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Abstract

As contamination is one of important factors to Panax notoginseng quality and safety. Saponin is
one of important compounds with the medicinal values of P. notoginseng. The impact of soil As on
production of saponin of P. notoginseng knew very little. This study was performed to determine
content and heterogeneity of saponins from P. notoginseng and its mechanisms upon treatments
with different concentration levels of As in soil. Plants of P. notoginseng were treated with arsenic
[As (V)] at O, 20, 80, 140, 20 and 260 mg/kg concentration levels which were supplied as sodium
arsenate (Na3AsO,4). These experimental plants were grown in shade condition in a greenhouse.
Plants were harvested at vigorous vegetative growth and fruit ripening stages, separately. Effects
of As treatments on saponin content, and heterogeneity of monomers in the mixtures of notogine-
senosides and ginsenosides, enzymatic activity and gene expression level of squalene synthetase
were determined for rhizome and main root tissues. Results show that: (1) Of all the As treatments
from the lowest to the highest concentration levels, the As content in both rhizome and main roots
from As-treated plants was within the standard level for superior products derived from P. noto-
ginseng. The content of notoginsenosides from all tissues except the main roots at fruit ripening
stage, was 5% higher than the standard level specified in the Chinese Pharmacopoeia; (2) The
treatment of As at 20 mg/kg led to an 3.5% - 183.9% increases in total notoginesenosides content
in rhizome and main roots, respectively. Treatments with the highest As concentration at 260
mg/kgresulted in a significant decline in total notoginsenosides content, and lower enzymatic ac-
tivity and gene expression levels of squalene synthetase; (3) Under As treatment conditions, the
ratio of Rb1/Rg1 decreased but the ratio of (Rb1 + Rg1)/R1 increased in both rhizomes and main
roots. Conclusively, this study demonstrated that low As concentration (20 - 80 mg/kg) treatments
resulted in higher notoginsenoside content in P. notoginseng. However, treatments with high As
concentrations had an adverse effect. The repression in the synthesis of notoginsenoside and in-
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terruption of the conversion process from propanaxadiol into propanaxatriol are responsible for
more heterogeneous monomer mixtures and low notoginsenoside content. For plants treated with
the highest As concentration of 260 mg/kg, both gene expression and enzymatic activities of squ-
alene synthetase were greatly repressed thus leading to a significantly low saponin content in
rhizome and main root tissues.
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1. Introduction

Arsenic (As) is a naturally occurring toxic element widely distributed in environment, and it is cancerogenic in
humans. Environmental As pollution from the metal contaminant in soil has become a more and more severe
problem [1]-[3]. On a global scale, the annual As input into soil amounts to 9.4 x 10" kg [4]. In China, major
large As mines are distributed in Hunan, Yunnan, Guangxi, and Guangdong provinces. In Yunnan province, As
content in red soil is as high as 16.40 - 19.20 mg/kg with an average of 17.80 mg/kg [5]. The As content of
agricultural land has far exceeded the standard thresholds, and the series metal contamination of soil has greatly
affected yield and quality of products [6]-[10]. Many adverse events of herbal medicines were reported to poor
quality of raw materials with heavy metals contamination [11]-[13]. The UK Medical Control Agency has
banned some of Chinese patent medicine in May, 2014 due to frequently occurring incidents of heavy metals
contamination [14] [15].

Panax notoginseng (Burk.) F. H. Chen), which has been cultivated for important traditional medicine in China,
is an herbal species in the genus of Panax, family of Araliaceae [16]. The shade-loving perennial species is on
the list of Superior Chinese Herbs Series. In Wenshan prefecture in Yunnan province, the herb has an over 600
years of cultivation history. In 2011, this area grew about 6527 hm? of the herb and produced about 470,700 kg
raw materials. Because of these, Wenshan prefecture has become the largest growers of P. notoginseng in both
the cultivation area and yield. This area produces over 98% of total yield of P. notoginseng in China. It has long
been recognized that P. notoginseng has some medicinal functions in promoting blood circulation, removing
blood stasis, dispersing blood stasis, and pain relieving. These medicinal effects are attributed to the saponin
compounds. The underground parts including rhizomes and main roots are the most valuable materials for me-
dicinal use [17]. Saponin is a class of amphipathic glycosides which have one or more hydrophilic glycoside
moieties combined with a lipophilic triterpene derivative. It is widely found in families of Dioscoreaceae, Lilia-
ceae, Araliaceae, Apiaceae, Leguminosae, Campanulaceae, Polygalaceae and Cucurbitaceae. The medicinal
values of these compounds include eliminating phleg, relieving pain, anti-inflammation, anti-fatigue, an-
ti-microbial, and promoting synthesis of nucleic acids and proteins [9] [17]. Panax notoginesenosides are com-
prised of saponin monomers Rgl and Rb1 which belong to ginsenosides, and notoginesenosides which are only
found in P. notoginseng. Panax notoginesenosides are synthesized via the mevalonate pathway. Squalene syn-
thase (SS) is a key regulatory enzyme which catalyzes the condensation step of two farnesyl pyrophosphate
(FPP) moieties to produce squalene. Therefore, the enzymatic activity of squalene synthase and gene expression
of the enzyme can directly affect biosynthesis of saponin [17]. Heavy metal induced expression of various genes
related to ginsenoside pathway and defense mechanisms [18] [19]).

In Wenshan prefecture, under the influences of the continental crust differentiation, As mining, and the use of
As containing pesticides, soils in the saponin production area are contaminated by As which is constantly higher
than the national standards [9] [10] [13] [15]. The intake of herbs contaminated with heavy metals can induce a
series of acute and chronic poisoning reactions [20]. However, very little is known about the impact of soil As
concentration on the production of saponin of P. notoginseng. This study was performed to determine the quali-
ty and yield of saponin from P. notoginseng and its mechanisms upon treatments with different concentration
levels of As in soil. It has provided value information for guiding the process of increasing the cultivation scale
of the herb and ensuring sustainable production of the medicinal products, and to meet the market demands for

high quality saponin.
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2. Materials and Methods
2.1. Experimental Design and Sample Collection

Field experiments were carried out at a P. notoginseng experimental station in Jiaozi village, which is in a sub-
urb of Jianna, Yanshan County, Wenshan prefecture, Yunnan province. A local variety widely grown in this
area was selected. The six As treatment levels were 0 mg/kg, 20 mg/kg, 80 mg/kg, 140 mg/kg, 200 mg/kg and
260 mg/kg which were prepared using NazAsO, stock solution. Each treatment had three replicates. Plants were
planted in the field following a randomized block design. Each plot was 3 m? in size. Soil collected from the O -
15 cm soil layer was mixed with the As stock solutions. The As treated soil was incubated for two weeks. Soil
before As treatment had a pH 6.69, organic matter content of 16.93 g/kg’, total N content of 0.60 g/kg, total P
content of 1.21 g/kg, alkali hydrolysable N content of 131.20 mg/kg, available P content at 54.74 mg/kg and As
content at 24.03 mg/kg. Soil type was mountain red soil with clay loam texture.

In March, 2013, one-year old plants of P. notoginseng were transplanted. In each plot, 132 plants were
planted. Plants were grown in cold frame plastic greenhouse covered with two layers of shade cloth providing
shade condition, and the light intensity in the greenhouse was 17% of natural light intensity. Experimental plants
were managed following regular cultivation schemes. 10-15 plants were harvested in each plot on June 23, and
Nov. 20, 2013 when plants were at the vigorously vegetative growth and fruit ripening stages.

2.2. Sample Preparation and Analysis

Fresh tissues were washed in tap water followed by rinsing in deionized water. The underground tissues were
divided into the rhizome and the main root parts. Tissues were harvested from ten plants each at the vegetative
growth and fruit ripening stages, and then dried at 105°C for 30 min following by 65°C - 70°C until constant
weight. After cooling to room temperature, tissues were ground to a fine powder. The rhizome and main root
tissues, which were the main tissues for products of P. notoginseng and saponin accumulation, were tested sep-
arately for As content, and contents of ginsenoside R1 ginsenoside Rg; and notoginsenoside Rb1. The total con-
tent of three saponin monomers (TTSM) was calculated with Rgl + Rgl + R1. Freshly harvested tissues from
five plants were used to determine the enzymatic activity of squalene synthetase. Freshly harvested tissues from
three plants from As treated (260 mg/kg) and nontreated control plants were used to determine gene expression
level of squalene synthetase.

2.3. Measurement of Enzymatic Activity of Squalene Synthetase

Samples of 1 g were added (1: 10, w:v) into a buffer consisting of 2 mL 100 mmol/L phosphate buffered saline
(pH7.5), 2 mL 250 m mol/L sucrose, 2 mL 4 mmol/L magnesium chloride hexahydrate, and 2 mL 5 mmol/L 2-
Mercaptoethanol. Tissues were homogenized in an icy cold water bath. After centrifugation at 10, 000 rpm for
10 min, the supernatant was removed and they were used as the crude enzyme extracts. Enzymatic assay was
carried out using a squalene synthetase assay kit following manufactory’s instruction (Tszelisa, USA) on a
ELISA Reader (DNM-9602, Beijing Perlong New technology Limited Company). Enzymatic activity of squa-
lene synthetase was expressed in units per gram of fresh weight (U/g) [21].

2.4. Measurement of Gene Expression Level of Squalene Synthetase

Freshly harvested tissues from three plants were used to extract total RNA, which was been reverse transcription
to cDNA. Gene sequence of sequalene synthetase (ANG1) was download from NCBI (National Center of Bio-
technology Information, USA). The primer was designed based on software Primer 5.0. The Real time RT-PCR
was used based on cDNA and primer in order to analysis the gene expression level of squalene synthetase. Gene
expression level of squalene synthetase was expressed in % [22].

2.5. Measurement of As Content in Rhizomes and Main Roots of P. notoginseng

After transferring notoginseng (0.5 g) into a 150 ml Erlenmeyer flask, the reagent solutions were added in the
following order of 7 ml sulphuric acid, 10 ml nitric acid, and 2 ml perchloric acid. For organic matter digestion,
the mixture was heated on an electric heating plate until a whitish smoke of perchloric acid was formed. Flasks
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were then removed from the plate and let it cool. After removal of all the debris on the flask’s wall by rinsing
with tap water, these vessels were re-heated until forming a whitish smoke to evaporate the nitric acid.

Finally, flasks were removed from the heating plate. After chilling to room temperature, ashes at the bottom
of the flasks was dissolved in distilled water. Then the filtrates were adjusted to a 25 ml final volume using dis-
tilled water. An aliquot of the digested samples was transferred into an bottle where AsH; gas were generated
after the addition of 4 mL Kl and 2 mL Tin (Il) chloride dehydrate solutions. After mixing thoroughly, the mix-
ture was allowed to sit on the bench for 15 min until reactions were completed. After wetting the connection of
the ground joint and quickly placing 4 g of Zn inside the bottle, it was immediately connected to a gas tube
which was filled with lead tetraacetate cotton. The AsH; gas generated from the reactions were collected into the
absorption tube which was previously filled with 5 mL absorption solution. The reaction was allowed to proceed
for 1 hr before the absorption tube was removed. After adding chloroform to a final volume of 5 mL, the absor-
bance of the solution at 510 nm wavelength was measured using a 1-cm path length cuvette. The blank used the
solution from bottles without adding the notoginseng containing samples. A standard curve was generated using
the standard As concentrations as the values on X-axis, and absorbance values on a Y-axis. Tissue As content
was converted to mg/kg (dry weight).

2.6. Measurement of Saponin Contents in Rhizomes and Main Roots of P. notoginseng

The saponin monomer content was assayed using HPLC. The chromatographic analysis was performed on an
octadecylsilyl (ODS) column, using the acetonitrile mobile phase A, and aqueous mobile phase B. The column
was washed using the gradient described in Table 1. The detection wavelength was 203 nm. The theoretical
plate number was calculated based on the notoginsenoside R1 peak which should not be less than 4000.

Standard regents of ginsenoside Rgl, ginsenoside Rb1 and notoginsenoside R1, were dissolved in 1ml me-
thanol to a final concentrations of 0.4 mg/ml for ginsenoside Rgl and ginsenoside Rb1 and 0.1 mg/ml of noto-
ginsenoside R1.

A sample powder of 0.6 g was dissolved in 50 ml methanol followed by incubation overnight. The mixture
was treated under slow-heating for a hr in an 80°C water bath. After cooling to room temperature, the weight of
samples were taken, and then methanol was added into bottle to replenish the volume lost during the heating
process. After mixing thoroughly, the samples were filtered and the filtrate solution was stored until analysis.
For saponin assay, 10 pl of each sample solution were analyzed using HPLC. Content of saponin in each tissue
was converted into % of dry weight [14] [21].

2.7. Statistical Analysis

Procedures for manipulating data and drawing graphs were performed using statistical functions of Microsoft
Excel 2000. Analysis of the correlation between As treatment concentrations, and contents of As in plant tissues,
saponin content and activity of squalene synthase in rhizome and main root tissues were performed using SPSS
(11.0).

3. Results

3.1. Contents of As and Saponin in Rhizomes and Main Roots of P. notoginseng under As
Treatment Conditions

The content of As in rhizomes and main roots increased in response to higher As concentration treatments; and
tissues harvested at fruit ripening stage have a higher As content than those at vegetative growth stage (Figure
1). However, the As content in rhizomes and main roots harvested during the two growth stages was consistently
less than 2.0 mg/kg, which is the threshold value specified in the Product of Geographical Indication-Wenshan
Sanqi (GB/T19086-2008). Therefore, the As content of products meets the standard level of superior quality
products of P. notoginseng. It was shown that tissue As content had a statistically significant positive correlation
with the As treatment concentrations in all the tissues including rhizomes and main roots harvested from the two
growth stages (R =0.839 - 0.991, N = 6, P < 0.05).

At the vegetative growth stage, total content of three saponin monomers (TTSM) of rhizome declined in re-
sponse to the increase of As concentrations, it was reduced by 12.3% in the treatment with the highest As level
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Table 1. Gradient elution of the mobile phases.

Time (min) Mobile phase A (%) Mobile phase B (%)
0-6 20— 30 80— 70
6-14 30— 40 70 — 60
14-20 40 — 30 60 — 70
20-25 30—20 70 — 80
25-35 20 80
0.7 r growth stage  —&— ripening stage 07 - T*growthstage ——ripening stage

As content in rhizome (mg/kg)

As content in main root (mg/kg)

0 60 120 180 240 0 60 120 180 240

As treatment concentration (mglkg) As treatment concentration (mglkg)

Figure 1. As contents in rhizome and main root of P. notoginseng in different stages
under As stress.

(260 mg/kg) (Figure 2). At the fruit ripening stage, the treatment of As at 20 mg/kg produced a significant in-
crease in TTSM content. But all the higher higher As concentration treatments resulted in lower contents of the
compounds. It was a statistically significant decline (16.0%) in the treatment of As of 260 mg/kg. At both veget-
ative and fruit ripening stages, the total content of TTSM had a statically significant negative correlation with As
treatment concentration level as well as tissue As content (R =0.896 - 0.916, P <0.01, N = 6).

During the vegetative growth stage, notoginsenoside R1 content decreased with increasing As treatment con-
centration level. At the fruit ripening stage, notoginsenoside R1 content increased initially then followed by a
gradually decline in response to As concentration increases. For As treatments at 20 - 140 mg/kg, the R1 content
was significantly higher than the non-As treated control groups. But as As concentration increased to 260 mg/kg,
the R1 content in rhizome was reduced by 23.7% compared to the non-As treated control tissues. At both the
vegetative and fruit ripening stages, the total content of notoginsenosides was reduced by 23.7%, and the R1
content had a significant negative correlation with As treatment concentrations and tissue As content in the re-
spective tissues (R =0.814 - 0.852, P < 0.01, N = 6).

During the vegetative growth stage, the ginsenoside Rgl content in rhizomes decreased with increasing As
treatment concentrations. There was a rather consistent decrease (9.8% - 10.2%) in the percentage of Rgl con-
tent among As treatments at concentrations from 140 to 260 mg/kg. The rhizome Rg1 content had a statistically
significant negative correlation with the As treatment concentration as well as As content of plant tissues (R =
0.831 - 0.852, P < 0.01, N = 6) (Figure 2).

At the fruit ripening stage, As treatments at higher than 20 mg/kg resulted in reduced Rg1 content in rhizomes.
In the treatment of As at 260 mg/kg treatment, Rgl content in the rhizome was reduced by 6.1% compared to
the non-As treated control group. At the vegetative growth stage, the ginsenoside Rb1 content in rhizome had a
steep decline in response to increasing As treatment concentration levels. When treated with As at 260 mg/kg,
the Rb1 content of rhizome reduced by 16.5% compared to non-As treated control (Figure 2). At the fruit ri-
pening stage, Rb1 content in rhizome showed a similar response to the vegetative growth stage. In the As con-
centration treatment at 260 mg/kg, Rb1 content of rhizome decreased by 27.8% compared to the non-As treated
control tissues. At both the vegetative and fruit ripening stages, Rb1 content had a statistically significant nega-
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Figure 2. Contents of TTSM (Rgl + Rgl + R1) and saponin monomers in rhizomes of P. notoginseng
in different stages under As stress.

tive correlation with the As treatment concentration levels as well as tissue As content (R = 0.873 - 0.971, P <
0.01, N=6).

The TTSM content of main roots harvested from plants at vegetative stages declined consistently with in-
creases in the As concentration levels. In the As treatment at 260 mg/kg, the TTSM content was reduced by 7.7%
(Figure 3). For tissues harvested during the fruit ripening stage, the TTSM content of main root increased sig-
nificantly when As treatments were in the range of 20 - 140 mg/kg. But when As concentration was raised to
260 mg/kg, the TTSM content in main root was reduced by 6.6% compared to the untreated control group (P <
0.05).

During the vegetative growth stage, the notoginsenoside R1 content decreased with increases in As treatment
concentration levels. The R1 content of main roots showed a statistically significant negative correlation with As
treatment concentrations as well as As content in the main root tissues (R = 0.858 - 0.896, P < 0.05, N = 6)
(Figure 3). During the fruit ripening stage, the curve of notoginsenoside R1 content showed a up and down
trend in response to increasing As concentration levels. When As concentration was in the range of 20 - 140
mg/kg, R1 content in the treated groups was significantly higher than the control tissues. However the high con-
centration As treatment (260 mg/kg) resulted in a significant reduction (28.3%) in the R1 content of main root.

At the vegetative growth stage, the Rgl content of main root declined with increasing As concentration treat-
ment levels. The rate of decline slowed down and became stable after the As concentration went higher than 140
mg/kg (Figure 3). When As treatment concentration was in the range of 20 - 200 mg/kg, the Rgl content of
main root was higher in the treated tissues than the non-treated groups at the fruit ripening stage. However,
when As concentration was at 260 mg/kg, the Rgl content in main root became similar to roots from non-treated
control groups.

At the vegetative growth stage, the Rb1 content in main roots did show significant variation except a sharp
decline in the 260 mg/kg As concentration treatment. The Rb1 content of main root has a statistically significant
negative correlation with As treatment concentration levels as well as tissue As content (R = 0.927 - 0.933, P <
0.05, N = 6) (Figure 3). At the fruit ripening stage, the Rb1 content decreased when the As concentration was
higher than 80 mg/kg. In the As treatment of 260 mg/kg, Rb1 content in main root was reduced by 20% com-
pared to the non-As treated control group.

3.2. The Heterogeneity of Saponin Monomers in Rhizomes and Main Root of
P. notoginseng under As Treatment Conditions

At the vegetative growth stage of P. notoginseng, the ratio of Rb1/Rgl in the rhizome tissues was at a constant
level in all the As concentration treatments. It was reduced significantly only in the As treatment a 260 mtg-kg™.
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Figure 3. Contents of TTSM (Rgl + Rgl + R1) and saponin monomers in main root of P. noto-
ginseng in different stages under As stress.

In main roots, the ratio of Rb1/Rgl was significantly higher in As-treated than the non-treated groups (Figure 4).
At the fruit ripening stage, the ratio of Rb1/Rgl in main root tissues remained at a consistent level when As
concentration was in the range of 20 - 80 mg/kg. But the ratio of Rb1/Rgl decreased in treatments with higher
As concentrations. When As was provided at the rate of 260 mg/kg, the ratio of Rb1/Rg1l in rhizome and main
root was reduced by 22.6% and 19.5% compared to non-As treated control. At both the vegetative growth and
fruit ripening stages, the ratio of Rb1/Rgl expressed a statistically negative correlation with As content in the
main root tissue (R = 0.844 - 0.851, P < 0.05, N = 6).

At the vegetative growth stage of P. notoginseng, the ratio of (Rb1 + Rg1)/R1 in both rhizome and main roots
was enhanced significantly by As treatment conditions. When As was at 260 mg/kg, the ratio of (Rb1 + Rg1)/R1
was 25.2% and 31.5% higher in As-treated than non-As treated control rhizome and main root tissues, respec-
tively (Figure 5).

At the fruit ripening stage, As treatments in the range of 20 - 140 mg/kg led to lower ratio of (Rb1 + Rgl1)/R1
in rhizome. But the ratio in the rhizome was induced by the As treatments at 200 and 260 mg/kg concentration
levels. There was one exception where As concentration of 80 mg/kg led to a lower ratio of (Rb1 + Rg1)/R1 in
the main root tissues. In the As treatment at 260 mg/kg, the ratio of (Rbl + Rg1)/R1 increased by 11.1% and
33.7% in rhizome and main root tissues, respectively.

3.3. The Enzymatic Activity and Gene Expression of Squalene Synthase in Rhizome and
Main Roots of P. notoginseng under As Treatment Conditions

When As concentration was in the range of 80 - 140 mg/kg, both rhizome and main root expressed a signifi-
cantly higher enzymatic activity of squalene synthase. But as As concentration was raised to 200 - 260 mg/kg,
the squalene synthase enzymatic activity was reduced significantly, but main root contained a consistently high-
er enzymatic activity in As-treated than non-treated groups. Comparatively, the rhizome tissues had a higher
squalene synthase activity than the main root tissues (Figure 6).

Concurrently, the gene relative expression level of squalene synthase was higher in rhizome than in main root
tissues. But when As was increased to 260 mg/kg, the relative expression level of squalene synthase in rhizome
was reduced significantly, whereas it showed a slight increase in main roots induced by the As treatment (Fig-
ure7).

4. Discussion
4.1. Effect of As on the Total Content of Notoginsenoside

Saponins is a class of steroid sapogenin or saponins formed from condensation of triterpenoids with sugar or

O,
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Figure 4. Ratio of Rb1/Rg1 in rhizome and main root of P. notoginseng in different stages under As stress.
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main root of P. notoginseng at growth stage under As stress.

uronic acids. It is divided into steroid sapogenin and triterpenoids. They are widely found in Dioscoreaceae, Li-
liaceae, Araliaceae, Apiaceae, Leguminosae, Campanulaceae, Polygalaceae and Cucurbitaceae plants. Medi-
cinal functions of these herbal products include reducing phlegm, pain-reliever, anti-inflammatory, anti-fatigue,
antimicrobial and promoting synthesis of nucleic acids and proteins. In the rhizome base tissues, the total con-
tent of three saponin monomers meet the standard of the >5% in the 2010 version of Pharmacopeial Convention
and content in the main root is close or slight higher than 5% [14]. Saponins content is also depends on the P.
notoginseng growth length, As stress level and field management. In both the vegetative and the fruit ripening
stages of P. notoginseng plants, content of saponins always has a positive correlation with As content and As
treatment concentration level. Especially, during the vigorous growth stage, the total content of three saponin
monomers is negatively correlated with As treatment concentration, and the tissue As content in the rhizomes
and main roots (P < 0.05). Plant uptake As from soil As leads to the accumulation of As in their tissues [9]. En-
vironmental factors can suppress expression of genes in the biosynthesis of saponins, thus leading to low yield
of the compounds [18] [23] [24]. Accumulation of As induces a stress to P. notoginseng plants, which leads to
stunted plant growth, repression of key enzyme activities and interference in metabolic pathways that are essen-
tial for saponins biosynthesis [25] [26]. After long-term exposure to soil As, absorption of the toxic elements by
P. notoginseng plants will show symptoms such as changing saponins synthesis and rhizome development. Thus
As contained in soil has a significant effect on the yield and medicinal values of these herbal plant products [9].

In response to As treatments, saponin content of both rhizome and main root tissues changed following the
same trend as that of squalene synthase. Under high As concentration treatment condition (260 mg/kg), saponin
content and squalene synthase enzymatic activity declined significantly, which could be caused by the As-
induced suppression of transcript expression of the enzyme [27]-[29]. Saponins play a key role in rapid response
and defense mechanisms of plants [27] [30]. When As was applied at a concentration of 80-140 mg/kg, the total
saponins content and squalene synthase activity both exhibited a significant increase in rhizomes of plants at the
fruit ripening stage. In the genus of Panax, when plants are exposed to stress conditions, the elicitors of squalene
synthase are activated to stimulate the biosynthesis of enzymes for saponin production thus producing higher
ginsenoside content in adventitious roots [31]. For instance, Cu and Ge were reported to stimulate elevated gin-
senoside contents [26] [30]-[32]. Cu®* at 5 - 25 uM, Ni** 20 uM and vanadate 50 pM were reported to improve
ginsenoside biosynthesis of P. Ginseng [18] [33] [34]. But in this study the transcript abundance level of squa-
lene synthase was analyzed only for the control and the highest As concentration treatment (260 mg/kg) in this
study. More studies are needed to determine the relationship between As treatments higher than 260 mg/kg, and
the effects on gene expression as well as enzymatic activity of squalene synthase.

When compared between the two growth stages of P. notoginseng, the saponin content in both rhizome and
main roots was higher at the fruit ripening than the vegetative growth stages when As concentration was at 20 -
200 mg/kg. Other studies have shown that cell cultures derived from several plant species start to generate large
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amounts of secondary metabolites during the late growth period [31]. Several experiments have shown that the
saponin content in cell culture increases during a lengthening incubation period. Results from this study shows
that during a growth season of P. notoginseng plants, treatments with low concentration As was beneficial for
saponin synthesis, which sustained throughout the fruit ripening stage. In the case of high As concentration
treatment (260 mg/kg), the saponin content of the main root declined from the vegetative growth to fruit ripen-
ing stages. The larger root biomass at the latter growth stages may have caused the relative low saponin content
per unit plant tissues. The saponin content declined with each consecutive increase in As level in the higher
concentration range.

Rhizomes contained a higher level of squalene synthase activity and more gene transcripts than the main roots.
This factor may be responsible for the higher saponin content in the former than in the latter tissues. Differences
were also found between rhizome and main roots in their responses to as treatments. The total saponin content
was found to be reversely correlated with As responses. Total saponin content in both rhizomes and main roots
had a negative correlation with As concentration levels. Additional factors affecting transportation of saponin
compounds can also affect saponin accumulation and distribution in certain types of tissues of a plant. Therefore,
differential responses to As stress among tissues of the same P. notoginseng plants may be caused by a series of
factors such as synthesis, transportation of saponin and the activity of transporters. These factors need to be
analyzed in future studies.

4.2. The Heterogeneity of Saponin Monomers in Responses to As Treatments

More than 70 saponin monomers have been identified in P. notoginseng. The notoginsenoside R1 is only found
in P. notoginseng. The most abundant monomers are ginsenoside Rgl and Rb,, accounting for 80% of total sa-
ponin. According to the type and number of glycosyl groups and the hydroxyl groups and their positions where
they are linked to aglycone, those monomers can exhibit various biological activities [17]. This study found that
the rhizome content of Rgl was higher than Rb1, which matches with the result of a previous study [24]. Zeng
et al (2011) reported that As in soil, when at low concentration, can stimulate growth of P. notoginseng, thus in-
creasing the content level of total and saponin monomers [9] [25]. At both the vegetative growth and fruit ri-
pening stages, notoginsenoside R1 content declined in all the high As concentration treatments. These results
indicate that saponin production is affected by As in soil, but plants can develop adaptation to As toxicity when
subjected to a long-term As stress.

The ratio of Rb1/Rgl measures the proportion of protopanaxidiol and protopanaxatriol saponins, and the ratio
of (Rb1 + Rg1)/R1 represents the relative abundance in the amounts of ginsenoside and notoginsenoside. These
two parameters are indications of heterogeneity of saponin monomers. At both the vegetative growth and fruit
ripening stages, the ratio of (Rgl + Rb1)/R1 increased under all the As treatment concentrations, which indicates
that notoginsenoside is more susceptible than ginsenoside to As treatments. In P. notoginseng, the ginsenoside
Rg1l and Rb1 contents are the major components of saponin. In the As treatments of 20 - 200 mg/kg, the percen-
tage of the two monomers in total saponin was reduced. But under the highest As concentration treatment (260
mg/kg) condition, the ratio of (Rgl + Rb1)/R1, and the ratio of Rgl + Rb1 in total saponin were restored to near
the non-treated control level. It can thus be concluded that treatments of high As concentration had a comparable
effect on ginsenoside and notoginsenoside, which may involve interference mechanisms in the two metabolic
pathways. The differences in the sensitivity to As treatments between notoginsenoside and ginsenoside meta-
bolic pathways and the relationship with growth stages need to be explored in future studies.

The notoginseng Rgl and Rb1l belong to the dammarane tetracyclic triterpenoids in the high-content mono-
mer groups. Ginsenoside Rbl belongs to a class of dammarane protopanaxdiol tetracyclic triterpenoids, of
which the aglycon at the 3 and 19 positons linked to two moieties of glucose. Ginsenoside Rgl belongs to the
dammarane tetracyclic triterpenoids class, which has a glucose moiety linked to the 6 and 19 aglycon position.
Ginsenoside Rgl is the major active component of notoginseng, it is also the major component of quality stan-
dards [35]. Cytochrome P450 catalyzes the conversion of 20(S)-protopanaxadiol to protopanaxatriol [19] [35]
[36]. The heterogeneity of the saponin monomer mixtures is affected by environmental conditions. Exogenous
application of jasmonic acid induces the enzymatic activity of P450, and thus affecting the heterogeneity of gin-
senoside in notoginseng [26] [31]. The decrease in the ratio of Rb1/Rgl indicates a stronger inhibitory effect of
As treatment on the Rgl monomer in the rhizome tissues. It is very likely that As treatments can inhibit the
conversion of 20(S)-protopanaxadiol to protopanaxatriol by suppressing the enzymatic activity of P450 [19].
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The treatments of As at various concentrations affect expression of several key enzymes in key steps of the
saponin biosynthesis pathway, thus affecting the heterogeneity of saponin monomers. Exogenous application of
As can regulate expression of these enzymes, in particular those involved in the glycation and alcoholization
steps, thus affecting the composition of saponin monomers [35]-[38]. High As concentration treatments have
shown some inhibitory effect on squalene synthase and P450. The toxic element not only suppresses the bio-
synthetic pathway of saponin, it also leads to changes in the proportions of various monomers.

5. Conclusion

Contents of As and saponin in both rhizome and main roots meet the national standard level for superior prod-
ucts of P. notoginseng. Treatments with low concentration of As (20 - 80 mg/kg) led to higher saponin content
in these tissues. Conclusively, As at the low concentration range stimulates biosynthesis of saponin. High As
concentrations (200 - 260 mg/kg) suppress the gene expression and enzymatic activity of squalene synthase,
which are responsible for the decline in total saponin content as well as the monomers. The total saponin content
and heterogeneity showed similar responses to various levels of As stress.
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