgl of notoginseng induces the
excessive accumulation of reactive oxygen species (ROS) leading to the death of root cells
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(35).

The pharmacological properties of ginsenosides have been studied, but very little is
known about the ginsenosides allelopathy in soil after release from ginseng plants.
Ginsenoside may play role in soil sickness in ginseng (23,36). Due to the serious threat of
autotoxic effects on the ginseng plant, we studied the allelochemicals of ginseng and their
allelopathic potential. We identified the Rgl from the ginseng rhizosphere soil and its
autotoxic activity was evaluated on the metabolism of root cells, antioxidant enzymes
activities and content of ginseng phytohormones.

MATERIALS AND METHODS

Ginseng seeds were collected from Jilin Agricultural University, Changchun (236.8
m above sea level, 43°810639"N, 125°410545") in October, 2016. All seeds were collected
from the un-infected healthy plants and stored at 4°C. All chemicals and solvents
(polyvinyl pyrrolidone, dithane stainless, ascorbate, Ethylenediaminetetraacetic acid, nitro
benzyltetrazole, Triton X-100, Nitrotetrazolium Blue chloride, methionine, riboflavin,
2-Methoxyphenol, nicotinamide adenine dinucleotide phosphate purchased were of
analytical grade).

Analysis of ginsenoside content

The soil used in this study was taken from the experimental site of Jilin Agricultural
University, Changchun, China (43 °81"N, 125 ° 42"E). After the ginseng harvest in August
2017, soil samples were collected from the Rhizosphere of five-years-old ginseng plants.
The soil was sieved (2 mm) to remove plant debris and stones (15) and dried at 45 °C. The
soil samples were extracted using 80 % methanol as solvent in 1:10 ratio (v/v). It was
extracted on 180 r/min constant temperature oscillator for 24 h. After concentrating, the
volume was maintained at 10 mL by using Chromatographic pure mobile phase
(acetonitrile: water, 20:80) and filtered by 0.45 pum filter membranes. The Waters 2489
UV/Vis Detector HPLC (High Performance Liquid Chromatography) system was used for
the chromatographic analysis of C18 reversed-phase column (4.6 x 250 mm, 5um). The
sample injection volume was 10 pL. Elution with solvent (acetonitrile/water, 20:80) in step
gradient manner at flow rate of 1.0 mL.min™* was done as follows: 0-24 min: 18 %-22 %;
24-26 min: 22 %-26 %, 26-30 min: 26 %-32 %, 30-50 min: 32 %-33.5 %, 50-55 min:
33.5 %-38 %, 55-65 min: 38 %, the sampling volume was 20 uL (14).

Seed germination

Twenty ginseng seeds were placed equidistant in plastic boxes (15x15 cm) lined
with two layers of filter paper. As per treatments, 10 mL Rgl of 0, 0.25, 0.50, 1.00 and
2.00 mg L concentrations was added into each box. The treatments were replicated
5-times. These boxes were kept in an incubator [17/7 h (day/night), photoperiod photon
flux density: 40 pmol.m™s™, day/night temperature: 15/10 °C]. The seeds were considered
germinated, when 1 cm long radicle emerged from the seed. Germination was recorded
after 10 days and germination vigour at 20 days after Rgl treatment (34). Seeds
un-germinated for 5 days, were used to determine the antioxidant enzymes activities and
the content of plant endogenous hormones.
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Seeding growth

Ginseng seeds were pre-germinated in petriplates (90 mm) lined with filter paper
until radicle emergence. The 20 seeds were soaked in diluted Mancozeb for 3 h and then
placed equidistant in petri dishes. As per treatments, 10 mL Rgl (0, 0.25, 0.50, 1.00 and
2.00 mg L™ concentrations) was added into each petri dish. The treatments were replicated
5-times. The petri dishes were kept in Incubator (17/7 h day/night) photoperiod, photon
flux density : 40 pmol.m™s™, day/night temperature (25/20 °C). After 5,10,15 and 20-days,
the radicle length of 5-randomly sampled ginseng seedlings from each Petri dish, were
measured with ruler and their fresh weight was recorded. Thereafter the antioxidant
enzymes activities and the content of plant endogenous hormones were determined in the
seedlings.
Antioxidant enzyme activity

Tissues (0.1 g) were weighed and ground with chilled mortar and pestle in 1 mL
phosphate buffer solution (50 mM, pH 7.0), 1 mM EDTA and 2 % (w/v) polyvinyl
pyrrolidone (PVP). The homogenate was filtered twice and centrifuged at 4 °C at 12000 g
for 30 min. Except for Ascorbic peroxidase (APX) activity, all antioxidant enzymes
activity were determined in the clear supernatant. For the activity of APX, the tissue was
homogenized in phosphate buffer solution (50 mM, pH 7.0), adding 2 mM ascorbate, 1mM
EDTAand 2 % (w/v) PVP. In control, distilled H,O was used instead of the enzyme extract
(7,29). The activity of superoxide dismutase (SOD) was determined by observing the
inhibitory effects of photo reduction of Nitrotetrazolium Blue chloride (NBT) (10).
Peroxidase (POD) activity was determined by guaiacol method (24,39). Catalase (CAT)
activity was measured from the rate of H,O, decomposition as measured by the decrease in
absorbance at 240 nm, as per Lee et al. (1). APX activity was determined according to
Nakano and Asada (22). Guaiacol peroxidase (GPX) activity was determined by the
improved method of Cakmak and Marschner (7). Glutathione reductase (GR) Activity was
determined by GSSG-dependent oxidation of NADPH (12).
Phytohormones content

The sample (0.1 g) was frozen in liquid nitrogen and immediately ground to powder.
then 200 pL cold 80 % methanol (containing 1 mg L™ Butylated hydroxytoluene (BHT) as
an antioxidant) was added and the homogenate was incubated in dark for 12 h at 4 °C. The
Waters 2489 UV/Vis Detector HPLC (High Performance Liquid Chromatography) system
was used for the chromatographic analysis of C18 reversed-phase column (4.6 x 250 mm,
5 um). Detection wavelength: gibberellin (GA) was 206 nm, heteroauxin (IAA) was 225
nm, Abscisic Acid (ABA) was 254 nm. Dissolved in 2 mL mobile phases and filtered by
0.22 pm membrane for analysis. A diode array detector was monitored at 254 nm. Elution
with solvent A (methanol/acetonitrile, 5:95) and solvent B (water/acetonitrile, 5:95) in a
step gradient manner at flow rate of 0.5 MI min™ was done as under : 0-1 min, 25 % A; 1-4
min, 25 %-45 % A; 4-8min, 45 % A; The sample injection volume was 10 pL (34).
(Authors: please define the full names of these abbreviations here, at the first appearance
in the main body of the manuscript).
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Statistical analyses

All results were presented as means + standard deviation (S.D.) of five replications.
All data were statistically analyzed by SPSS software (ver. 18.0; IBM, New York, USA).
In statistical analysis, the results were considered significant when p < 0.05. If the results
of One-way ANOVA showed the significant difference at the 0.05, we used HSD (Tukey
Honest Significant Differences) to compare the different treatments.

RESULTS AND DISCUSSION

Ginsenoside content in rhizosphere soil of Ginseng

Ginsenosides Rgl, Re, Rbl, Rc, Rb2 were mainly found in rhizosphere soil of
5-year-old ginseng plants (Fig 1). The detected concentration was: Rb1 (2.69 mg L™), Rgl
(1.94 mg L"), Re (1.84 mg L), Rb2 (1.56 mg L™), Rc (1.12 mg L™).
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Figure 1. Determination of ginsenoside in rhizosphere soil of five-year-old P. ginseng by HPLC.

Ginseng seed germination

The Rgl at 0.25 mgL™ content promoted the seed germination and vigour by 3.62 %
and 2.90 %, respectively than distilled water control (Fig. 2). Rgl at 0.50~2.00 mg L™
concentration, inhibited the germination and vigour, especially at 2.00 mg L™. The Rg1 at
2.00 mg L™ concentration, remarkably decreased the germination rate and vigour by 42.99 %
and 33.82 %, respectively, showing strong inhibitory effects.

Enzyme activities and phytohormones content in ginseng seed germination

In the range of 0.25-1.00 mg L™ concentration, the activities of SOD, APX and
CAT were increased, but at the highest concentration (2 mg L) their activities were
decreased over control (Fig. 3). However, in POD, the activity was concentration
dependent, an increase was observed in response to Rgl treatment, and the maximum



Allelopathic effects of ginsenoside Rgl on Panax ginseng 233

stimulation (102.57%) was at 2.00 mg L™ concentration. At 1.00 mg L™ Rgl concentration,
except the APX, the activities of all antioxidant enzymes were increased than control,
indicating that ginseng had positive self-protective effects at low Rgl concentration.
However, high concentration of Rgl (2.00 mg L™) decreased the antioxidant enzyme

activity, this reflected the negative self-inactivation effect, which decreased the seed
germination.
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Figure 2. Effects of Rgl on seed germination of P. ginseng. 1: Control, 2: 0.25mg L™, 3: 0.50 mg L™,
4:1.00 mg L%, 5: 2.00 mg L™ Each value of extract represents means +SE (standard errors) (n=5).
Means with similar letters are not significantly different at p < 0.05.

Rgl at moderate concentration (0.25-0.50 mg L™) significantly increased the
content of GA; and IAA, while its high concentrations were inhibitory. In 0.50 mg L™ Rgl
treatment, the GA; and IAA content were highest (16.72 % increase) and 34.36 % higher
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than control. At 2.00 mg L™ Rgl, the contents of GA; and IAA decreased by 36.44 % and
31.49 % respectively (Fig. 4). The low concentration 0.25 mg L™ of Rgl, decreased the
hormone ABA content (24 % decrease), while high Rgl concentration significantly
stimulated the ABA content.
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Figure 3. Effects of Rg1 application on the antioxidant enzymes activities.
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Figure 4. Effects of Rgl application on the phytohomones contents.

Effects of Rgl on early seedlings growth of ginseng
The length and fresh weight of radicle were maximum 20 days after Rgl stress
treatment than control (Fig 5). Rgl treatment of 1.0 mg L™ for 20 days inhibited the
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growth and development of seedlings, the roots length and fresh weight were decreased by
60 % and 58 % respectively (Fig 6). The results showed that high concentration of Rgl
(0.5 mg L) inhibited the growth of ginseng seedlings but low concentration (0.25 mg L™)
promoted the seedlings growth. The rgl treatment 0.5 mg L™ concentration, inhibited the
germination and seedling growth of ginseng. The concentration of Rgl was 1.94 mg L™ in
rhizosphere soil of 5-year-old ginseng. Thus, our investigation provided evidence about the
phytotoxic potential of ginseng. Coumarin and 4,8-DHT exhibits concentration-dependent
stimulatory or inhibitory effects on seedling growth (27,34). In lettuce, the low
concentrations of caffeic and ferulic acids promoted the elongation of hypocotyls, but
higher concentrations inhibited the seedling growth and seed germination (17).

Control 0.25mgL"! 0.50mgL"! 1.00 mgL! 2.00mgL-!

Figure 5. Effects of Rgl on early seedlings growth of P. ginseng.

Enzyme activity in leaves of ginseng seedlings

The POD enzyme activities first increased, then declined with 2.00 mg L™ Rgl
treatment compared with control (Fig 7). The SOD activities increased in the early stage
and the maximum enzyme activities were at 1.00 mg L™ Rg1 treatment after 15 days. On
the 5th day after the treatment with 2.00 mg L™ Rg1, the activity of CAT enzyme reached
the maximum value, and declined after wards.

Rgl (1.00 mg L™) treatment increased the activities of SOD, POD and CAT in
ginseng, indicating that moderate Rgl stress could improve the resistance ability. Rgl
(2.00 mg L) inhibited the activities of these enzymes, due to the decreased tolerance of
Rg1 stress to high concentration. APX activity of ginseng seedlings was briefly stimulated
by 0.25 and 0.50 mg L™ Rgl than control, 5 days after treatment, but decreased with
prolongation of treatment period. The activity of APX and GPX increased significantly, 5-
days after treatment with high concentrations of Rgl (1.00 and 2.00 mg L™). The
maximum value of 30.82 % in APX and 30.84 % in GPX was reached 10 days after 1.00
mg treatment than control (Fig 7). The Rgl had variable effects on the antioxidant
enzymes activities in ginseng seedlings. In early seedling growth, Rgl at 1.00 mg L™
concentration increased the activities of all antioxidant enzymes except GR. The results
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showed that moderate concentration of Rgl increased the activity of antioxidant enzymes,
which helped the ginseng seedlings to maintain their ROS content, below harmful level, to
enhance the resistance to ginseng. These results are consistent with other studies of
antioxidant enzymes described under allelochemical stress (8). The low and medium
ginsenoside isolated from ginseng significantly stimulates the activities of SOD, POD and
CAT in roots of American ginseng (38). Similarly, Paclobutrazol increased the antioxidant
enzymes in wheat leaves (17) and glycine betaine in wheat leaves (2). This is the
self-protection mechanism of plants in response to biotic and abiotic stresses. However, at
2.00 mg L™, the activity of antioxidant

enzymes decreased. The decrease in enzyme activities was also observed in other studies
on allelochemical modes of actions (33). Two allelochemicals
(4,7-dimethyl-I-(propan-2-ylidene)-1,4,4a, 8a-tetra-hydronaphthalene-2, 6(1H, 7H)-dione
and 6-hydroxyl-5-isopropyl-3, 8-dimethyl-4a, 5, 6, 7, 8, 8a- hexahydronaphthalen-2(l
H)-one) isolated from the leachates of Ageratina adenophora at high concentration (0.94
and 0.74 mM) decreased the activities of POD and SOD in rice seedlings after 48h. It was
speculated that the accumulation of ROS induced during severe Rgl stress goes beyond
the clearance ability of antioxidant enzymes. Too much ROS can induce cell damage and
cause ginseng seedlings death.
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Figure 6. Effects of Rgl on seedlings growth of P. ginseng. Error bars present standard errors of five
independent biological replicates. The same lower-case letter indicates a non-significant difference
(p > 0.05), different lower-case letters indicate a significant difference (p < 0.05).
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Figure 7. Effects of Rgl on the antioxidant enzymes activities during the early seedlings growth.
Error bars present standard errors of five independent biological replicates.

Hormone content in leaves of ginseng seedlings

At 0.50 mg L™ Rgl the content of GA; increased by 31.16 % in 10 days old
ginseng seedlings (Fig 8). At 2.00 mg L™ Rgl treatment, the contents of IAA, GA,
decreased by 61.98 % and 18.31 %, respectively. Likewise, at 1.00 mg L™ Rgl treatment,
after 20 days the contents of IAA, GA; decreased by 37.13 % and 7.5 %, respectively, than
untreated seedlings. Unlike the content of IAA and GA;, the ABA content increased with
applied Rg1.
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Figure 8. Effects of Rgl on the content of endogenous plant hormones during the early seedlings
growth. Error bars present standard errors of five independent biological replicates.

In addition, the ABA content of seedlings treated with 2.00 mg L™ was significantly
higher than control. The increase in ABA content at 0.25 mg L™ and 0.50 mg L™ Rgl was
3.14, 2.15 and 2.52 folds, respectively (p < 0.05). Previous researches have shown that
allelochemicals increases the plant hormones contents of crops and weeds (25,37).
Evidence from physiological studies indicated that IAA, ZT (Zeatin) and GA; affected the
cell enlargement and balanced the plant growth (14,19,40). Low concentration of Rgl
increased the content of IAA, ZT and GA and promoted the seedlings growth. Contrarily,
the high concentration of Rgl decreased the content of IAA, ZT and GA; and subsequently
reduced the seedlings growth. Radicle length and fresh weight were related to the contents
of IAA, ZT and GA; and were affected by Rgl. This is similar to the results of abiotic
stress and biological stress treatment in other plants such as Faba bean (Vicia faba L.) and
rice etc. (27,28,29). On the other hand, the content of ABA in seedlings treated with Rgl
was significantly higher than control, indicating that the increase in Rgl stress increased
the content of ABA, which was adaptation process to Rgl stress. These results suggested
that the endogenous hormones might have interactive effects on the ginseng seedlings to
respond and adapt to Rgl stress. Therefore, further research is needed to determine, how
endogenous hormones regulate the growth of ginseng seedlings under Rg1l stress.

CONCLUSIONS

Rgl is one of the possible factors leading to the soil sickness of ginseng. The Rgl
isolated from the ginseng plants, inhibited the seeds germination, radicle elongation and
fresh weight of ginseng at high concentration (0.5-2.00 mg L™) and had stimulatory effects
at low concentration (0.25 mg L™). Rgl had variable effects on antioxidant enzymes
activities and plant hormones content in ginseng seedlings. Proper concentration
(0.25-0.50 mg L™) of Rgl can increase the antioxidant enzymes activity and is beneficial
to maintain the balance between the production and scavenging of ROS. High Rgl
concentration (1.00-2.00 mg L) induced excessive ROS production and inhibited the
growth of ginseng seedlings. Furthermore, Rgl inhibited the radicle elongation and
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tolerance to Rgl. However, to estimate the autoxicity potential of ginseng, further pot and
field experiments needs to be conducted.
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