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Abstract

Panax notoginseng was used as material with exogenous Cd (0, 0.6, 3.0, 6.0, 9.0, 12 mg kg",
prepared with CdCl,) and lime (0, 0.75, 1.5 t ha”, prepared with Ca(OH),) application to study the effect
of cadmium stress on growth and saponins contents of P. notoginseng, the relative enzymes activities
of saponins metabolism (SS, mevalonate kinase(MVK), P450, f-amyrin synthase (f-AS)) and protein
expression used with iTRAQ proteome analysis technique to understand the response mechanism of
P. notoginseng. The results showed the contents of soil available Cd and Cd contents in main root
decreased under lime application. The available contents of soil Cd decreased by 9.2%-38.1% with
1.5 t ha? lime application under Cd treatments. The biomass, root length, root surface area and root
volume increased with lime application under Cd stress. The activities and expression levels of MVK,
P450 and f-amyrin synthase decreased, resulting in decrease 8.6%-23.6% in saponins contents and ratio
of Rgl to Rbl. In general, the results indicate excessive application of lime would lead to a certain
reduction in the content of saponin under Cd stress and inhibition of conversion of diol-saponins to
triol-saponins with single-peak model to Ca/Cd ratio. It could be recommended that the ratio of Ca to
Cd is less than 680 for reduction of cadmium content and maintaining saponin contents of main root of
P. notoginseng for the production of high quality.
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Introduction of activities of humans, including irrigation of farmland

sewage and industrial wastes, the contents of heavy

The soil Cd pollution has become one of the most metals in the soil increased [2-4]. Cadmium in soil
important environmental problems [1]. Due to a series could be absorbed by plants, which affects plant

growth and physiological metabolism and reduces the
yield and quality of crops [5,6] . Plants reduce the toxic
effects of heavy metals by altering their own structure
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or secondary metabolic pathways [7,8]. Protein change
mechanism and protein-protein interactions could be
studied through proteome technology. Isobaric tags for
relative and absolute quantitation (iTRAQ) are more
commonly used proteomics techniques in recent years.
The differences in proteome expression of plants in
response to Cd stress have been studied in rice (Oryza
sativa), Populus tremula, Kandelia candel, Thlaspi
caerulescens, Phytolacca americana) and Sedun
alfredii and Perilla frutescens (L.) Britt. [3,9], in which
ATP activity-related regulatory proteins, detoxification
and anti-oxidation and signaling-related proteins, ion
transporters, sulfur and glutathione-related metabolic
proteins showed differences in expression to cadmium
stress [9-12].

Panax notoginseng (Burk.) F.H.Chen is a perennial
herb of the Panax genus of Araliaceae family. Saponin
is the main medicinal ingredient of P. notoginseng,
and belongs to the dammarane tetracyclic triterpene
substance, which the functions of saponin are related
to promote blood circulation, immunity and anti-
tumor. The saponin includes 20(S)-protopanaxadiol and
20(S)-protopanaxatriol [13]. There are more than 70
kinds of monomeric saponins including notoginsenoside
R1 and ginsenosides Rbl and Rgl, in which
notoginsenoside R1 is unique to P. notoginseng, and
contents of ginsenoside Rgl and Rbl are the highest
[14-16]. The synthesis process of saponins in plants
includes: (1) synthesis of isopentenyl pyrophosphate
and dimethylallyl pyrophosphate; (2) catalytic synthesis
of isopentenyl transferase and anthracycline cyclase
2,3-oxidation squalene; (3) cyclized, hydroxylated,
glycosylated modified to form dammarane type
notoginsenoside. Key enzymes include squalene
synthase (SS), farnesyl diphosphate synthase (FPS),
squalene epoxidase (SE), and dammarenediol synthase
(DS), cytochrome P450, glycosyl transferase (GT),
mevalonate kinase (MVK) and p-amyrin synthase
(p-AS) [13]. The origin and main production area of
P. notoginseng was located in Wenshan prefecture,
Yunnan Province, China. The yield of P. notoginseng
in Wenshan prefecture accounts for more than 90% of
total yield in China. The background values of heavy
metals in soil of P. notoginseng production area are
high, which threatens the quality of P. notoginseng
[17]. Zu et al. (2017) investigated soil heavy metals
contents in Wenshan prefecture, indicating the
over-standard rate of soil Cd content was 53.3% [18].
Control measurements should be taken to reduce Cd
contents in soil and P. notoginseng. Environmental
stress can change the synthesis of saponin and the
expression of relative genes [19]. Other studies
showed that contents of notoginsenoside R1 reached
a maximum when the soil Cd content was 6 mg kg,
and the contents of each monomer saponin and total
saponin was significantly decreased when Cd was
30 mg kg' [20]. Reducing the Cd content and
maintaining the contents of saponins are important for
high quality of P. notoginseng.

Application of lime can increase soil pH and reduce
the bioavailability of heavy metals and the absorption
and accumulation of heavy metals by plants [21,22].
Calcium is an essential element of plant growth. The
Ca?* can maintain cell structure stability and cell
viability, regulate photosynthesis, signal transduction,
transpiration and respiration [19, 23-25]. Under
cadmium stress, the supply of calcium can alleviate
the degree of chlorophyll decline [26]. The vacuole is
the main storage place of the Ca®". The calcium ion in
the vacuole mainly depends on the ions Ca?* channel to
participate in the formation of calcium signal. The Ca**
in the chloroplast and mitochondria is related to the cell
senescence and death [27], the transport of heavy metal
ions [28], and abiotic stress [29]). The valence of Cd**
and Ca?" is the same and the ionic radius is close. The
ions Ca?* and Cd** compete for the adsorption site of
the soil. Application of lime significantly reduced the
Cd contents of corn [9,21] and rice [30], and increased
the biomass of Arabidopsis seedlings [31].

Therefore, the hypothesis include: (1) application
of lime under cadmium stress reduces Cd content in
P. notoginseng, changes the growth and morphology
of P. notoginseng roots; (2) Under certain Ca/Cd ratio,
key enzyme activities and genes expressions related
to saponin metabolism change, affecting the monomer
heterogeneity and total saponins contents. The iTRAQ
proteomics technology was used to study the response
mechanism of lime-mediated root growth and saponin
metabolism under cadmium stress.

Materials and Methods
Treatments and Sampling

One -year old P. notoginseng seedling was cultivated
in upland red soil. Background values of experiment
soil were pH 5.42, CEC 19.4 cmol kg, alkali nitrogen
124.61 mg kg', available phosphorus 28.77 mg kg,
available potassium 318.92 mg kg', total nitrogen
0.18 %, total phosphorus 0.10%, total potassium 1.21%
and Cd content 0.53 mg kg'. The experiment site was
located at 25°31'21.80”N, 103°17’'12.87"E and altitude
of 1871 m.

Three lime application levels were 0 (L), 0.75 (L))
and 1.5 (L,) t ha®, formulated with Ca(OH),. The
0-15 cm layer soil of each plot was mixed with
differently treated lime Six Cd treatment levels were
0 (Cd), 0.6 (Cd,), 3.0 (Cd), 6.0 (Cd), 9.0 (Cd,),
12 mg kg' (Cd,,), formulated with CdC1,+2.5H,0. After
CdCl,+2.5H,0 mixed with 2 mm soil based on the ratio
of 1:40 of CdCl,»2.5H,O : soil, it was evenly spread
in each plot, and then mixed with the soil of 0-15 cm.
Each treatment was 3 replicates. After 15 days,
one -year old P. notoginseng seedling were transplanted
in February 2016. The experiment plots was
randomly arranged. The area of the plot was 1.8 m?
(1.2 m x 1.5 m). 96 seedlings were transplanted in each



Effects of Lime Application on Activities...

4201

plot, with a plant spacing of 12 cm x 15 cm. General
management was carried through growth periods.

During the vigorous flowering stage of P.
notoginseng (August 23, 2016), 15 plants of P.
notoginseng were collected in each plot. The ten plants
were used for the determination of Cd content, root
morphology and saponin content, The soil and plants
were sampled separately. Four treatments including
L,Cd, (0 t ha®lime + 0 mg kg" Cd), L ,Cd, (0 t ha” lime
+ 6.0 mg kg' Cd), L Cd, (0.75 t ha? lime + 0 mg kg
Cd) and L, Cd, (0.75 t ha? lime + 6.0 mg kg' Cd) with
3 replicates were selected for proteome analysis of the
main root of P. notoginseng. The five plants of each
treatment used for the enzyme activity and proteomic
analysis were washed with ultrapure water and stored in
a cryopreservation tube with the liquid nitrogen quickly
frozen at -80°C.

The soil was air dried and passed through a 1 mm
sieve for the determination of soil pH and available
Cd content. The plants were first washed with tap
water, then washed with deionized water. The roots
were scanned by the root scanning analyzer (the
Epson Expression 10000XL1.0 root system scanner
(Japan)), using the root analysis software WinRHIZO
Pro V2007d. (Regina, Canada) to analyze the root
morphological characteristics (total root length, root
surface area and root volume) of P. notoginseng. After
the root scanned, the each part of P. notoginseng
was placed in a blast drying oven, dried at 105°C for
30 min, then dried at 65°C to a constant weight. After
cooling, the biomass of each part of P. notoginseng was
measured. After grinding through a 1 mm sieve, it was
used to determine the contents of Cd and saponin of
P. notoginseng.

Cadmium (Cd) Content in Root of P. notoginseng

Some 0.2 g of the main root of P. notoginseng was
accurately weighed, and placed in a teflon tank and
added 2 mL nitric acid and 1 mL hydrogen peroxide,
then tighten with a stainless steel cover, and place
in an oven at 160°C for 4 h. After cooling to room
temperature, the digestive the mixture was moved to
a 10 mL volumetric flask. The Cd content of solution
was measured by ICP-MS (Nexion 350X, Perkin Elmer,
USA).

Saponin Contents in Root of P. notoginseng

Some 0.6 g main root powder was accurately
weighed, and dissolved in 50 mL methanol and
incubation 12 hr and 1 hr in an 80°C water bath. After
cooling to room temperature, the mixture was moved
to a 50 mL volumetric flask with adding methanol
and filtered for analysis contents of saponin Rbl,
saponin Rgl and notosaponin R1, 10 pL using HPLC
(Prominence LC-20A, Japan) and the acetonitrile mobile
phase A and aqueous mobile phase B, chromatographic
analysis was performed on an octadecylsilyl column

under the detection wavelength 203 nm [16]. Standard
regents of 0.4 mg mL"' saponin Rgl, saponin Rbl and
0.1 mg mL" notosaponin R1 were used after standard
regents dissolved in 1 mL methanol (The Ministry of
Health of Pharmacopoeia Committee 2000). Content of
saponin in main root was expressed in unit % of dry
weight.

Samples for HPLC analysis was not necessary to
purify according to standard analysis method in China.
The parameter of column to HPLC was CI18 with
particle diameter 5 pm and length 200 mm. The detector
was SPD. The reagents to HPLC were chromatographic
pure from J&K Scientific LTD, Beijing, China.

The total saponin content of three monomers (Panax
notoginseng saponins, PNS) = Rbl + Rgl + R1.

Saponin yield of main root = mean of main root
biomass x PNS.

Extraction and Measurement of Enzymes
Activities

Some 0.500 g of the main root powder was weighed,
and put into the frozen mortar. 5 mL of phosphate
buffer was added to grind homogenate, then poured
into the centrifuge tube for refrigerated centrifugation.
The liquid supernatant was collected. The standard
solution was diluted 5 times with a 2-fold dilution
gradient in the kit as required. Activities of squalene
synthase (SS), mevalonate kinase (MVK), P450
reductase and S-amyrin synthase (S-AS): Enzymatic
assay was carried out using relative assay kits following
manufactory’s instruction (Tszelisa, USA) on a ELISA
Reader (DNM-9602, Beijing Perlong New technology
Limited Company). Enzymatic activity was expressed
in units per gram of fresh weight (U g™).

iTRIQ Transcriptome Analysis

The main root fresh tissues were ground into
powder in liquid nitrogen, homogenized in 1 mL lysis
buffer (pH 7.6, 10% w/v SDS, 0.1 M dithiothreitol in
0.1 M Tris-HCI). The mixture was moved to an ice
bath for 15 cycles (work Ss, stop 2s) for sonicating at
35 kHz. After super-centrifugation (30000 g, 4°C for
15 min), 10% trichloroacetic acid/acetone was added
to the supernatant with three acetone washes. Protein
concentration was measured by Bradford assay protein
assay kit (Bio-Rad, United States) after dissolved in the
lysis buffer and 100 pg aliquots of each sample were
used for proteomic experiments. It was used to prepare
peptide samples for iTRAQ experiments,including
the Filter-aided sample preparation-method (FASP)
by Wisniewski et al. (2009), employing ultrafiltration
devices to perform SDS removal, buffer exchange,
chemical modification, and protein digestion to obtain
peptides mixtures.

Trypsin digestion of enzyme to protein ratio 1:50
was carried out at 37°C for 4 h. 4-plex iTRAQ labeling
experiments were performed according to the manual
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provided by AB SCIEX, Pte. Ltd. (Redwood City,
CA, United States) with cation exchange conducted
in a GeminiNX 5u C18 110A 150 mm x 4.6 mm
column (Phenomenex, Guangzhou, China) by using a
LC-20AB HPLC Pump system (Shimadzu, Japan) [33].
The condition of process included: uv wavelength:
214 nm; flow rate: 1000 plL/min; washing-gradient
of liquid chromatography: Time(min), B%: 1, 5%;
18, 30%; 20, 80%; 24, 80%; 24.1, 5%; 30, stop.
Reversed-phase liquid chromatographytandem mass
spectrometry were performed by SAGENE, Co., Ltd.
(Guangzhou, China) in CI8 enriching column (3 pum,
ID 100 pm, 20 mm length) and separation column
(1.9 pm, ID75 pm, 100 mm length) by using a Triple
TOF 6600 (Applied Biosystems, United States). The
condition of process included: flow rate: 300 nL. min’';
washing-gradient of liquid chromatography: Time(min),
B%: 0.1, 8%; 55, 25%; 65, 80%; 70, 80%; 70.1, 2%;
75, 2%; stop. The peptides were identified by
ProteinPilot 5.0 (AB Sciex) and matched to the
reference transcripts of protein sequences of P.
notoginseng in SwissProt/UniProt database. The
statistically ~ significant  differentially-accumulated
proteins between treatment groups were determined
based on protein abundance difference multiple>1.3 or
<0.77 (P<0.05, t-test) [34]. KEGG pathway annotation
was performed, and pathway overlaps with DEGs were
identified.

Statistical Analysis

The data of Cd content, saponin content and enzyme
activities in the main root of P. notoginseng were
statistically analyzed using one-way variance (ANOVA)
with SPSS 19 software. Least significant difference
(LSD) (P = 0.05) were calculated.

Results

Soil pH, Soil Available Cd Content
and Cd Content of Panax notoginseng

The application of lime had a greater impact on
soil pH. With the amount of lime applied increased,
the pH gradually increased. Under 0, 0.6, 3.0, 6.0,
9.0, 12.0 mg kg' Cd treatments, the soil pH increased
by 14.4-22.0%, 8.7-10.7%, 8.5-13.0%, 10.6-15.2%,
8.9-16.5%, and 17.0-19.0%, respectively, with 0.75 and
1.5 t ha? lime application (Table 1).

When the application level of lime was consistent,
the soil effective Cd contents increased significantly
with the increase in Cd treatment levels. When the
treatment level of Cd was the same, the soil effective
Cd content decreased significantly with increase in
the amount of lime applied (Table 1). The effective Cd
content decreased by 3.3-38.0% with 0.75 and 1.5 t ha?
lime application compared to the non-lime treatment.
Correlation analysis showed that there was a significant
negative correlation between soil available Cd content
and Ca/Cd treatment ratio (R = -0.738, F = 9.589,
P<0.05, N = 10).

With the amount of Cd treatment increased, the Cd
content of the main root of P. notoginseng increased
significantly. Under the same treatment amount of
Cd, the Cd content of the main root of P. notoginseng
decreases with the increase in lime application
levels. Under 0, 3.0 and 12.0 mg kg' Cd treatments,
the Cd content of the main root of P. notoginseng
was significantly decreased by 13.3%, 12.5% and 17.5%
with 1.5 t ha? lime application. Under 0.6, 6.0 and
9.0 mg kg' Cd treatments, there was no significant
changes in the Cd content in the main root of P.
notoginseng (Table 1). Correlation analysis showed that
there was a significant positive correlation between the
Cd content of the main root and the soil effective Cd

Table 1. Soil pH and available Cd contents, Cd content in main root of Panax notoginseng.

Lime Cd/mg kg
Parameters ha
/tha 0 3.0 6.0 9.0 12.0
0 5.42+0.17c | 5.77+0.10b | 5.75:0.03c | 5.66+0.03b | 5.64+0.12c | 5.41£0.03b
Soil pH 0.75 | 6.20£0.09b | 6.27+0.10a | 6.24+0.04b | 6.26+0.21a | 6.14+0.05b | 6.33+0.07a
15 6.61£0.1a | 6.39£0.09a | 6.50+0.14a | 6.52+0.12a | 6.57+0.11a | 6.44+0.07a
0 0.24x0.02a | 0.79+0.04a | 2.47+0.21a | 4.58+0.18a | 7.09+0.22a | 8.32:0.16a
Soil available Cd 0.75 | 0.18£0.02b | 0.61£0.04b | 2.24+0.16ab | 4.43+034a | 6.56£0.24a | 7.74+0.19ab
contents/mg kg
15 | 0.17£0.01b | 0.49£0.02c | 1.99+0.13b | 4.16+0.32a | 5.76:0.27b | 7.13+0.40b
0 0.15:0.01a | 0.31£0.02a | 0.48+0.04a | 0.89+0.03a | 1.13£0.07a | 1.43+0.10a
Cd contents in main 0.75 | 0.14£0.00ab | 0.31+0.02a | 0.45:0.03ab | 0.87+0.03a | 1.05:0.08a | 1.31£0.02a
root/mg kg
15 | 0.13£0.00b | 0.29+0.02a | 0.42+0.01b | 0.84+0.03a | 1.00+0.03a | 1.18+0.04b

Note: The data are mean +standard deviation. Different lowercase letters indicate difference significantly between lime treatments at

P<0.05 levels with t-test, n = 3.
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Table 2. Biomass of main root of biennial Panax notoginseng at flowering period (g plant™ dry weight).
Cd/mg kg
Lime /t ha?
0 0.6 3.0 6.0 9.0 12.0
0 0.17+0.03a 0.18+0.03a 0.18+0.03¢c 0.27+0.01a 0.24+0.04a 0.25+0.04a
0.75 0.17+0.02a 0.26+0.08a 0.22+0.03b 0.25+0.02a 0.22+0.01a 0.20+0.04a
1.5 0.21+0.05a 0.17+0.02a 0.31£0.02a 0.21+0.04a 0.29+0.01a 0.27+0.03a

content (R =0.992, F = 502.665, P<0.001, N = 10), and
there was a significant negative relationship between the
Cd content of the main root and the Ca/Cd treatment
ratio (R =-0.709, F = 8.072, P<0.05, N = 10).

Biomass and Morphological Characteristics
of Roots

Under 3.0 mg kg' Cd treatment, the biomass of main
root increased by 22-72% with the increase in lime
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Fig. 1. Effects of Cd and lime on root length, surface area and
volume of Panax notoginseng.

application levels. Compared with other treatments,
the biomass of main root of P. notoginseng was the
highest with 3.0 mg kg’ Cd and 1.5 t ha? lime treatment
(Table 2).

Under the same lime treatment, the root length
increased first and then decreased, and the root surface
area and root volume decreased with the increase in
Cd treatment levels. Under the 9.0 and 12.0 mg kg' Cd
treatments, the root length, root surface area and root
volume under lime 1.5 t ha? treatment were greater
than those non-lime treatment (Fig. 1). Under 3.0 and
6.0 mg kg' Cd treatments, the root surface area and
root volume showed a decreasing trend with lime
application. Correlation analysis showed that there were
significant negative correlations between root length
and soil available Cd content (R = -0.745, F = 9.959,
P<0.05, N = 10), Cd content of main root (R = -0.784,
F =12.769, P<0.01, N = 10).

Content of Saponins of Panax notoginseng
and its Related Enzyme Activities

Saponins Contents

Under 0.6, 6.0 and 12.0 mg kg' Cd treatments, the
contents of saponins in the main root of P. notoginseng
decreased with the increase in 0.75 and 1.5 t ha? lime
treatments. The content of saponins decreased by
4.8- 23.6% with lime application. The saponin content
decreased by 23.6% under 0.6 mg kg’ Cd and 1.5 t ha?
lime application (Fig. 2).

The contents of three monomeric saponins
showed in order: Ginsenoside Rgl>ginsenoside
RbI> notoginsenoside R1, three monomeric saponins
and total saponin content reached the maximum at
0.75 t ha? lime + 3.0 mg kg' Cd treatment, which was
0.45% notoginsenoside R1, 1.62% ginsenoside Rg,
0.97% ginsenoside Rbl and 3.03% total saponin. The
ratio of Rgl to Rbl was the highest under 0.6 mg kg
Cd treatment. With 0 and 0.75 t ha? lime applications,
the ratio of RI1/(Rgl+Rbl) was the highest under
0.6 mg kg' Cd treatment. The ratio of R1/(Rgl+Rbl)
was the highest with 0.75 t ha? lime application and
6 mg kg' Cd treatment (Fig. 2). Correlation analysis
showed that there were significant negative correlations
between the ratio of Rgl/Rbl and soil effective Cd
content (R = -0.677, F = 6.767, P<0.05, N = 10), Cd
content of main root (R = -0.644, F = 5.671, P<0.05,
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Fig. 2. Saponins contents and ratios of Rgl/Rbl and R1/
(Rg1+RDb1) in main root of Panax notoginseng.

N = 10); There was a significant quadratic correlation
between the ratio of Rgl/Rbl and the Ca/Cd treatment
ratio (Y = 1.28 + 0.009X — 1.32 x 10°X?, R = 0.815,
F = 6.925, P<0.05, N = 10). (The ratio of Rgl/Rbl
was the highest when Ca/Cd treatment ratio 682);
There was a significant logarithm correlation between
R1/(Rgl+Rbl) ratio and Ca/Cd treatment ratio
(Y = 0.022 + LnX, R = 0.689) , F = 7.217, P<0.05,
N = 10).

Related Enzyme Activities

The SS enzyme activity was the lowest under
12.0 mg kg' Cd treatment. The SS activity in the
main roots increased significantly under 0.6, 3.0 and
12 mg kg' Cd treatment and 0.75 t ha? lime application.
With 1.5 t ha? application, SS activity was significantly
increased in the main root under 0.6 and 3.0 mg kg’
Cd treatments. The SS activity in the main root was
the highest under 12.0 mg kg' Cd treatment and
0.75 t ha?lime application (Table 3). Correlation analysis

showed that there were negative relationships between
SS activity and soil effective Cd content (R = -0.747,

= 10.102, P<0.05, N = 10), Cd content of main root
(R =-0.765, F = 11.317, P<0.05, N = 10). There were
significant positive correlations between SS activity and
R1 content (R = 0.723, F = 8.745, P<0.05, N = 10), Rgl
content (R = 0.646, F = 5.717, P<0.05, N = 10).

Mevalonate kinase (MVK) activities increased under
0.6 mg kg' Cd treatment without application of lime.
MVK activity was inhibited under other Cd treatments,
and the inhibitory effect increased with increase in Cd
treatment concentrations. Under the same Cd treatment,
the activities of mevalonate kinase gradually decreased
with the increase in lime application levels. There was
a significant difference in the MVK activity under 0
and 3.0 mg kg' Cd treatments with lime application
comparing with non-lime application. There was no
significant different of MVK activity between 0.75 t ha?
and 1.5 t ha? lime applications. Under 6.0 mg kg' Cd
treatment, there was no significant difference between
the applications of 0.75 t ha? lime and non-lime.The
MVK activity decreased significantly when 1.5 t ha?
lime application.Under 9.0 mg kg' Cd treatment or
more, the MVK activities significantly decreased. There
were significant difference of MVK activities between
0.75 t ha? and 1.5 t ha? application.

P450 reductase activity decreased with the increase
in Cd treatment concentrations under the same lime
application. Under the same Cd treatment level, P450
reductase activity decreased with the increase in
lime application levels. Under 0, 0.6, 3.0, 6.0, 9.0 and
12.0 mg kg!' Cd treatments, the P450 reductase activities
with 0.75 t ha? and 1.5 t ha? lime application reduced
by 27.7-40.8%, 10.0-37.2%, 38.6-41.9%, 24.6-32.6%,
40.5-60%, and 45.2-63.3% compared with non-lime
application, respectively. Correlation analysis showed
that there were significant negative correlations between
P450 reductase activity and soil effective Cd content
(R =-0.770, F = 11.658, P<0.01, N = 10), Cd content
of main root (R =-0.750, F = 10.257, P<0.05, N = 10).
There was a significant quadratic correlation between
P450 reductase activity and Ca/Cd treatment ratio
(Y = 0.85 + 0.006X — 8.62 x 10°X?, R = 0.809,
F =6.612, P<0.05, N = 10) (P450 reductase activity was
highest when Ca/Cd treatment ratio was 696). There
were significant positive correlations between P450
reductase activity and R1 content (R = 0.716, F = 8.433,
P<0.05, N = 10), ratio of RI1/(Rgl+Rbl) (R = 0.709,
F = 8.109, P<0.05, N = 10).

When lime was not applied, the f-amyrin
synthase (f-AS) activity decreased with increase in
0-6.0 mg kg' Cd treatment concentration. The S-AS
activities gradually decreased with increase in Cd
treatment concentrations under 0.75 t ha? and 1.5 t ha?
lime application.The p-AS activities decreased with
increase in lime application levels under the same
Cd treatment concentration. The J-AS activity was
75.95 U g', which was the lowest under 0.75 t ha?
application and 9.0 mg kg' Cd treatment. The S-AS
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Table 3. Activities of SS, MVK, P450 and $-AS in main root of Panax notoginseng.

Cd/mg kg!
Enzymes/U g' | Lime /t ha?
0 0.6 3.0 6.0 9.0 12.0

0 0.17+0.01a 0.17+0.01b 0.18+0.01b 0.21+0.02a 0.18+0.01a 0.15+0.01b

SS 0.75 0.17+0.01a 0.22+0.07a 0.25+0.06a 0.18+0.01a 0.17+0.01a 0.18+0.01a

1.5 0.17+0.01a 0.20+0.02a 0.20+0.01a 0.19+0.01a 0.18+0.02a 0.15+0.02b

0 9.45+0.82a 10.33+0.76a 8.50+0.39a 7.69+0.59a 7.47+0.88a 6.05+0.88a

MVK 0.75 7.04+0.55b 7.48+0.44b 6.28+0.28b 6.85+1.06a 5.06::0.69b 6.82+0.34b

1.5 5.64+1.47b 8.13+0.45b 5.30+0.12b 5.19+1.06b 7.68+0.33¢c 3.40+0.23¢

0 3.11+0.13a 2.31+0.20a 2.15+£0.03a 1.75+0.16a 2.15¢0.21a 1.77+0.42a

P450 0.75 2.25+0.45b 2.08+0.21a 1.32+0.14b 1.32+0.36ab 1.28+0.43b 0.97+0.22b

1.5 1.84+0.03b 1.45+0.21b 1.25+0.48b 1.18+0.16b 0.86+0.08b 0.65+0.14b
0 115.57+19.03a | 107.87+13.40a | 101.11+20.10a | 90.30+10.58a | 137.08+1.12a | 125.71£20.40a

S-AS 0.75 110.83+16.86a | 98.85+10.86ab | 92.76+14.71a | 77.06+16.29a | 75.95+17.81b | 80.44+7.84b
1.5 86.10+4.46a 81.01+5.76c | 52.68+9.29b | 53.01+5.18b | 37.71£3.90c | 23.74+10.75¢c

activity was 23.74 U g, which was the lowest under
1.5 t ha? application and 12.0 mg kg' Cd treatment.
There were significant positive correlations between
S-AS activity and R1 content (R = 0.866, F = 24.082,
P<0.01, N = 10), ratio of R1/(Rgl + Rbl) (R = 0.629,

F = 5.230, P<0.05, N = 10).

B-AS

| mevalonate |

\MVK

‘ mevalonate diphosphate |

\GPS

‘ Geranyl diphosphate |

|Fps

| Farnesyl diphosphate |

SS

‘ squalene |

lSE

| 2,3-oxidosqualene |

| Ds

Expression of Related Proteins in the Synthesis
of Saponins of Panax notoginseng

When lime was applied under Cd stress, 328122
total spectra were obtained by iTRAQ analysis with
unique spectra 5918, unique peptide 2862, and 1181

| Dammarenediol-II H Protopanaxadiol H Protopanaxatriol

p-amyrin

GT

‘ Ginsenoside RO |

CYP450

GT

CYP450

GT

Ginsenoside Rb1,
Rb2, Rb3, Rc and Rd

Ginsenoside Rgl.Re,
Notoginsenoside R1

Fig. 3. Saponins biosynthesis pathway of Panax notoginseng.
Note: mevalonate kinase (MVK), geranyl pyrophosphate synthase(GPS), farnesyl diphosphate synthase (FPS), squalene synthase (SS),
squalene epoxidase (SE), dammarenediol synthase (DS), cytochrome P450, f-amyrin synthase ($-AS), glycosyl transferase(GT).
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Table 4. Functional classification of differentially expressed proteins (DEPs).
. Unique | Unique Difference Up/ Comparison
DEPs Protein ID Coverage spectrum | peptide | multipleSD P value Down group
Unigene0012926 0.095 1 1 0.66+0.08 0.000 | Down | L Cd/L,Cd,
P450(CYP724129)
Unigene0050708 0.024 1 1 0.58+0.23 0.006 | Down | L,Cd/LCd,
P450 .
(CYP724129-like) Unigene0047723 0.045 1 1 0.59+0.09 0.000 Down | L, Cd/L Cd,
0.051 1 1 1.75+0.58 0.025 Up L Cd/L Cd,
P450(CYP736A454) Unigene0014832
0.051 1 1 1.54+0.39 0.024 Up L,Cd/L,Cd,
P450 reductase Unigene0031564 0.074 1 1 0.66+0.07 0.002 | Down | L Cd/L,Cd,
S-AS Unigene0011395 0.028 1 1 0.62+0.05 0.000 | Down | L Cd/LCd,
glycosyl transferase .
UDP84B] Unigene0032248 0.022 1 1 2.14+0.76 0.015 Up L, Cd/L,Cd,
UDP-glycosyl Unigene0049934 | 0.108 6 5 0.63+0.08 | 0.003 | Down | L Cd-L Cd
transferase Lo
UDP-glycosyl Unigene0003621 0.035 1 1 0.64+0.28 0.024 Down L,Cd/L,Cd,
transferase 0.35 1 1 0.66+0.18 0.029 | Down | L Cd/L Cd,
UGTPg34
( 834) 0.35 1 1 0.61+0.26 0.015 | Down | L Cd/LCd,
UDP-glycosyl .
transferase(UGTPg19) Unigene0040383 0.025 1 1 0.64+0.09 0.000 | Down | L Cd/LCd,

Note: L and L, were0 and 0.75 t ha? lime application. Cd and Cd, were 0 and 6.0 mg kg' Cd treatment.

differential proteins identified, in which the expression
of 10 proteins related to saponin synthesis was
significantly different (P< 0.05), including P450, f-AS
and glycosyl transferase (GT) based on GO and KEGG
analysis (Table 4).

The expression of P450 reductase, f-AS, glycosyl
transferase UGTPg34, and glycosyl transferase
UDP84B1 were down-regulated under 0.75 t ha? lime
application compared to non lime application (Table 4).
The glycosyl transferase UDP84B1 protein homologous
to the grape Vitis vinifera was down-regulated. The
UGTPg19 protein homologous to ginseng was down-
regulated.

The expression of P450 (CYP72A129) protein
homologous to Panax ginseng was down-regulated
under 6.0 mg kg! Cd treatment. The expression of
P450 (CYP736A54) protein homologous to Bupleurum
chinense was up-regulated. The expression of the
glycosyl transferase UGTPg34 protein homologous to
Panax ginseng was down-regulated.

When treated with 6.0 mg kg' Cd + 0.75 t ha” lime,
the expression of P450 (CYP72A129 and CYP72A129-
like) proteins homologous to Panax ginseng was down-
regulated. The expression of P450 (CYP736A54) protein
homologous to Bupleurum chinense was up-regulated.
The expression of glycosyl transferase UGTPgl9
and UGTPg34 protein homologous to Panax ginseng
was down-regulated, and the expression of glycosyl
transferase 84B1 protein was up-regulated.

Discussion

Effects of Cd Stress on the Growth and Saponin
Content in Roots of Panax notoginseng
under Lime Application

Soil pH is one of the most important factors
affecting soil Cd formation and bioavailability. The
change of pH has a great influence on the effective
fraction of Cd in soil. The OH-ion in Ca(OH), not only
increases the pH value of the soil, but also promotes the
formation of hydroxyl metal [35]. The hydroxyl metal
ion has a strong affinity with the adsorption site of the
soil and can be effectively adsorbed on the soil surface.
The increase of OH" in the soil causes Cd** to combine
with CO,* and OH" to form insoluble precipitates,
which are fixed in the soil and reduce the effective Cd
content in the soil [36, 37]. The increase of pH will lead
to the decrease of hydrogen ions and free metal cations,
reduce the competition with Cd*" on soil adsorption,
facilitate the adsorption of Cd and soil surface, and
reduce the content of available Cd in soil. However, the
reduction of available Cd in the soil by lime depends on
the form and dose of lime, especially in the case of high
Cd content in the soil. Application of lime increases soil
pH and reduces soil available Cd content. Correlation
analysis showed that there was a significant negative
correlation between the ratio of Ca/Cd treatment
concentration and soil available Cd content and Cd
content of main root (P<0.05). It is indicated that the
concentration ratio of Ca/Cd treatment be an important
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factor affecting the available Cd content in soil and the
Cd content in the main root of P. notoginseng. With the
increase of calcium ion concentration, the desorption
of Cd increases, while the high concentration of Cd in
soil solution can reduce the absorption and transport of
calcium by roots, increase the absorption of Cd, reduce
the absorption of calcium by plants [38, 39].

Under the same lime application, the effect of
cadmium stress on biomass, root length, root surface
areca and root volume of P. notoginseng had a dose
effect. Correlation analysis showed that there were
significant negative correlations between root length
and soil effective Cd content (P<0.05), main root Cd
content (P<0.01). Under certain cadmium stress, the
application of lime can increase the biomass, root
length, root surface area and root volume of roots to
some extent. Ca plays an important role in reducing the
absorption of Cd by plants and reducing the toxicity of
Cd to plants [38,40]. Exogenous Ca treatment alleviated
the DNA damage of Arabidopsis seedling root cells
induced by Cd stress. Ca-binding protein is involved
in the regulation of biological gene expression, DNA
synthesis, repair and transcription to promote plant root
growth[41]. Calcium not only acts as a plant’s essential
nutrient element, but more importantly, as a second
intracellular signal transduction, initiates a series of
physiological and biochemical processes and activates
multiple resistance mechanisms in plants [42]. High
concentrations of exogenous Ca treatment may increase
solution concentration, cause osmotic stress and ionic
toxicity, and may even aggravate Cd stress damage [31].

Under the same Cd stress, the saponin contents
decreased with lime application. There may be
competition between calcium and cadmium ions with
lime application. With low Cd concentration treatments,
the effect of lime on the synthesis of saponins was
greater. With high Cd concentration treatments, the
effect of Cd on the synthesis of saponin was dominant.
There was a significant negative correlation between
the content of saponins and Cd treatment concentration
(R = -0.734 and -0.579, P<0.05, n = 6, respectively,
for 0.75 and 1.5 t ha? lime application treatments).
Exogenous stress affects the synthesis of secondary
metabolites by affecting the expression of key enzyme
genes. For example, methyl jasmonate and ethyl
jasmonate induced the expressions of SS and SE genes
in P. notoginseng, and increased the accumulation
of total saponins of P. notoginseng [37]. Liang et al
(2011) found that high concentration B and Mn stress
inhibited the expression of SS gene in key glycyrrhizic
acid synthesis [43]. A certain concentration of Zn and
Mo stress promoted the expression of SS gene. Zhu
et al. (2017) showed a negative correlation between
saponin content and soil Cd content in Paris polyphylla
var. Yunnanensis [44]. Under treated with 30 mg kg
Cd, notoginsenoside R1, ginsenoside Rbl, ginsenoside
Rgl and total saponins decreased [20]. The optimal
application of lime may alleviate the toxicity of Cd
stress to P. notoginseng.

The heterogeneity of ginsenoside Rgl, ginsenoside
Rbl and notoginsenoside R1 content was related to the
balance of calcium and cadmium. Correlation analysis
showed that there were significant negative correlations
between Rgl/Rbl ratio and soil available Cd content
(P<0.05), Cd content of main root (P<0.05). There was
a significant negative quadratic correlation (P<0.05)
between the ratio of Rgl/Rbl and Ca/Cd treatment,
which was a signal-peak modal. It could be suggested
that the conversion of the diol saponin Rbl to the triol
saponin Rgl is not only inhibited by cadmium, but also
affected by the balance of calcium and cadmium. Under
the ratio of Ca/Cd treatment<680, the conversion of the
diol saponin Rbl to the triol saponin Rgl was promoted.
Under the ratio of Ca/Cd treatment>680, the conversion
might be inhibited. There was a significant logarithmic
correlation between the R1/(Rgl+Rbl) ratio and the Ca/
Cd treatment ratio (P<0.05). Therefore, the higher the
ratio of Ca/Cd treatment was, the greater the ratio of
the content of notoginsenoside R1 to the total saponin
content was. The heterogeneity of saponin monomer
was affected by the balance of calcium and cadmium.
The inhibition of saponin synthesis by cadmium and
calcium occurred at different stages of metabolism.
The inhibitory effect of cadmium on the conversion
process of glycolic saponins to triol saponins was more
prominent.

Enzymology and Proteomics Mechanisms
of the Metabolism of Saponin under Cd Stress
with Lime Application

Saponin is a dammarane-type tetracyclic triterpene
whose synthesis pathway includes the mevalonate
pathway and the 2C-methyl-4-phosphate-4D-erythritol
pathway [45,46]. The mevalonate pathway is dominant,
which is co-catalyzed by a number of enzymes.
Mevalonate is catalyzed by three consecutive ATP-
dependent enzymes (mevalonate kinase (MVK),
phosphomevalonate and mevalonate pyrophosphate
decarboxylase) to form isopentenyl pyrophosphate
[21], Isopentenyl pyrophosphate ultimately produces
triterpenoid saponins by catalysis and modification of
a series of enzymes. Mevalonate kinase is one of the
rate-limiting enzymes in the mevalonate pathway. It is
present in the cytoplasm and has a highly conserved
domain. It has two conserved regions that bind to the
substrate and ATP, and undergoes catalytic reaction.
MVK is the first ATP-dependent enzyme [47, 48].
The activity of mevalonate kinase increased under
0.6 mg kg' Cd treatment. The activity of mevalonate
kinase decreased with the increase in Cd treatment
concentrations, indicating the dose effect. This result
was similar to founds of Zhu et al. (2014) [20]. It may
be due to the low concentration of Cd initiating its
own defense system. The mevalonate kinase activity
was inhibited under 0.75 t ha? lime application. Under
the same Cd treatment, the activity of mevalonate
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kinase gradually decreased with the increase in lime
application levels. The inhibitory effect of Ca and Cd
on mevalonate kinase activity may be due to an ATP-
dependent enzyme of MVK. Calcium and Cadmium
reduced the absorption of phosphorus by plants,
inhibited the energy metabolism of plants and the
supply of ATP. The ions Ca?, Mg*, Al**, and Fe*" in
the soil were susceptible to chemical precipitation with
phosphate, which caused most of the soil phosphorus
to be converted into insoluble fractions, reduced the
absorption and utilization of phosphorus by plants
[49,50].

SS is a key enzyme in the synthesis of saponins.
There were significant positive correlations (P<0.05)
between SS activity and R1 content, Rgl content. Under
the application of lime, the SS activity in the main root
was increased to some extent, which suggested that
SS activity be promoted by Ca. Cd stress decreased
SS enzyme activity. There were significant negative
correlations (P<0.05) between SS activity, soil effective
Cd content, and Cd content of main root.

In the catalytic process, cytochrome P450 reductase
combines with heme to form a thiol-ferrous-carbon
monoxide complex. The complex has the largest
characteristic absorption spectrum at 450 nm, which
is dependent on Heme, a family of multifunctional
metal-containing enzymes that catalyze a variety of
complex oxidation reactions [51]. Cytochrome P450
(Cytochrome P450) catalyzes the hydroxylation and
oxidation of the triterpene skeleton [52]. Cytochrome
P450 is a type of oxidase encoded by a supergene
family. Their expression products are similar and their
substrates are different. It requires multiple cytochrome
P450s to participate in the synthesis of the final product.
In the case of same the amount of lime applied, the
P450 reductase activity decreased with increase in
Cd treatment concentrations. There were significant
negative correlations between P450 reductase activity
and soil available Cd content (P<0.01), Cd content
of main root (P<0.05). The expression of P450 gene
of P. notoginseng under the exogenous Cd stress up-
regulated at the low concentration, down-regulated at
concentration.Under the exogenous Cd stress, P450 gene
expression did not show significant correlation with
saponins R1, ginsenoside Rbl, ginsenoside Rgl and
total saponins. In this study, P450 (CYP72A129) protein
homologous to Panax ginseng was down-regulated
when treated with 6.0 mg kg' Cd*". The expression of
P450 (CYP736A54) protein homologous to Bupleurum
chinense was up-regulated. It suggested that different
P450 isoenzyme activities and expression levels have
different responses to Cd stress. Saponin synthesis and
metabolism could not be indicated by only one gene
express of P450.

Under the same Cd treatment concentration, the
inhibitory effect of cadmium on cytochrome P450
was alleviated with 0.75 t ha? lime application at low
Cd treatment concentrations. There was a significant
quadratic correlation between P450 reductase activity

and Ca/Cd treatment ratio (P<0.05), which was a
single-peak model. Under the ratio of Ca/Cd treatment
696, the activity of P450 reductase was the highest.
It suggested that the balance of Ca/Cd be important
for the activity of P450 reductase. Under 0.75 and
1.5 t ha? lime application, there were significant positive
correlations between the saponins content of main root
and P450 reductase activity, P450 reductase activity
and RI1 content, ratio of RI1/(Rgl+Rbl) (P<0.05).
Under 6.0 mg kg' Cd*+ 0.75 t ha? lime application
treatment, protein expressions of P450 (CYP72A129
and CYP72A129-like) homologous to Panax ginseng
was down-regulated. The protein expression of P450
(CYP736A54) homologous to Bupleurum chinense was
up-regulated. In the presence of calcium, the difference
in response of P450 isoenzymes was the similar as
under Cd treatment. Therefore, the decrease in the
content of saponins might be related to the decrease
of P450 reductase activity and the down-regulation
of P450CYP72A129 protein expression. The P450
reductase was involved in the synthesis of triol type
saponin, inhibiting the conversion of diol type saponin
to triol type saponin. Since P450 contains Fe?' ions,
the inhibitory effect of cadmium and calcium on P450
activity may be related to decrease in uptake of Fe?*
due to cadmium and calcium replacing Fe*" at the active
site, resulting in a decrease in P450 activity. Because of
changing the pH with lime application, the availability
of iron in the soil decreased, limiting the absorption of
iron from the soil by plants [53].

In the saponin synthesis pathway, the cyclization
of 2,3-oxidosqualene is catalyzed by oxidosqualene
cyclases (OSC) [54]. The p-AS belongs to the OSC
superfamily, which catalyzes the cyclization of
2,3-oxidized squalene to [-aromatic alcohol and
promotes the reaction into the triterpenoid synthesis
tributary [55]. There were significant positive
correlations between f-AS activity and R1 content
(P<0.01), R1/(Rgl+Rbl) ratio (P<0.05). The activities
of -AS decreased with increase in 0-6.0 mg kg' Cd**
treatment concentrations. Under the same Cd treatment
concentration, the -AS activity decreases with increase
in lime application levels. The activities of f-AS was
inhibited and it protein expression was down-regulated
with the lime application. The activities of f-AS similar
to P450 reductase, participates in the synthesis of triol
saponin. The activities of f-AS and the synthesis of triol
saponin were inhibited by both lime and Cd treatments.
The decrease in the content of notoginsenoside might
be related to the decreased activities of P450 reductase
and S-AS.

The synthesis of triterpenoid saponins is
accomplished by adding a glycosyl group to the
saponin by glycosyl transferase (GT) [56]. UGTs
are a subfamily of GTs whose main function is to
be responsible for the glycosylation of saponins.
The triterpenoid compound forms a sugar chain by
glycosylation of a glycosyltransferase at positions C3,
Cl6, C28, to produce saponin. Sugar chain donors
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include UDP-glucose, UDP-rhamnose, UDP-galactose,
UDP-xylose, and UDP-arabinose [4, 57, 58]. When
Cd was treated and lime was applied, UGTPg34 was
down-regulated. The expression of glycosyltransferases
UGTPgl9 and UGTPg34, which are homologous to
P. ginseng, was down-regulated, and the expression of
glycosyltransferase 84B1 was up-regulated under Cd
treatments. The expression of the glycosyl transferase
GTs was down-regulated due to both Cd and lime
treatments, which affected the saponin content. Because
Cd?** might be bound to the active site-thiol group and
the imidazole-containing ligand in the enzyme molecule
to form a stable complex, thereby competing with the
substrate and inhibiting the enzyme activity.

Therefore, although calcium promoted SS activity,
excessive cadmium and calcium led to decrease in
the activities of mevalonate kinase, P450 reductase,
B-fragrant alcohol synthase and glycosyltransferase
and their protein expression in the saponin synthesis
pathway. The Ca/Cd ratio met a single-peak model
with the conversion of the diolic saponin to the triol
saponin. The effects of cadmium/lime on saponin
synthesis by the expression and activity of key enzymes
in the upstream MEP/DOXP pathway (terpenoid
backbone biosynthesis)should be paid more attention in
the further research.

Conclusion

With the increased in lime application levels
under Cd stress, the soil available Cd content and the
Cd content in the main root of P. notoginseng
significantly reduced, the biomass and root length of
the main root of P. notoginseng increased. The
content of saponins decreased with the activities
and expressions of mevalonate kinase (MVK), P450
reductase and S-AS decreased. When the Ca/Cd ratio
less than 680, the synthesis of triol type saponin and
P450 activity were promoted with the application
of lime. It is recommended the lime application rate
should be less than 0.948 and 4.59 t ha? lime under
0.6 and 3.0 mg kg' Cd treatments, respectively, based
on quadratic correlation between the ratio of Rgl/Rbl
and the Ca/Cd treatment ratio. The results indicate that
excessive application of calcium or cadmium stress
might inhibit the conversion of glycol type to triol type
saponin and glycosylation, change the heterogeneity
of saponin monomer, and reduce the total amount of
saponin.
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