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a b s t r a c t

Panax notoginseng (Araliaceae) is an important ginseng herb with various health benefits and a history of
cultivation in southwestern China over 400 years. In recent years P. notoginseng has faced serious
continuous-cropping obstacles due to its large-scale cultivation. In this study, we aim to explore the
allelochemicals of P. notoginseng and their interactions with various plants and rhizosphere microor-
ganisms. The chemical constituents of the soil cultivated with 3-year-old P. notoginseng were studied by
column chromatography, spectroscopic and GC-MS analyses. We identified 13 volatile components and
isolated six triterpenes (1e4, 6e7) and one anthraquinone (5). Compounds 1e7 were tested for their
effects on seed germination and root elongation in P. notoginseng, corn, wheat, turnip, water spinach and
Arabidopsis thaliana. We also examined the effect of compounds 1e7 on the growth of ten rhizosphere
microorganisms of P. notoginseng. At a concentration of 1.0 mg mL�1, compounds 3 and 5e7 caused the
death of P. notoginseng root cells and compounds 2, 6 and 7 induced the death of root cells of A. thaliana.
Compounds 1e5 and 7 inhibited elongation of A. thaliana root tip cells at a concentration of 10.0 mg mL�1.
Moreover, at a concentration of 0.1 mg mL�1, compounds 3, 4, 6 and 7 inhibited the growth of probiotics
and promoted the growth of pathogens of P. notoginseng. These results suggest that these isolated
ursane-type triterpenoid acids and anthraquinone are potential allelochemicals that contribute to
continuous-cropping obstacles of P. notoginseng.

Copyright © 2020 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Panax notoginseng (Burk.) F. H. Chen (Araliaceae) is an important
plant that is used in traditional Chinese medicine to promote blood
circulation, treat bruises, and slow internal and external bleeding
(Gu et al., 2015, 2017; Ng, 2010; Wang et al., 2006). This
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economically important herb has been cultivated for over 400
years, traditionally in southwestern China (c. 23.5� north latitude)
between elevations of 1500e1800 m, particularly in Wenshan
district and the junction areas of Yunnan and Guangxi Provinces
(Qiao et al., 2018; Wang et al., 2016). The herb is normally planted
three years before harvest, and is very sensitive to environmental
factors (e.g., light, humidity and temperature), which leave it sus-
ceptible to root rot, a disease caused mainly by microbial infections
(Chen et al., 2002) that rots the root, withers the aerial part of plant,
and ultimately leads to the death of the whole plant (Wang et al.,
2003; Xun et al., 2013).

Continuous-cropping obstacles have become a serious problem
for the cultivation of P. notoginseng. Because of the rapid expansion
and intensive plantation in recent decades, the planting interval is
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at least 15e20 years (Zhu et al., 2015). The exudates of the plant or
the secondary metabolites (allelochemicals) of microorganisms in
soil might also be toxic (Inderjit, 2006). Previous studies on Panax
species have found that secretions and rhizosphere soil extracts of
P. ginseng have inhibitory effects on the growth of the herb itself (Li
et al., 2009). Moreover, P. ginseng root exudates (e.g., benzoic acid,
1,2-benzenedicarboxylicacid, bis(2-methyl- propyl) ester, hex-
adecanoic acid and 2,2-bis(4-hydroxyphenyl) propane) have shown
significant variation in both the allelopathic effect and the degree of
that effect on colony growth and conidia germination rates of
pathogens and probiotics of ginseng (Li et al., 2009). Several com-
pounds have been isolated and identified from the continuously
cultivated soil of P. notoginseng, including b-sitosterol, ferulic acid,
ginsenoside Rh1, Rg1, Rh4, carotenoid and notoginsenoside R1 (Zhou
et al., 2012). Aqueous extracts of notoginseng and high concentra-
tions of P. notoginseng total saponins (PNS) have also shown sig-
nificant inhibitory effects, while lower concentration of PNS have
been found to increase seed germination of notoginseng trivially
(Sun et al., 2008b). Moreover, PNS may promote the growth of two
main pathogens of P. notoginseng, Cylindrocarpon destructans and
Fusarium solani (Sun et al., 2008a).

To explore the chemical basis of continuous cropping obstacles
of P. notoginseng, we used GC-MS analysis and column chroma-
tography to identify and purify compounds from soil cultivated
continuously with 3-year-old P. notoginseng. These analyses iden-
tified 13 volatile components, isolated another six triterpenes (1e4,
6e7) and one anthraquinone (5). We then tested the effects of
compounds 1e7 on seed germination and root elongation in
P. notoginseng, several crop plants, and Arabidopsis thaliana. Finally,
we investigated the effects of compounds 1e7 on the rhizosphere
microorganisms of P. notoginseng.
2. Materials and methods

2.1. General

1D NMR spectra were recorded on Bruker AM-400 spectrom-
eter, in CD3OD with TMS as an internal standard. Chemical shifts
were reported in units of d (ppm) and coupling constants (J) were
expressed in Hz. ESI-MS were run on a Bruker HCT/Esquire spec-
trometer. Column chromatography was carried out over silica gel
(200e300 mesh, Qingdao Marine Chemical and Industrial Factory,
China), Sephadex LH-20 (Pharmacia Fine Chemical Co., Ltd.
Uppsala, Sweden), MCI-gel CHP20P (75e100 mm, Mitsubishi
Chemical Co., Ltd., Japan). Thin layer chromatography (TLC) analysis
was carried out on GF254 silica gel (Qingdao Marine Chemical and
Industrial Factory, China), using 10% sulfuric acid-alcohol solution
as the chromogenic reagent.
2.2. Soil sample collection

Notoginseng soil samples (hereafter, notoginseng soil) were
collected at harvest after three years of cultivation (November,
2012) from a P. notoginseng planting base in Kou-Zi-Shang Village
(103.63�E, 24.73�N, 2098 m elev.), Shilin County, Yunnan province,
China. At the same time a control soil sample (hereafter, control
soil) was collected from an adjacent field inwhich notoginseng had
not been previously cultivated. Before cultivation with
P. notoginseng, both the notoginseng and control soils had been
planted with corn. Before further examination, the notoginseng
and control soil samples were comminuted and sieved through a
40-mesh screen to remove impurities, such as gravel, plastics, and
plant debris, as well as any remaining fibrous roots of
P. notoginseng.
2.3. Extraction and isolation

Notoginseng and control soils (1000 kg) were soaked separately
under room temperature with MeOH (600 L for each) three times
(each 24 h), and then leached with ultrapure water. Vacuum
removal of MeOH and H2O yielded several extracts of notoginseng
soil (S3) and control soil (S0): S3eMeOH (435 g), S0eMeOH (337 g),
S3eH2O (6.5 g), and S0eH2O (6.9 g). The MeOH extracts (S3: 430 g,
S0: 335 g) were separately partitioned between n-hexane, EtOAc, n-
BuOH and H2O successively to yield S3-n-hexane (143.0 g), S0-n-
hexane (116.5 g), S3-EtOAc (54.1 g), S0-EtOAc (61.0 g), S3-n-BuOH
(52.5 g), S0-n-BuOH (17.6 g), S3eH2O (126.0 g) and S0eH2O
(107.8 g). The n-hexane fraction was used for subsequent GC-MS
analysis.

The EtOAc fraction of S3 (54 g) was added to a chromatography
column of silica gel (80 � 9 cm), and eluted with CHCl3eMeOH
(50:1 / 5:1) to give five fractions (Fr. A-E). Fraction B (7.0 g) and
fraction C (9.0 g) were chromatographed separately over silica gel
(CHCl3eMeOH, 30:1 / 10:1), and then MCI-gel CHP20P
(MeOHeH2O, 60:40, and 55:45 / 50:50) to yield compound 7
(40 mg) from fraction B, and compounds 1 (5 mg), 2 (3 mg), 3
(35 mg), 4 (4 mg) and 6 (6 mg) from fraction C, respectively. Frac-
tion D (6 g) was applied successively to silica gel (CH3CleMeOH,
30:1 / 8:1) and a Sephadex LH-20 (MeOHeH2O, 50:50) chroma-
tography column to yield compound 5 (40 mg).

2.4. GC-MS analysis

The n-hexane extracts of notoginseng and control soil samples
were analyzed on a GC-MS system. GC-MS was performed using an
Agilent HP 6890 GC equipped with an Agilent 5973 MS (Agilent
Technologies) operated at 70 eV. A 2 mL aliquot of each sample was
injected into an HP-5MS capillary column (0.25 mm � 30 m,
0.25 mm) with helium carrier gas at 1.0 mL min�1 in the splitless
mode. After injection, the oven temperature was programmed to
increase from 40 �C to 80 �C at 3 �C/min, and from 80 �C to 280 �C at
5 �C/min, and then held for 30 min. The injector temperature was
maintained at 250 �C, the ion source temperature at 230 �C, and the
quadrupole temperature at 150 �C. The recorded mass range was
35 m/z to 500 m/z.

ChemStation software (Agilent Technologies) was used for data
acquisition. The peak areas in a GC-MS chromatogram were auto-
matically integrated and corrected through the ChemStation soft-
ware. Peaks with area lower than 100,000 were rejected. Peak
width was set at 0.1 s, and threshold was set at 14.0. The com-
pounds were identified by searching wiley7n.l library and NIST14
library. Compounds with more than 80% matching value were
selected. In addition, three masses per compound were selected as
qualifier ions to assist in identification (Zhang et al., 2018a). Peak
alignment was performed by comparing retention time among all
samples manually. In the end, the relative percentage of each
compound in a sample was normalized based on total ion current
(TIC) (Cho et al., 2012).

2.5. Seedling germination

To test the phytotoxic effects of the soil samples on the germi-
nation of P. notoginseng seeds, we used a sand culture assay. Seeds
of P. notoginseng (provided by Yunnan Academy of Agricultural
Sciences) were sterilized with 0.1% mercuric chloride for 1 h after
the epidermis was peeled off, and then washed three times with
sterile water. For test fraction derived from P. notoginseng soil (S3)
and control soil (S0), 100mg of S0eMeOH and S3eMeOH, and 5mg
of different solvent fractions (n-hexane, EtOAc, n-BuOH and H2O)
were dissolved in 5 mL of MeOH and added to a 6-cm sterile glass
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Petri dish filled with sterilized sand (60 g) separately. An additional
Petri dish treated with only MeOH (5 mL) was used as a control
(CK). After evaporating the MeOH at 45 �C for approximately 10 h,
10 mL sterilized water was sprayed on the sand, and 30 surface-
sterilized seeds were placed in each Petri dish, sealed and shaded
to germinate in growth chambers. Three repetitions were con-
ducted, the germination levels were recorded after 30 days of in-
cubation (Hoagland and Williams, 2004).

2.6. Root cell death detection and seedling growth test

To determine whether compounds 1e7 inhibited seed germi-
nation and induced apoptosis in root tips cells of P. notoginseng and
several crop plants, we first sterilized the seeds of P. notoginseng,
corn, wheat, turnip and water spinach successively with ethanol
(70% v/v) and sodium hypochlorite (5% v/v), each 2 min, and then
rinsed with sterile distilled water (three times). The sterilized seeds
of P. notoginseng and 20 mL aliquot of testing compounds (1e7)
(1.0 mg mL�1) were added to sterilized 50 mL glass bottle. Control
seeds were treated the same except for the addition of testing
compounds. For each treatment, three repetitions (bottles) were
used and each repetition included ten seedlings. The seedlings
were incubated in a growth chamber for 24 h; fibrous roots from
the seeds of P. notoginseng longer than 2 cm were excised with a
sterile razor blade. Seeds of corn, wheat, turnip and water spinach
were treated the same as P. notoginseng (Yang et al., 2015a).

We also examined the effects of compounds 1e7 on seeds
Columbia (Col) ecotype A. thaliana, which were provided byWei-Qi
Li's research group in the Germplasm Bank of Wild Species. Surface
sterilized A. thaliana seeds were cold stratified for 2 days at 4 �C,
and subsequently sown in Petri dishes that contained MS agar
(Yang et al., 2015b), 0.2% gellan gum (G1910; SigmaeAldrich) and
1% sucrose with different concentrations of compounds 1e7. Petri
dishes with seeds were placed vertically in growth chambers (23/
18 �C with 150 mmol m�2 s�1 photosynthetic photon flux density
under a day/night cycle of 12/12 h) for 5 days (Yang et al., 2015a).

To detect root death, roots of P. notoginseng, corn, wheat, turnip
and water spinach and A. thaliana were counterstained with pro-
pidium iodide (PI, 10 mg mL�1) (Sigma Aldrich) for 5e15 min
(depending on their size) separately, washed once in distilled wa-
ter, and mounted in water for confocal microscopy. The roots under
all above treatments were observedwith an Olympus confocal laser
scanning microscope (Olympus Fluoview 1000, Japan) at 535 nm.
The experiment was repeated three times, and 10 roots were tested
for each treatment. Approximately 10e15 images were examined,
and at least two independent experiments were performed. Images
were processed with Adobe Photoshop CC (Shaw and Dolan, 2008).

Seedling growth of A. thaliana was used to assess the inhibitory
effects of different extract fractions. After incubation for 5 days, the
root lengths of ten seedlings per plate were recorded. These tests
were conducted separately on three replicates per treatment (Chen
et al., 2017; Hu et al., 2016; Romagni, 2004; Bogatek et al., 2006).

2.7. Antimicrobial assay

All the bacteria and fungi were isolated and identified from the
rhizosphere soil of P. notoginseng by Yi-Xuan Zhang's lab and were
deposited at the School of Life Science and Biopharmaceutics,
Shenyang Pharmaceutical University. Prior to these experiments,
bacteria Achromobacter marplatensis, Bacillus siamensis and Nocar-
dia rhamnosiphilawere reactivated by cultivation at 37 �C for 24 h in
LB media in glass tubes, while fungi Bionectria ochroleuca, Chaeto-
mium globosum, Cladosporium gossypicola, Cl. uredinicola, Cl. ten-
uiussimum, Fusarium oxysporium and Penicillium janthinellumwere
reactivated by cultivation at 28 �C for 7 days in PDAmedia in culture
dishes. The LB/PDB bacterial/spore suspension was diluted to the
predetermined starting concentration (optical density at 600 nm;
OD600 ¼ 0.2), and 1 mL of bacterial/spore solution was mixed with
24 mL media. The prepared solutions of compounds 1e7
(0.1mgmL�1 per well) and the bacterial/spore solutions of different
strains (198 mL per well) were inoculated into 96-well plates, using
untreated bacterial solution served as the negative control group,
and bacterial solutions treated with ampicillin (Amp,
0.02 mg mL�1), kanamycin (Kan, 0.02 mg mL�1), geneticin (G418,
0.02 mg mL�1) and nystatin (Nys, 0.02 mg L�1) served as positive
controls, respectively. The 96-well plates were placed in the incu-
bator at 37/28 �C for 24 h, and the growth was measured using a
multiplate photometric reader. Every experiment was performed in
triplicate to validate the screening method (Liu et al., 2010, 2017;
Xie et al., 2017).

3. Results

3.1. Effects of different soil extracts and fractions on the seed
germination of P. notoginseng

The seeds of P. notoginseng began to germinate about one month
after being buried in sterilized sand, and germination rates were
calculated after two months. The solvent extracts and fractions of
notoginseng and control soil samples, except for the n-hexane
extract fraction from control soil, had a phytotoxic effect on the
germination of P. notoginseng seeds (Fig. 1). The strongest inhibitory
effects were observed from n-hexane and EtOAc fractions of noto-
ginseng soil (at a concentration of 83 ppm). Thus, we examined
these fractions to identify their chemical constituents.

3.2. GC-MS analysis of the volatile components in the cultivated soil
of P. notoginseng

The volatile components in the n-hexane fraction of the soil (S3)
cultivated continuously with 3-year-old P. notoginseng were
analyzed by GC-MS. In total 13 volatile components of seven
chemical structure types (alkene, ester, phenanthrene, parazole,
benzoheterocycle, terpene and steroid) were identified. The same
compounds appeared in the blank control (uncultivated soil, S0)
were eliminated from the list (Table S2, Fig. S2).

3.3. Identification of compounds 1e7 from the soil of 3-year-
cultivated P. notoginseng

By using column chromatography to purify the EtOAc fraction of
notoginseng soil, we isolated six ursane-type triterpenoid acids
(1e4, 6e7) and one anthraquinone glucoside (5) (Fig. 2). After
comparison of their spectroscopic data with those reported in
references, these compounds were identified as ursolic acid (1) (Ju
et al., 2003), asiatic acid (2) (Jiang et al., 2013), corosolic acid (3)
(Niu et al., 2013), pomolic acid (4) (Ju et al., 2003), chrysophanol-1-
O-b-D-glucopyranoside (5) (Annamalai et al., 2013), euscaphic acid
(6) (Wu et al., 2014) and tormentic acid (7) (Zhang et al., 2018b).

Ursolic acid (1): white amorphous powder, C30H48O3, ESI-MS
(positive ion mode): m/z 479 [MþNa]þ. 1H NMR (pyridine-d5,
400 MHz): dH 1.24 (3H, s, Me-23), 0.96 (3H, s, Me-24), 0.99 (3H, d,
J¼ 6.6 Hz, Me-30), 1.21 (3H, s, Me-26), 1.54 (3H, s, Me-27), 0.95 (3H,
d, J ¼ 6.6 Hz, Me-29), 0.93 (3H, s, Me-25). 13C NMR (pyridine-d5,
100 MHz): see Table S1.

Asiatic acid (2): white amorphous powder, C30H48O5, ESI-MS
(positive ion mode): m/z 511 [MþNa]þ. 1H NMR (pyridine-d5,
400 MHz): dH 0.96 (3H, s, Me-24), 0.98 (3H, d, J ¼ 6.6 Hz, Me-30),
0.99 (3H, s, Me-26), 1.27 (3H, s, Me-27), 0.98 (3H, d, J ¼ 6.6 Hz,



Fig. 1. Inhibitory effect of different extracts and fractions of S0 and S3 soil samples on the seed germination of P. notoginseng. S0: soil sample from uncultivated field; S3: cultivated
soil sample of 3-year-old P. notoginseng. All test solutions were prepared using MeOH as solvent. Data are mean ± SD of three independent experiments, *P < 0.05, **P < 0.01,
***P < 0.001.

Fig. 2. The chemical structures of compounds 1e7 isolated from the soil cultivated with P. notoginseng.
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Me-29), 1.09 (3H, s, Me-25). 13C NMR (pyridine-d5, 100 MHz): see
Table S1.

Corosolic acid (3): white amorphous powder, C30H48O4, ESI-MS
(positive ion mode): m/z 495 [MþNa]þ. 1H NMR (pyridine-d5,
400 MHz): dH 1.16 (3H, s, Me-23), 0.96 (3H, s, Me-24), 0.98 (3H, d,
J¼ 6.6 Hz, Me-30), 0.98 (3H, s, Me-26), 1.26 (3H, s, Me-27), 0.94 (3H,
d, J ¼ 6.6 Hz, Me-29), 1.07 (3H, s, Me-25). 13C NMR (pyridine-d5,
100 MHz): see Table S1.

Pomolic acid (4): white amorphous powder, C30H48O4, ESI-MS
(positive ion mode): m/z 495 [MþNa]þ. 1H NMR (pyridine-d5,
400 MHz): dH 1.25 (3H, s, Me-23), 0.98 (3H, s, Me-24), 1.23 (3H, s,
Me-26), 1.55 (3H, s, Me-27), 0.94 (3H, s, Me-25), 1.43 (3H, s, Me-29),



Fig. 4. Quantity statistics of dead cells in the apical roots of P. notoginseng after
treatment with compounds 1e7. Statistically significant differences compared with
roots without treatments with compounds 1e7 are indicated; *P < 0.05, **P < 0.01,
***P < 0.001.
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1.12 (3H, d, J¼ 6.6 Hz, Me-30). 13C NMR (pyridine-d5, 100 MHz): see
Table S1.

Chrysophanol-1-O-b-D-glucopyranoside (5): yellow needle
crystal, C21H20O9, ESI-MS (positive ionmode):m/z 439 [MþNa]þ. 1H
NMR (DMSO-d6, 400 MHz): dH 12.82 (1H, s, OH-5), 7.69 (1H, d,
J¼ 7.8 Hz, H-6), 7.83 (1H, d, J¼ 7.8 Hz, H-8), 7.87 (1H, t, J¼ 7.8 Hz, H-
7), 7.48 (1H, s, H-1), 7.18 (1H, s, H-3), 4.78 (1H, d, J ¼ 7.8 Hz, H-1'),
2.41 (3H, s, Me-11). 13C NMR (DMSO-d6,100MHz): 161.1 (C-1),124.3
(C-2), 147.9 (C-3), 120.8 (C-4), 119.6 (C-5), 136.2 (C-6), 122.6 (C-7),
158.7 (C-8),187.7 (C-9),182.6 (C-10),114.1 (C-1a),132.2 (C-4a),134.6
(C-5a), 117.3 (C-8a), 100.6 (C-10), 77.5 (C-20), 76.7 (C-30), 69.7 (C-40),
73.4 (C-50), 60.8 (C-60), 21.7 (Me-11).

Euscaphic acid (6): yellow needle crystal, C30H48O5, ESI-MS
(positive ion mode): m/z 511 [MþNa]þ. 1H NMR (pyridine-d5,
400 MH): dH 3.71 (1H, d, J¼ 1.8 Hz, H-3), 4.26 (1H, d, J ¼ 10.2 Hz, H-
3), dH 1.63 (3H, s, Me-27), 1.40 (3H, s, Me-29), 1.23 (3H, s, Me-23),
1.09 (3H, s, Me-26), 0.94 (3H, s, Me-25), 0.88 (3H, s, Me-24), 1.12
(3H, d, J ¼ 6.6 Hz, Me-30). 13C NMR (pyridine-d5, 100 MHz): see
Table S1.

Tormentic acid (7): white amorphous powder, C30H48O5, ESI-MS
(positive ion mode): m/z 511 [MþNa]þ. 1H NMR (pyridine-d5,
400 MHz): dH 1.69 (3H, s, Me-27), 1.42 (3H, s, Me-29), 0.98 (3H, d,
J¼ 6.6 Hz, Me-30), 1.08 (3H, s, Me-26), 1.03 (3H, s, Me-23), 1.24 (3H,
s, Me-24), 0.98 (3H, s, Me-25). 13C NMR (pyridine-d5, 100 MHz): see
Table S1.
3.4. Root cell death detection and seedling growth test on different
plants

Seedlings of P. notoginseng, corn, wheat, turnip, water spinach,
and A. thaliana were cultivated separately with compounds 1e7
(each 1.0 mg mL�1) for 5 days, counterstained with propidium io-
dide (PI, 10 mg mL�1) for 5e15 min, and then observed under
535 nm. As shown in Fig. 3, compared with the blank control
(treated with MeOH), the root tip cell structures of all the experi-
mental groups in P. notoginseng were damaged to varying degrees.
The dead cell numbers in root tips were counted and statistically
analyzed (Fig. 4). The numbers of dead root tip cells treated with
Fig. 3. Representative confocal microscopy images of P. notoginseng root tips treated with co
nuclei of dead cells were dyed red by PI. Control group was treated with MeOH (a). Bars ¼
compounds 3 and 5e7 were significantly higher than those of the
control treatment, indicating that 3 and 5e7 can cause severe
apoptosis of P. notoginseng root tip cells.

The effects of compounds 1e7 on the roots of corn, wheat,
turnip and water spinach are shown in Fig. 5 (A-F), compared with
the root tips not exposed to these compounds (CK-1-CK-4). Com-
pounds 1 and 6 caused high levels of apoptosis in the root tip cells
of corn (Fig. 5A and B). Compound 2 caused similar levels of
apoptosis in spinach (Fig. 5C), as did compound 7 in turnip (Fig. 5D),
and compounds 3 and 4 in wheat (Fig. 5E and F).

Compounds 2, 6 and 7 induced apoptosis in A. thaliana root tip
cells (Fig. 6). Compounds 6 and 7 had a particularly strong effect,
inducing cell death in almost all cells in the central elongation zone
(CEZ). In contrast, compounds 1e4 promoted the growth of cells
and the division of root apical meristem.

Compounds 1e7 inhibited A. thaliana root elongation to varying
degrees (Figs. 7 and 8, and S3-S9). After treatment with 0.5 mgmL�1
mpounds 1e7 (each 1.0 mg mL�1, b-h) for 24 h and stained with PI (10.0 mg mL�1). Cell
100 mm.



Fig. 5. Representative confocal microscopy images of different crop root tips treated with compounds 1e7 (1.0 mg mL�1) and MeOH (0.1%) for 24 h and stained with PI
(10.0 mg mL�1). Corn root with 1 (A), 6 (B), and MeOH (CK-1); water spinach root with 2 (C) and MeOH (CK-2); turnip root with 7 (D) and MeOH (CK-3); wheat root with 3 (E), 4 (F)
and MeOH (CK-4). Cell nuclei in dead cells were dyed red by PI. Bars ¼ 100 mm.

Fig. 6. Representative confocal microscopy images of A. thaliana root tips treated with compounds 1e7 (each 1.0 mg mL�1, b-h) for 5 days and stained with PI (10.0 mg mL�1). Cell
nuclei in dead cells were dyed red by PI. Control group was treated with DMSO (a). Bars ¼ 50 mm.

Y.-J. Qiao et al. / Plant Diversity 42 (2020) 323e333328



Fig. 7. Five-day-old wild type (Col-0) A. thaliana seedlings grown with compounds 1e7 (0, 0.2, 0.5, 1, 5, 10 mg mL�1).
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of compound 2, A. thaliana roots were less than 50% the length of
those observed under control conditions. Root lengths were simi-
larly reduced after treatment with compounds 2, 3 and 7 at
1 mgmL�1, compounds of 2, 3, 5 and 7 at 5 mgmL�1, and compounds
1e5 and 7 at 10 mg mL�1. In addition, compounds 2 and 4 inhibited
root elongation almost completely when administered at
10 mg mL�1. However, these compounds affected root growth
differently at high and low concentrations. For example, at high
concentrations, compounds 1, 2, 5 and 6 significantly inhibited
growth, whereas at lower concentrations they promoted growth.
Furthermore, at concentrations between 5 and 10 mg mL�1, com-
pounds 3 and 4 induced lateral root differentiation.

3.5. Antimicrobial activity of compounds 1e7

The antimicrobial activities of the compounds 1e7 against six
probiotics (bacteria: Bacillus siamensis; fungi: Bionectria ochroleuca,
Chaetomium globosum, Cladosporium uredinicola, Cl. tenuiussimum,
P. janthinellum) and four pathogens (bacteria: A. marplatensis, N.
rhamnosiphila; fungi: Cl. gossypicola, F. oxysporium) from the
rhizosphere soil of P. notoginseng were tested according to the
methods of previous studies (Xie et al., 2017; Liu et al., 2010; Zhang
et al., 2004). At a concentration of 0.1 mg mL�1, compounds 2 and 5
showed substantial antibacterial activity on Ba. siamensis (Fig. 9A).
Compounds 1e7 (0.1 mg mL�1) showed an inhibitory effect against
the growth of all the fungal probiotics, especially Ch. globosum, Cl.
uredinicola, Bi. ochroleuca and Cl. tenuiussimum (Fig. 9BeE). All
compounds except 3 exhibited strong antagonistic activity against
P. janthinellum (Fig. 9F). Additionally, compound 5 showed a slightly
enhanced effect on the growth of bacterium N. rhamnosiphila at a
concentration of 0.1 mg mL�1 (Fig. 10G), while 4e7 displayed
remarkable promoting effects on pathogenic bacterium
A. marplatensis (Fig. 10H). Meanwhile, compounds 1, 3, 4 and 7
displayed increasing effects from one level to another on two fungal



Fig. 8. Quantification of the root length of seedlings shown in Fig. 7. Data represent mean ± SD (n ¼ 10).

Fig. 9. Antimicrobial activities of compounds 1e7 against one bacterial [Ba. siamensis (A)] and five fungal [Ch. globosum (B), Cl. uredinicola (C), Bi. ochroleuca (D), Cl. tenuiussimum (E),
P. janthinellum (F)] probiotics from the rhizosphere soil of P. notoginseng. Data are mean ± SD of three independent experiments, *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 10. Antimicrobial activities of compounds 1e7 against two bacterial [N. rhamnosiphila (G) and A. marplatensis (H)] and two fungal [Cl. gossypicola (I) and F. oxysporium (J)]
pathogens from the rhizosphere soil of P. notoginseng. Data are mean ± SD of three independent experiments, *P < 0.05, **P < 0.01, ***P < 0.001.
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pathogens (Cladosporium gossypicola and F. oxysporium) which can
cause the root rot in P. notoginseng (Fig. 10I and J).

4. Discussions

4.1. Chemical constituents from the soil cultivated with
P. notoginseng

Further investigation on the active fractions of cultivated soil
(S3), which showed strong inhibitory effect on seed germination of
P. notoginseng, resulted in the isolation of six ursane-type tri-
terpenoid acids (1e4, 6e7) and one anthraquinone glucoside (5)
from the EtOAc fraction, as well as detection of 13 volatile sub-
stances from the n-hexane fraction. The soil sample was commi-
nuted and sieved to remove the impurities before study, in order to
avoid the direct interference caused by the largely existing fibrous
roots of P. notoginseng. All the components were reported from soil
for the first time.

Although compounds 1e7 have been reported as secondary
metabolites of various plants (e.g., Crataegus pinnatifida [Chen et al.,
2008], Eriobotrya japonica [Ju et al., 2003], Psidium guajava
[Diwakar et al., 2016], Rheum tanguticum [Gao et al., 2011]) and
microorganisms (Passari et al., 2017), none to date has been iden-
tified as the exudate of P. notoginseng, from which only tetracyclic
triterpenes have been reported (Qiao et al., 2018). Furthermore,
P. notoginseng is not cultivated with any of the above-mentioned
plants; therefore, these plants could not be the sources of 1e7.
However, shelters used during P. notoginseng cultivation are
commonly constructed of cedar branches and pine needles, both of
which have been reported to produce pentacyclic triterpenes; thus,
compounds 1e7may be derived from the shelters through leaching
rather than from P. notoginseng (Zhao et al., 2010). These com-
pounds may also originate from the secondary metabolites of mi-
crobes or their transformation products. Besides, the volatile
components detected in soils may be derived from awide variety of
other sources, such as leakage and spills of crude oil and its prod-
ucts, deposition from the air, discharge from industrial and do-
mestic sources, dumping of solids, or degradation of naturally
occurring organic compounds (Zhang et al., 2004; Zhu et al., 2014;
Xie et al., 2007).

In addition, the content of chemicals in the soil is dynamic,
because the soil environment is a complex ecosystem which could
be easily affected by many factors, such as microorganisms, insects
and the plant itself, as well as tillage, mulch and the effect of
leaching. Also, during our extraction and separation processes, the
amount of the compounds would be inevitably decreased to some
extent. Taking these factors into consideration, it could be only
supposed that the content of compounds in soil detected in
experiment was close to the actual content under natural condi-
tions, however it could not be construed to be the totally actual
content.

4.2. Interactions between chemicals and plants

Previous research showed that the germination rate and
germination index of P. notoginseng seeds were lower in soil that
has been cultivated with P. notoginseng (Zhang et al., 2010). The
EtOAc extract of P. notoginseng soil has previously displayed the
most obvious inhibition of notoginseng seed germination rate,
germination index, and root elongation (You et al., 2009a). Alle-
lochemicals have been shown to exist in rhizosphere soil of
P. notoginseng and affect the growth of the herb. The extracts of
P. notoginseng soil have also been shown to have allelopathic effects
on other plants, such as cabbage, radish and lettuce (You et al.,
2009b). The effects of compounds isolated in this study are
consistent with these previous findings.

Previous research showed that ginsenosides exert autotoxic
effects on P. notoginseng seed germination and root cell vigor at a
concentration of 1.0 mg/mL (Yang et al., 2015a). Thus, we selected
this concentration to test the allelopathic activities of compounds
1e7. Although this concentration may not be relevant to natural
conditions, our experiments were designed to examine a cause-
and-effect scenario.

Whenwe exposed P. notoginseng, corn, wheat, turnip and water
spinach to compounds 1e7, the root tip cell structures were
damaged to varying degrees. These results imply that these com-
pounds are not only harmful to P. notoginseng, but also to other
crops. Moreover, in A. thaliana these compounds not only inhibited
root elongation but also bifurcated and distorted the roots, and
induced apoptosis in root tip cells. The results for many studies of
developmental processes that have been performed in A. thaliana
have subsequently been extended to other plants. Such evidence
suggests that compounds 1e7 may have the same effects on seed
germination and root elongation in numerous plant species.

4.3. Interactions between chemicals and rhizosphere
microorganisms

Previous studies on rhizosphere microorganisms of
P. notoginseng have mainly focused on the microbial community
structure and the pathogenic effect of microorganisms on the plant
(Miao et al., 2015; Guan et al., 2005, 2006, 2010). Only one study has
reported the inhibitory effects of the secondary metabolites from
endophytic fungi of P. notoginseng on other rhizosphere microor-
ganisms (Xie et al., 2017). In the present study, compounds 3, 4, 6
and 7 significantly inhibited the growth of probiotics and promoted



Y.-J. Qiao et al. / Plant Diversity 42 (2020) 323e333332
the growth of pathogens, at a concentration of 0.1 mg mL�1, indi-
cating that they may be potential allelochemicals causing root-rot
disease, and manifest as antagonists against probiotics in the
rhizosphere soil of P. notoginseng.

Microorganisms and chemical constituents isolated from the
cultivated soil were found to not only have great impact on the
plant separately but also interact with each other. In this process,
certain chemicals promoted the growth of pathogenic bacteria/
fungi in the soil, or inhibited the growth of probiotics, or in both
ways, thereby reducing the number of beneficial microorganisms in
the soil and increasing the number of harmful microorganisms.
Some pathogens infect or indirectly lead to a weakened ability of
plants to resist external disturbances or infringement (Xiao et al.,
2013; Zhu et al., 2015). Obviously, as some of the ecological fac-
tors in the continuous cropping obstacle of P. notoginseng, soil
chemical components exert various effects on plants in different
ways, and thus play a role in the whole soil micro-ecological
system.

5. Conclusions

We used column chromatography to isolate six ursane-type
triterpenoid acids (1e4, 6e7) and one anthraquinone glucoside
(5) and GC-MS analysis to identify 13 volatile components from the
soil of 3-year-old P. notoginseng. Compounds 1e7 were reported
from the soil and tested for their bioactivities on plant seed
germination and the growth of rhizosphere microorganisms of
P. notoginseng for the first time. The triterpenoid acids (1e4, 6e7)
and quinone (5) were found to cause apoptosis in root tips of
P. notoginseng, several crops and A. thaliana, as well as to inhibit
seed germination and elongation, and to lead to some abnormal
phenomena, such as root division, root apical meristem division,
and morphological changes of root tip cells. These compounds also
showed different effects on the growth of the rhizosphere micro-
organisms of P. notoginseng. For example, they inhibited probiotics,
but promoted pathogens. These results suggest that these com-
pounds may contribute to continuous cropping obstacle of
P. notoginseng.
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